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ABSTRACT

South of the latitude of Guam, the Mariana Trough exhibits both trench-​
parallel and trench-normal extension. In this study, we examined the locus of 
trench-normal extension separating the Philippine Sea plate from the broadly 
deforming Mariana platelet. Along this boundary, we identified three distinct 
modes of extension and described their distinguishing characteristics using deep- 
and shallow-​towed side-scan sonar and ship multibeam data along with regional 
geophysical, geochemical, and seismicity data. In the west, the Southwest Mari-
ana Rift is an active tectonic rift exhibiting abundant strong earthquakes up to mb 
6.7 and limited evidence of volcanism. In the east, the Malaguana-​Gadao Ridge 
is a seafloor spreading center producing few and weak earthquakes less than 
mb 5. Between these zones, there is an ~20–40-km-wide and ~120-km-long area 
of high acoustic backscatter characterized by closely spaced volcano-​tectonic 
ridges and small volcanic cones with distributed intermediate-strength seismicity 
up to mb 5.7. Fresh-looking volcanic rocks with high water contents and strong 
arc chemical affinities have been recovered from the high-backscatter zone. We 
interpret this morphologically and geophysically distinct zone as undergoing 
diffuse spreading, a distributed form of magmatic crustal accretion where new 
crust forms within a broad zone tens of kilometers across rather than along a 
narrow spreading axis. Diffuse spreading appears to be a rheological threshold 
effect enabled by slow opening rates and a high slab-​fluid flux that facilitate the 
formation of a broad zone of weak hydrous lithosphere, within which new crust 
is accreted. Our findings describe a poorly understood process in plate tectonics, 
and observations of similar terrains in other backarc basins suggest that this 
process is not unique to the Mariana Trough.

■■ INTRODUCTION

The Mariana Trough evolved though tectonic rifting of the predecessor 
volcanic arc beginning ca. 10 Ma, followed by magmatic accretion of new 

crust to form the backarc basin beginning ca. 5 Ma (Fig. 1; Karig, 1971, 1972; 
Karig et al., 1978; Hussong and Uyeda, 1981; Martinez et al., 1995; Fryer, 1996; 
Yamazaki et al., 2003; Stern et al., 2004). The rifting phase involved tectonic 
extension of preexisting arc crust, creating down-dropped tilted fault blocks 
that thinned the crust and deepened the seafloor. Rifting morphology is best 
exposed along the basin-facing edge of the remnant arc West Mariana Ridge 
(Figs. 1 and 2), whereas its eastern conjugate is now largely buried by Mariana 
Arc volcanism and volcaniclastic sediments (Karig, 1972; Scott and Kroenke, 
1980, 1981; Oakley et al., 2009). The base of the eastern edge of the West 
Mariana Ridge often forms a local depth maximum (Fig. 2), followed by a 
typically abrupt transition (Figs. 2 and 3) to shallower seafloor with abyssal 
hill fabric and magnetic lineations that were formed by seafloor spreading 
(e.g., Yamazaki et al., 2003; Oakley et al., 2009; Seama and Okino, 2015). Early 
low-resolution single-beam bathymetric mapping made distinguishing the 
rifting to spreading transition ambiguous, and the transition was interpreted 
as extending significantly into the basin (e.g., Martinez et al., 1995). However, 
subsequent full-coverage high-resolution multibeam mapping, magnetic and 
gravity surveys, and seismic reflection profiles show clear abyssal hill fab-
ric beginning near the base of the eastern slope of the West Mariana Ridge 
correlating with magnetic lineations and a rapid transition to higher mantle 
Bouguer anomalies in the basin (Yamazaki et al., 2003; Kitada et al., 2006; 
Oakley et al., 2009; Armstrong, 2011). These data indicate that, at least in the 
central Mariana Trough, basin opening was accommodated in two distinct 
predominant modes: (1) a narrow zone of tectonic rifting that transitioned 
rapidly to (2) focused magmatic seafloor spreading.

Mapping in other parts of the Mariana Trough has revealed more ambig-
uous terrains lacking either the block-faulted structure of tectonic rifts or the 
lineated abyssal hill fabric and magnetic anomalies formed by focused seafloor 
spreading. For example, in the northern Mariana Trough north of ~22°N, a zone 
of shallower seafloor lacking abyssal hill fabric is abruptly juxtaposed with 
clear seafloor spreading crust to the south (Baker et al., 1996). This contrast in 
morphology has led to the interpretation of the northern basin as a rifted terrain 
extending across the ~100 km width of the basin and to the northern apex of 
the trough (Stern et al., 1984; Yamazaki et al., 2003). More recent observations 
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in the southern Mariana Trough have shown broad expanses of the forearc 
that are actively extending magmatically but in a diffuse or distributed manner 
that does not resemble either seafloor spreading or tectonic rifting (Ribeiro 
et al., 2013; Martinez et al., 2018). These areas of unusual crustal fabric occur 
in regions that are expected to have a high slab-fluid flux (Schmidt and Poli, 
1998), such as near-arc and forearc areas, and that are opening at slow rates 
(<45 mm/yr; Kato et al., 2003; “slow” designation based on Macdonald, 1982). 
The association of these diffuse terrains of crustal accretion with high slab-
fluid flux and slow extension rates suggests that those parameters may be 
important controls on this process. Water, one of the primary components 
of slab fluids, has a strong weakening effect on olivine (Mei and Kohlstedt, 
2000a, 2000b). Where mantle water contents are low, such as at mid-ocean 
ridges, melting beneath spreading centers effectively dehydrates the residual 
mantle. Dehydration by melting has been hypothesized to markedly strengthen 
the residual mantle, helping to focus the melt toward narrow plate-boundary 
zones (Hirth and Kohlstedt, 1996; Phipps Morgan, 1997). An opposing process 
may occur at subduction zones where water is continuously added through 
slab-derived fluids and strengthening due to dehydration is inhibited. In these 
regions, residual mantle in equilibrium with strongly hydrous melts retains 
appreciable water (Hirth and Kohlstedt, 2003), and the fluid flux from the slab 
may also rehydrate the residual material (Stolper and Newman, 1994; Marti-
nez and Taylor, 2002). The plate-driven opening rate also affects the ability of 
mantle to dehydrate because it controls the flux of mantle through the melt-
ing regime and thus the rate of pressure-release mantle melting that extracts 
water. For a given flux of hydrous fluid from the slab, slower opening rates 
should yield more hydrous mantle as the available water is distributed within 
a smaller total volume of mantle. Thus, backarc settings opening above dewa-
tering slabs have variably hydrous residual mantle depending on both the fluid 
flux from the slab and the rate of plate-driven mantle advection though the 
melting regime. These processes could profoundly affect the mantle’s ability 
to form the narrow plate-boundary zones that characterize seafloor spreading.

To investigate the possible existence of a diffuse mode of magmatic crustal 
accretion in backarc basins underlain by a dewatering slab, we examined the 
divergent boundary in the Mariana Trough south of about the latitude of Guam 
(Fig. 2). In this part of the basin, the trench curves to the west and becomes 
increasingly oriented in the direction of trough opening (Fryer et al., 1998; 
Kato et al., 2003), creating a strong component of trench-parallel extension 
within the Mariana platelet forearc (Martinez et al., 2000, 2018) that is sep-
arate from the trench-normal extension in the backarc basin. The divergent 
boundary in the backarc curves westward in concert with the trench, and its 
morphology changes from the magmatically robust seafloor spreading center 
of the Malaguana-Gadao Ridge (Martinez et al., 2000; Becker et al., 2010) in 
the northeastern part of our study area to a predominantly tectonic rift at the 
narrow (~40 km) Southwest Mariana Rift (Becker, 2005; Wan et al., 2019) in the 
west (Figs. 2 and 3). These extensional domains are separated by a distinct 
~120-km-long and ~20–40-km-wide volcano-tectonic terrain of crustal accretion 
that we call the diffuse spreading zone (Figs. 2 and 3; Martinez et al., 2018).

In this study, we described the geophysical, seismotectonic, and geochem-
ical characteristics of the diffuse spreading zone, focusing on the contrasts 
with rifting and focused spreading, typified by the Southwest Mariana Rift and 
Malaguana-Gadao Ridge, respectively. The descriptions were based on multi-
beam and deep-towed sonar data collected in December 2011 to January 2012 
aboard R/V Thomas G. Thompson combined with publicly available multibeam 
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Figure 1. Simplified regional map using ETOPO1 arc-minute 
global relief data (Amante and Eakins, 2009). Gray areas indicate 
seafloor shallower than 2500 m; black indicates islands. Major 
tectonic and volcanic features are labeled, identified spreading 
axes in the Mariana Trough are marked with red lines, and the 
trench is marked with a bold black line, with triangles on the 
upper plate. Mariana platelet is shown with light red shading; 
the northern and southern borders are diffuse and/or uncertain. 
Global positioning system (GPS) vectors from Kato et al. (2003) 
are marked with red arrows (Mariana arc relative to Philippine 
Sea plate) and black arrows (Pacific plate relative to the Philip-
pine Sea plate), and all velocities are in mm/yr.
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and shallow-towed sonar, gravity, and seismicity data. These descriptions 
and associated analyses were used to support our hypothesis that the diffuse 
spreading zone was formed by a distinct distributed mode of magmatic crustal 
accretion enabled by high slab-fluid flux and slow opening rates. Similar terrains 
in other backarc basins suggest that diffuse spreading likely occurs elsewhere, 
but it is not widely recognized as a distinct mode of crustal accretion.

■■ GEOLOGIC BACKGROUND: SOUTHERN MARIANA REGION

Southern Mariana Trough Opening and Tectonics

In the southern Mariana Trough (Figs. 2 and 3), the Southwest Mariana 
Rift, diffuse spreading zone, and Malaguana-Gadao Ridge form a continuous 

divergent boundary between the Philippine Sea plate to the north and west 
and the deforming Mariana platelet to the south and east (Fig. 1; Martinez et al., 
2000, 2018). Though there is evidence of relatively recent deformation and pos-
sibly volcanism along the eastern base of the West Mariana Ridge near 17°50′N 
(Fryer, 1995), we consider the western Mariana Trough, the West Mariana Ridge, 
and the Parece Vela Basin to be a part of a single rigid Philippine Sea plate that 
extends to the convergent boundaries along East Asia, as defined geodetically 
(Seno et al., 1993; Kato et al., 2003) and based on the known plate boundaries 
(Bird, 2003). Thus, we interpret the fabric of magmatic crust accreted onto 
the NW flank of the diffuse spreading zone and Malaguana-Gadao Ridge (i.e., 
Philippine Sea plate side) to record the configuration of the extensional zones 
at the time of formation (Martinez et al., 2000, 2018; Seama and Okino, 2015). 
In contrast, in the forearc to the south and east, the Mariana platelet (shaded 
in red in Fig. 1) is actively deforming, as indicated by distributed earthquakes 
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Figure 2. Compiled bathymetric map (0.001° cell 
size, ~100 m) of the southern Mariana region 
showing the relevant tectonic and volcanic fea-
tures; see legend for symbols. The portion of the 
arc volcanic front marked with various dashed 
red lines is characterized by disrupted, immature, 
or possibly extinct arc volcanoes; see section 
in text on “Volcanism in the Southern Mariana 
Region” for description. Gaps in multibeam 
coverage in this and subsequent bathymetric 
maps were filled with predicted bathymetry 
from satellite altimeter measurements (lighter 
shading; Smith and Sandwell, 1997). TS—Tracey 
Seamount. Slab contours are from the Slab 
2.0 model (Hayes et al., 2018). Cross-section A-A′ 
is shown in Figure 6C, B-B′ is shown in Figure 8C, 
and C-C′ is shown in Figure 9C. 
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and finely spaced tectono-magmatic seafloor fabric oriented at high angles 
to the trend of the Malaguana-Gadao Ridge/diffuse spreading zone and the 
trench (generalized fabric shown in green and labeled on Fig. 3; Martinez et 
al., 2000, 2018; Fryer et al., 2003; Ribeiro et al., 2013). This high-angle fabric 
reaches close to the Malaguana-Gadao Ridge/diffuse spreading zone divergent 
boundary, indicating it is continually formed soon after spreading away from 
the boundary. Earthquake tension axes here are subparallel to the trench and 
approximately orthogonal to those in the Southwest Mariana Rift and diffuse 
spreading zone, indicating a separate component of trench-parallel extension 
in the forearc (Martinez et al., 2018).

Farther west, the flanks of the Southwest Mariana Rift are composed of 
the remnant arc West Mariana Ridge to the north, which has been rifted away 
from the Eocene–Miocene forearc terrain that forms the Mariana platelet to the 
south (Figs. 1, 2, and 3). In this area, the forearc has not undergone extensive 

trench-parallel extension and forms a fairly cohesive unit from the termination 
of the Mariana Trench near 139°E to ~142°E. Within the Southwest Mariana 
Rift, tectonic deformation, evidenced by numerous extensional earthquakes, 
is focused within an ~40-km-wide valley formed by down-dropped fault blocks. 
The narrowing of the basin from over 100 km in the diffuse spreading zone to 
40 km in the Southwest Mariana Rift suggests that opening rates are decreasing 
westward. The Southwest Mariana Rift fabric (labeled on Fig. 3), defined by 
the major faults, is rotated ~15°–20° counterclockwise relative to an implied 
trench-normal extension direction and the overall trend of the rifted margins. 
This observed fault obliquity is consistent with numerical modeling (Brune et 
al., 2012) predicting that, in the early stages of tectonic rifting, it is mechan-
ically preferred for extensional strain to accumulate on oblique structures.

East of the Southwest Mariana Rift, between ~142°E and 144°15′E, the 
preexisting Eocene–Miocene forearc has been rifted apart with only a few 
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high-standing remnant blocks remaining (Fig. 2; Reagan et al., 2018; Stern et 
al., 2020). Most of the forearc here consists of newly magmatically accreted 
material <4 m.y. old (Ribeiro et al., 2013, 2015; Stern et al., 2014, 2020; Marti-
nez et al., 2018). The conjugate margin of the Eocene–Miocene rifted forearc 
in the east is marked by two active left-lateral transtensional faults, the West 
Santa Rosa Bank fault and the East Santa Rosa Bank fault, SSW of Guam near 
144°15′E and 144°40′E, respectively (Fig. 2; Fryer et al., 2003).

Volcanism in the Southern Mariana Region

The southern Mariana region differs significantly from the region to the 
north. The central Mariana Trough between ~14°N and 19°N lies west of a 
mature arc volcanic front (Bloomer et al., 1989; Baker et al., 2008) and the 
~200-km-wide forearc (Stern and Smoot, 1998) (Fig. 1), which hosts numer-
ous serpentinite mud volcanoes (Fryer et al., 1985, 1998; Fryer, 2012). Focused 
crustal accretion occurs along the Mariana Trough spreading center, which is 
defined by a narrow axial valley with both transform and nontransform offsets 
between segments, morphologically similar to slow-spreading mid-ocean 
ridges (Kong, 1993; Seama and Fujiwara, 1993). Beneath the central Mariana 
Trough north of 14°22′N, the slab dips steeply and does not underlie the spread-
ing axis, whereas in the south, the slab dips more gently and underlies the 
axis and much of the backarc basin (Fig. 2; Hayes et al., 2018; Zhu et al., 2019).

As the slab depths beneath the spreading center decrease and the locus of 
extension approaches the arc southward (Fig. 3), the morphology of the spread-
ing center changes significantly. South of about the latitude of Guam (13°30′N), 
the spreading center is the Malaguana-Gadao Ridge, forming a magmatically 
robust axial high (solid red line in Fig. 2) similar to a fast-spreading mid-ocean 
ridge (Martinez et al., 2000; Becker et al., 2010), despite slow spreading rates 
(Macdonald, 1982) of ~40–45 mm/yr (Kato et al., 2003; Seama and Okino, 2015). 
The transition from axial valley to axial high is similar to other backarc basins 
with spreading axes near the arc volcanic front, e.g., the Scotia backarc basin 
(Livermore et al., 1997), the Lau Basin (Martinez and Taylor, 2002; Martinez and 
Taylor, 2006; Dunn and Martinez, 2011; Sleeper and Martinez, 2014; Sleeper et 
al., 2016), and the Manus Basin (Taylor and Martinez, 2003). Consistent with 
the magmatically robust character of the Malaguana-Gadao Ridge, the trough 
crust south of ~14°22′N is thicker (5.9–6.9 km on average) compared to that 
farther north (3.4–4.1 km on average), based on gravity modeling (Kitada et 
al., 2006). The thicker crust persists south of ~14°22′N, from the West Mariana 
Ridge to the Malaguana-Gadao Ridge, and extends west to the Southwest 
Mariana Rift (Kitada et al., 2006), although somewhat thinner crust (by up to 
1.9 km) may characterize the southern Mariana forearc, based on depth and 
gravity analyses (Martinez et al., 2018). An ocean-bottom seismic refraction 
survey across the Malaguana-Gadao Ridge (Sato et al., 2015) showed similar 
crustal structure to the Valu Fa Ridge in the Lau Basin (Dunn and Martinez, 
2011), with upper-crustal seismic velocities that are lower than typical for mid-
ocean ridges. The distinctive seismic structure of the thick arc-proximal crust 

in the Lau Basin has been inferred to be related to increased mantle hydration 
from the slab, leading to greater melting and a more porous and differenti-
ated upper crust than at mid-ocean ridges (Dunn and Martinez, 2011; Dunn et 
al., 2013; Arai and Dunn, 2014; Eason and Dunn, 2015). These observations 
document the abrupt effects of arc proximity on mantle hydration and con-
sequent crustal production, structure, morphology, and chemistry (Martinez 
and Taylor, 2003; Taylor and Martinez, 2003; Dunn and Martinez, 2011; Sleeper 
and Martinez, 2014; Sleeper et al., 2016).

Along with the contrasts observed in the backarc spreading center, there 
are also abrupt changes in the arc volcanic front in the southern Mariana 
Trough. Southwest of Guam, where the Eocene–Miocene forearc is undergoing 
approximately E-W extension between 142°E and 144°15′E (Fig. 2; Martinez et 
al., 2000, 2018; Kato et al., 2003; Ribeiro et al., 2013), there is a correspond-
ing change in the morphology of the arc volcanic front (Fryer et al., 1998; 
Stern et al., 2013; Masuda and Fryer, 2015; Brounce et al., 2016). At Tracey 
Seamount, ~30 km northwest of Guam (labeled “TS” on Fig. 2), and along 
the arc toward the north, the arc volcanoes form conical edifices ~30–100+ 
km in diameter (solid red outlines in Fig. 2), reaching depths shallower than 
1000 m in many cases, and forming volcanic islands farther north along the 
chain (Bloomer et al., 1989; Baker et al., 2008). In contrast, the arc volcanoes 
flanking the Malaguana-Gadao Ridge axis to the west and south are much 
smaller (indicated by dashed outlines on Fig. 2, where different dash styles 
correspond to different volcanic chains/clusters [see legend]), with diameters 
of <10 km and minimum summit depths of ~1800 m. Some of the volcanoes 
have been affected by extensional faulting (Fryer et al., 1998), and possibly 
withdrawal of melt by the adjacent Malaguana-Gadao Ridge (Becker et al., 
2010). The Alphabet Seamount volcanic province (Fryer et al., 1998; Stern 
et al., 2013) and volcanoes adjacent to the Malaguana-Gadao Ridge, the 
Patgon-Masala volcanic chain (Masuda and Fryer, 2015), are relatively less 
faulted than the Fina Nagu volcanic complex (Brounce et al., 2016) farther 
from the Malaguana-Gadao Ridge. Arc volcanic front edifices (Pearce et al., 
2005) become less distinct southwest of the Malaguana-Gadao Ridge axis, 
forming clusters of larger volcanic cones along the southern margin of the 
diffuse spreading zone (“Unnamed” volcanoes in Fig. 2). With no focused 
spreading axis in the diffuse spreading zone and evidence of extension in 
the elongate morphology of some of the arc volcanoes, it appears that the 
loci of backarc extension and arc volcanism are at least partly overlapping 
in the diffuse spreading zone (Fig. 3).

Based on the seismically determined position of the slab (contours from 
the Slab 2.0 model; Hayes et al., 2018; Fig. 2), the Malaguana-Gadao Ridge 
south of 13°05′N, the diffuse spreading zone, and the Southwest Mariana Rift 
overlie the Pacific slab at depths of 100 km or less. A local ocean-bottom seis-
mometer study centered over the Southwest Mariana Rift and the forearc found 
somewhat deeper slab depths in some areas >~80 km from the trench, but 
also confirmed the presence of the slab beneath the Malaguana-Gadao Ridge 
and diffuse spreading zone (Zhu et al., 2019). In this setting, abundant slab 
dewatering is predicted by studies of the metamorphic breakdown of hydrous 
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minerals (Peacock, 1990; Schmidt and Poli, 1998), leading to enhanced melt 
production. Consistent with their position close to the arc volcanic front, high 
water content of lava samples has been reported in several locations along 
the Malaguana-Gadao Ridge and from a small cone within the diffuse spread-
ing zone (Brounce et al., 2014; Masuda and Fryer, 2015; Martinez et al., 2018). 
Figure 4 shows the locations of these and other relevant samples collected 
and analyzed by others. Masuda and Fryer (2015) reported measured water 
contents of samples from the Malaguana-Gadao Ridge of ~2 wt% (1.9%–2.1%) 
between 13°05′N and 13°06′N, and 1.2%–1.5% to the north at 13°12′N. Of the 
samples reported in Brounce et al. (2014) from the Malaguana-Gadao Ridge and 
diffuse spreading zone, the measured water contents of the diffuse spreading 
zone samples (1.5% and 1.9%) fall within the range of the Malaguana-Gadao 
Ridge samples (1.5%–2.5%), but one of the diffuse spreading zone samples 
showed higher calculated mantle water content (0.3%) and higher melt fraction 
(21%) compared to the Malaguana-Gadao Ridge samples (0.19%–0.25% and 
12%–15%, respectively; Fig. 4). Although the number of samples is limited, 
higher mantle water contents in the diffuse spreading zone are consistent with 
a position above the dewatering slab and decreasing opening rates relative 
to the Malaguana-Gadao Ridge.

Additional volcanic rock samples were dredged throughout the diffuse 
spreading zone region in 2006 (Masuda, 2006) (green stars in Fig. 4). The 
samples were all described as basaltic lavas, many with quenched glass, and 
particularly fresh lavas from the eastern portion of the region ~15 km west 
of the Malaguana-Gadao Ridge terminus, though no published analyses are 
available. Dredged samples from one of the volcanic cones south of the shal-
low platform at ~142°E (westernmost red triangle in Fig. 4) recovered fresh, 
glassy lavas with arc-like compositions (Becker, 2005; Pearce et al., 2005), 

indicating recent volcanic activity there. The lack of cones to the west within 
the Southwest Mariana Rift suggests that this is the western terminus of active 
arc-type volcanism within the Mariana Trough.

In the Southwest Mariana Rift itself, the Japan Agency for Marine-​Earth 
Science and Technology (JAMSTEC) conducted Shinkai 6500 (manned sub-
mersible) dives 1400 and 1401 during the YK14–13 cruise in 2014 (Ohara et al., 
2014). These dives recovered basalts and gabbro with both backarc and arc 
affinities based on trace-element analyses from the eastern part of the rift near 
141°41′E and 141°34′E, respectively (magenta rectangles in Fig. 4). Refraction 
velocities from an active-source ocean-bottom seismometer experiment cross-
ing the Southwest Mariana Rift (Wan et al., 2019) have been interpreted as 
indicating serpentinized upper-mantle material beneath the rift, which implies 
that temperatures are too low to sustain active magmatism, although slab 
dewatering likely occurs beneath this area as well.

■■ METHODOLOGY: GEOPHYSICAL DATA SETS AND PROCESSING

Bathymetric maps were created using a regional multibeam data set from 
the University of New Hampshire Center for Coastal and Ocean Mapping/Joint 
Hydrographic Center (UNH/CCOM-JHC) Law of the Sea expeditions (Armstrong, 
2011), supplemented with data from the National Centers for Environmental 
Information (NCEI, ngdc.noaa.gov), the Japan Agency for Marine-​Earth Sci-
ence and Technology (JAMSTEC, godac.jamstec.go.jp), and R/V Thomas G. 
Thompson cruise TN273 (22 December 2011–22 January 2012). The final multi
beam compilation included data collected during 43 expeditions from the NCEI 
database and 11 expeditions from the JAMSTEC database, omitting only data 
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Figure 4. Locations of relevant rock samples 
collected and analyzed by others. Background 
bathymetry map was made from the compiled 
regional grid (0.001° cell size, ~100 m) used for 
Figures 2 and 3. References and symbols are 
shown in the legend. DSZ—diffuse spreading 
zone.
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that added noise without increasing the coverage area. During the TN273 expe-
dition, a deep-towed side-scan sonar survey using a 30 kHz IMI-30 instrument 
(Rognstad, 2005) covered the southernmost portion of the Malaguana-Gadao 
Ridge axis and a small area southwest of the axis, providing high-resolution 
imagery (gridded at 0.00003° or ~3 m) of fine-scale volcanic and tectonic 
structures. Due to the limited coverage area of the deep-towed survey, the 
regional side-scan sonar map was created from a combined grid of two HMR-1 
(Rognstad, 1992) shallow-towed side-scan sonar surveys in 1997 on R/V Moana 
Wave (MW9719) and in 2001 on R/V Melville (COOK06MV) (Martinez et al., 
2000; Fryer et al., 2003). Compiled multibeam backscatter data from the UNH/
CCOM-JHC Law of the Sea expeditions (Armstrong, 2011) were used to fill in 
around the HMR-1 survey areas.

Gravity data from shipboard gravimeters were also compiled from both the 
NCEI and JAMSTEC databases, and these were used to calculate the mantle 
Bouguer anomaly (Kuo and Forsyth, 1988) using GMT software (Wessel et 
al., 2019). Gaps in both the multibeam and gravity data sets were filled with 
predicted bathymetry (Smith and Sandwell, 1997) and gravity (Sandwell et al., 
2014) from satellite altimeter measurements. The mantle Bouguer anomaly 
was calculated by removing the gravitational effects of nominal 6-km-thick 
crust (Kuo and Forsyth, 1988) from the Bouguer anomaly, using densities of 
1035 kg/m3 for water, 2700 kg/m3 for crust, and 3300 kg/m3 for mantle. The 
crustal density and thickness values were chosen to approximate the density 
and thickness of the young backarc crust in the southern Mariana Trough. The 
gridded gravity data and bathymetry data were resampled in a 2048 × 2048 cell 
grid, with a resultant cell spacing of ~270 m (0.00244°), and five terms were 
used in the Fourier series of the Parker method (Parker, 1972). The resulting 
mantle Bouguer anomaly contained an expected signal from the underlying 
slab, but the slab is 60 to >100 km deep in most of this area, so the gravity 
effect has low amplitude and long wavelength (Watts and Talwani, 1975). This 
long-wavelength signal does not significantly affect our qualitative interpre-
tations of the shorter-wavelength and higher-amplitude crustal signal in the 
backarc region.

Earthquake focal mechanisms were obtained from the Harvard Centroid 
Moment Tensor (CMT) catalog (Dziewonski et al., 1981; Ekström et al., 2012), 
along with locations of earthquakes (limited to body-wave magnitude 4 or 
greater) from the International Seismological Centre (ISC) reviewed event 
catalogue (International Seismological Centre, 2020). Depth was limited to 
51 km to isolate upper-plate earthquakes. The data set was also limited to 
1962 or later, when the seismic network was sufficient to precisely locate the 
events, with the exception of one large (mb 6.7), well-located event in 1935 on 
the northern flank of the Southwest Mariana Rift. The total seismic moment 
discussed in the section on “Seismicity in the Southern Mariana Trough” was 
calculated by first converting body-wave magnitude (mb) to moment mag-
nitude (Mw) using the formula derived from global earthquake observations 
by Scordilis (2006):

	 = ± + ±M 0.85( 0.04)m 1.03( 0.23)w b .	 (1)

The moment magnitude for each event was then converted to seismic 
moment (M0) in dyn-cm using a formula derived from Kanamori (1977):

	 = × +M 100
(1.5 M 16.1)w .	 (2)

The total moment was then simply obtained as the sum of the moments 
for each of the groups of earthquakes considered.

■■ OBSERVATIONS AND RESULTS

The multiple mapping instruments used and their nested resolutions provided 
a good assessment of the variations in volcano-tectonic morphologies along the 
southern Mariana divergent boundary. The evidence for distinct extensional 
processes and abrupt transitions between the diffuse spreading zone, Malagua-
na-Gadao Ridge, and Southwest Mariana Rift came primarily from contrasts 
in seafloor morphology and seismicity. Below, we describe the characteristic 
seafloor morphology and seismicity associated with rifting in the Southwest 
Mariana Rift, focused spreading along the Malaguana-Gadao Ridge, and what we 
interpret as diffuse spreading in the intervening diffuse spreading zone, focusing 
on the contrasts and features that indicate distinct modes of extension in each 
of the three regions. Multibeam bathymetry maps and backscatter imagery of 
the entire study area are presented in Figure 5, while detailed maps and cross 
sections for each of the three focus areas are introduced in the following sections.

Southwest Mariana Rift Morphology

The Southwest Mariana Rift (Fig. 6) is characterized by an ~40-km-wide 
graben up to 5500 m deep in places, bounded by steep faulted margins with 
up to 3500 m of relief from the rift floor to the top of the uplifted rift margins. 
Similar rift-type morphology, consisting of down-dropped blocks separated 
by steep inward-facing escarpments (the largest of which are outlined on 
Figs. 2–5 and 7A), is present outside of the active Southwest Mariana Rift in 
an ~20–40-km-wide zone along the eastern flank of the West Mariana Ridge 
(blue striped zone in Fig. 3), but these features do not extend basinward to the 
diffuse spreading zone or Malaguana-Gadao Ridge flanks. The narrow zone 
of fault-block morphology along the eastern West Mariana Ridge implies a 
distinct rifting phase that rapidly transitions into a different mode of exten-
sion in the diffuse spreading zone, or to focused seafloor spreading along the 
Malaguana-Gadao Ridge flanks. A characteristic of the transition from rifting 
to spreading is an abrupt morphologic change from deepened and thinned 
preexisting arc crust to a more uniform seafloor depth and crustal thickness in 
the younger seafloor formed through magmatic crustal accretion (e.g., Fryer 
and Hussong, 1981; Taylor et al., 1999; Oakley et al., 2009).

The Southwest Mariana Rift is asymmetric (Figs. 6A and 6C) in profile. The 
northwest margin is typically characterized by a single normal fault scarp with 
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Figure 5. Multibeam bathymetry maps and acous-
tic backscatter imagery of the entire study area. 
(A) Compiled bathymetry map (0.001° cell size, 
~100 m) showing location of focus areas and 
cross sections in Figures 6, 8, and 9. DSZ—diffuse 
spreading zone; MGR—Malaguana-​Gadao Ridge; 
SWMR—Southwest Mariana Rift. (B) Interpreted 
bathymetric map showing detailed mapping of 
tectonic and volcanic lineations and conical volca-
nic features. See legend for symbols. (C) Compiled 
sonar backscatter map (0.001° cell size, ~100 m) 
showing both HMR-1 shallow-towed surveys 
(solid light blue line—MW9719 survey limits, 
dashed blue line—COOK06MV survey limits), 
with the background filled in using the Univer-
sity of New Hampshire Center for Coastal and 
Ocean Mapping/Joint Hydrographic Center (UNH/
CCOM-JHC) Law of the Sea compiled multibeam 
backscatter data (Armstrong, 2011). Distance scale 
in A applies to all three panels.
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relief of >3000 m that in places splays into multiple surface traces. An exam-
ple is indicated in Figure 6A with a black arrow along the northwest margin 
where it transitions from a single trace to the west to multiple traces to the 
east. The southeast margin is more irregular and faulted, and there is a large 
heavily deformed block (marked with a black arrow in Fig. 6A along the south-
east margin) between the outermost fault scarp and the deepest part of the 
rift, causing the southeast margin to step down in several blocks rather than 
as a single steep scarp intersecting the valley floor (Fig. 6A). The backscatter 
image in Figure 6B (shown in regional context in Fig. 5C) shows generally 
low backscatter intensities within the Southwest Mariana Rift consistent with 

sediment-​covered fault blocks and a general lack of recent volcanism, inter-
spersed with irregular lineations interpreted as fault scarps, which appear as 
either shadows or strong reflections depending on the ensonification direction 
of the sonar. Although there is no clear evidence of recent volcanism within 
the rift graben based on the generally low backscatter, the lack of volcanic 
cones or lava-flow morphologies, and the sparse samples that have been 
recovered, we cannot rule out minor fault-controlled volcanism in localized 
areas. As noted earlier, seismic refraction data indicate somewhat low veloc-
ities beneath the Southwest Mariana Rift, but these have been interpreted as 
serpentinized material rather than high temperatures or melt (Wan et al., 2019).

Figure 6. Southwest Mariana Rift (SWMR) focus 
area; see Figure 5 for regional context. (A) Com-
piled bathymetry map (0.0003° cell size, ~30 m) 
showing Southwest Mariana Rift morphology. 
Contour interval = 0.2 km (200 m); contour lines 
are bold and labeled every 1 km. Locations indi-
cated by the black arrows are discussed in section 
of text on “Southwest Mariana Rift Morphology.” 
(B) Compiled acoustic backscatter imagery (0.001° 
cell size, ~100 m). (C) A-A′: Cross section (~7× ver-
tical exaggeration) through the active rift valley, 
with some of the major rift faults schemati-
cally mapped based on the surface topography. 
Cross-section location is shown on Figures 2 and 
5A. See section on “Southwest Mariana Rift Mor-
phology” for detailed description.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02360.1/5369245/ges02360.pdf
by Robert J. Stern 
on 03 August 2021

http://geosphere.gsapubs.org


10Sleeper et al.  |  Diffuse spreading in the southern Mariana TroughGEOSPHERE  |  Volume 17  |  Number X

Research Paper

The mantle Bouguer anomaly of the Southwest Mariana Rift (Fig. 7A) is 
consistent with crustal thinning of the remnant arc and forearc margins, with 
broad lows associated with the thick arc/forearc crust (~–90 to −130 mGal) 
abruptly transitioning to higher values (~−45 to −90 mGal) within the rift valley. 
At the eastern end of the Southwest Mariana Rift near ~142°E, small volcanic 
cones overlying a local topographic high resemble those found in the diffuse 
spreading zone to the east. However, this area has lower gravity anomalies 
than the diffuse spreading zone (~−65 to −90 mGal; Fig. 7A), indicating that 
the volcanic cones may be superimposed on thicker preexisting crust. Two 
earthquakes with normal fault mechanisms (Fig. 7B) indicate ongoing tectonic 
rifting here as well. Given the mixture of both Southwest Mariana Rift and 

diffuse spreading zone characteristics in this location, it appears to be a short 
transition zone between the Southwest Mariana Rift and diffuse spreading 
zone (magenta and blue striped zone in Fig. 3).

Diffuse Spreading Zone Morphology

Within the diffuse spreading zone, the fault-block controlled morphol-
ogy of the Southwest Mariana Rift is replaced by a terrain characterized by 
kilometer-​scale volcanic ridges and cones, with much smaller, closely spaced 
faults (Fig. 8A). Diffuse spreading zone terrain extends from 142°05′E to the 

Figure 7. (A) Mantle Bouguer anomaly (MBA) 
map of the study area, calculated by removing 
the effects of the bathymetry and of 6-km-thick 
young oceanic crust from the free-air anomaly; 
see “Methodology” section for details on pro-
cessing. Warm colors indicate positive anomalies, 
and cool colors indicate negative anomalies. 
Black outlines delineate localized areas of ele-
vated volcanic topography (dashed line indicates 
presumed inactive features within the low-​
backscatter zone in Fig. 5B), showing that the 
shallow volcanic features occur in discrete zones 
rather than being evenly distributed throughout 
the diffuse spreading zone. Contour interval = 
5 mGal. Note that there are small localized spikes 
that were not removed in the compiled data set 
at 142°55′E, 12°23′–27′N (anomalous positive 
[yellow] values). (B) Compiled bathymetry map 
(0.001° cell size, ~100 m) overlaid with seismicity 
data from both the International Seismological 
Centre (International Seismological Centre, 2020) 
and Harvard Centroid Moment Tensor (CMT) 
catalogs (Dziewonski et al., 1981; Ekström et al., 
2012). Blue circles indicate earthquakes within 
the Southwest Mariana Rift, purple circles indi-
cate earthquakes within the active portion of the 
diffuse spreading zone (outlined with red dashed 
line), and black circles indicate earthquakes out-
side of the diffuse spreading zone and Southwest 
Mariana Rift. Thin black lines surround the zones 
of shallow volcanic topography, also shown in 
Figure 7A. Thick black dashed lines mark the lo-
cations of pseudo-segments that are described 
in “Malaguana-​Gadao Ridge Spreading Morphol-
ogy” section and discussed in “Possible Diffuse 
Spreading Mechanisms” section of the text. See 
legend for symbols and section of the text on 

“Seismicity in the Southern Mariana Trough” for 
analysis of seismicity. DSZ—diffuse spreading 
zone; SWMR—Southwest Mariana Rift.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02360.1/5369245/ges02360.pdf
by Robert J. Stern 
on 03 August 2021

http://geosphere.gsapubs.org


11Sleeper et al.  |  Diffuse spreading in the southern Mariana TroughGEOSPHERE  |  Volume 17  |  Number X

Research Paper

Figure 8. Diffuse spreading zone (DSZ) focus area; 
see Figure 5 for regional context. (A) Compiled 
bathymetry map (0.0003° cell size, ~30 m) show-
ing diffuse spreading zone morphology within 
the inferred active portion. Contour interval = 0.2 
km (200 m); contour lines are bold and labeled 
every 1 km. (B) Compiled acoustic backscat-
ter imagery (0.001° cell size, ~100 m). (C) B-B′: 
Cross section through the diffuse spreading zone, 
showing the inactive rift fabric of the West Mar-
iana Ridge (WMR) transitioning abruptly into 
diffuse spreading fabric. The cross section (~7× 
vertical exaggeration) intersects the sedimented 
basin adjacent to the West Mariana Ridge, along 
with the NW pseudo-segment (described in 
section on “Malaguana-Gadao Ridge Spread-
ing Morphology” and discussed in “Possible 
Diffuse Spreading Mechanisms” section) and a 
deep within the active zone. (D) B″-B″′: Close-up 
of a portion of B-B′ to show the volcanic terrain 
in more detail. Cross section location is shown 
on Figures 2 and 5A. See section of text on “Dif-
fuse Spreading Zone Morphology” for detailed 
description.
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western end of the Malaguana-Gadao Ridge at 143°20′E (green zone in Fig. 3), 
and the inferred active portion of the diffuse spreading zone corresponds to 
the ~120-km-long by ~20–40-km-wide zone (red dashed area in Figs. 3, 4, 5, 
and 8B) with high backscatter (Figs. 5C and 8B) and distributed earthquakes 
(Fig. 7B) in the southern portion of the diffuse spreading zone. East of ~142°E, 
where the margins diverge, the deep grabens, kilometer-scale normal faults, and 
down-dropped crustal blocks characteristic of the Southwest Mariana Rift are 
no longer observed outside of the narrow relict rift zone (blue stripes in Fig. 3) 
along the West Mariana Ridge. The seafloor in the diffuse spreading zone has 
lower relief than the Southwest Mariana Rift, and the deepest portions of the 
diffuse spreading zone are ~1000 m shallower than the bottom of the Southwest 
Mariana Rift. Fault scarps in the diffuse spreading zone reach a maximum height 
of ~500 m, i.e., much smaller than the normal faults bounding the Southwest 
Mariana Rift graben. Cross-section B-B′ (Fig. 8C) intersects the relict rift fabric 
along the West Mariana Ridge and crosses the diffuse spreading fabric in the 
backarc (see Fig. 8D for detail), showing the contrasts in seafloor depth and relief.

The bathymetric map in Figure 8A shows the variety of morphologies in 
the diffuse spreading zone terrain, extending northward to the relict rift fabric 
along the West Mariana Ridge. In places, the volcanic cones form clusters of 
larger edifices, creating irregular patches of shallower average depth (outlined 
in black in Figs. 7A and 7B), while the deeper areas have fewer and smaller 
volcanic cones. North of ~12°35′N–12°40′N, the deeper areas are sedimented, 
burying any small volcanic features that may exist (Fig. 8B). The volcanic fea-
tures in the diffuse spreading zone span a morphologic continuum in aspect 
ratio, from nearly circular cones to elongate cones with rift zones aligned with 
the local fabric, to linear ridges that shoal toward the center. The cones vary 
in diameter from a few hundred meters to nearly 10 km, with summit depths 
that vary from ~3500 m to as shallow as ~1800 m. The larger conical features 
with diameters greater than ~1–2 km are outlined on Figure 5B to highlight 
their distribution, along with both the volcanic lineations, defined by the ridge 
crests and rift zones extending away from some of the more elongate edifices, 
and tectonic lineations (consisting of normal fault scarps). The volcanic ridges 
are not continuous; they vary in length from a few kilometers up to ~20 km, 
and there is no clear segmentation pattern. Also, the seafloor on either side of 
the ridges is at a similar depth, and the ridges themselves have approximately 
symmetric slopes on both sides (Fig. 8D), indicating primarily volcanic and 
not tectonic origin. Many of the deeps, particularly in the western half of the 
diffuse spreading zone, are bounded by a fault scarp on at least one side, but 
many are simply topographic lows between two high-standing volcanic ridges, 
hence the use of “deep” as opposed to “graben” to describe these features.

West of 142°50′E, depths are more variable, with rougher topography and 
relief up to 2000 m between the high-standing volcanic features and the sur-
rounding deeps, which average ~4000 m in depth. Volcanic cones are also more 
abundant compared to the eastern half (Figs. 5B and 8A) and have shallower 
summits, with 17 cones shallower than 2500 m, compared to only three in the 
eastern half. The eastern half is shallower than the western half overall (Fig. 8A), 
with the deepest seafloor near the edges reaching ~3600 m, and most of the 

seafloor surrounding the volcanic constructions varying between ~3000 and 
3400 m. The volcanic features also have lower relief of a few hundred meters 
up to ~1200 m along the shallow volcanic ridge located at ~12°27′N, 143°05′E, 
giving the seafloor a smoother appearance than the western half.

The side-scan sonar imagery of the diffuse spreading zone (Fig. 8B; regional 
context is shown in Fig. 5C) shows a broad zone of high acoustic backscatter 
that is over 50 km wide near the Malaguana-Gadao Ridge terminus, taper-
ing westward until it grades into the lower backscatter in the rift valley just 
west of 142°E. The much lower backscatter and subdued topography in the 
northern portion of the diffuse spreading zone (north of ~12°35′N–12°40′N; 
Fig. 5C) are consistent with pelagic sediment cover, suggesting that the high-​
backscatter part of the diffuse spreading zone was more recently active. HMR-1 
shallow-​towed side-scan imagery, described in detail in Becker (2005), shows 
that the high backscatter is related to a combination of effusive volcanism, 
with high-backscatter surfaces and lobate margins, and pervasive faulting 
throughout the region, although most of the faults are too small to resolve in 
the bathymetry data. The crescent-shaped ridge near 143°E, 12°25′N, along 
with the other large cones toward the west (“Unnamed” volcanoes mapped 
in Fig. 2), has low-backscatter terrain surrounded by higher-backscatter terrain 
(Fig. 8B), suggesting a locally derived source for the low-backscatter material. 
Given the high lava water contents measured in this area, the low backscatter 
is likely due to volcaniclastic material from particularly volatile-rich eruptions, 
such as that described from even deeper sections near the outer forearc (Stern 
et al., 2014), or at West Mata Volcano in the Lau Basin (Resing et al., 2011). None 
of the rock samples collected (shown in Fig. 4 and discussed in section on 

“Volcanism in the Southern Mariana Region”) has been dated, so we do not 
have direct knowledge of how recent igneous activity may be, but the sample 
descriptions (Masuda, 2006) and available analyses (Becker, 2005; Pearce et 
al., 2005; Brounce et al., 2014) are consistent with relatively recent activity 
throughout the diffuse spreading zone high-backscatter zone.

The volcanic features were constructed on terrain consisting of shallower 
areas that include some larger cones and ridges (outlined in black on Figs. 7A 
and 7B) separated by bathymetric lows with similar but lower-relief features. 
The shallow volcanic zones are associated with mantle Bouguer anomaly lows, 
which in turn suggest thicker crust to compensate for the shallow seafloor, 
and the surrounding deeps are associated with relatively high mantle Bouguer 
anomaly values, indicating thinner crust. Thus, overall mantle Bouguer anomaly 
variations are qualitatively consistent with seafloor topography in local isostatic 
equilibrium. Within the western zone, there is a prominent ridge ~10 km wide 
and ~50 km long trending in a NE-SW direction and dotted with volcanic cones 
(marked with a thick dashed line on Fig. 7B) that we refer to as a “pseudo-seg-
ment.” Mantle Bouguer anomalies within this zone vary between −10 mGal 
around the edges to as low as −50 mGal under the cluster of cones near the SW 
end of the pseudo-segment. Within the eastern zone, mantle Bouguer anom-
aly values are more uniform, consistent with the lower seafloor relief, varying 
between −10 and −25 mGal. A second pseudo-​segment here (marked with a thick 
dashed line on Fig. 7B) is poorly defined and is dominated by a crescent-​shaped 
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ridge. This ridge terminates at ~143°07′E, and there is a gap of ~20 km between 
the ridge and the Malaguana-Gadao Ridge terminus to the northeast, within 
which there is no clear continuation of this feature. Mantle Bouguer anomalies 
in the shallow zones are comparable to the Malaguana-​Gadao Ridge near-axis 
crust (−20 to −50 mGal; light blue in Fig. 7A), and mantle Bouguer anomalies in 
the bathymetric lows (−5 to −20 mGal; green in Fig. 7A) are comparable to the 
distal Malaguana-Gadao Ridge flanks. This is consistent with a similar range 
in crustal thickness and density between the Malaguana-Gadao Ridge and dif-
fuse spreading zone, in contrast to the lower mantle Bouguer anomaly values 
associated with the Southwest Mariana Rift and its flanks (−45 to −130 mGal).

Malaguana-Gadao Ridge Spreading Morphology

Malaguana-Gadao Ridge axial morphology (Fig. 9) is characterized by a 
broad, rounded, axial high ~5 km wide and up to ~500–600 m above the sur-
rounding seafloor (Martinez et al., 2000). The axial high has narrow, low-​relief 
fissures visible in the IMI-30 side-scan imagery (Fig. 10A), but any topographic 
offsets associated with these are below the resolution of the ship multibeam 
bathymetry. Farther off axis, the ridge flanks are cut by axis-parallel normal 
faults with throws of up to ~200 m, ranging in length from ~10 to 50 km, result-
ing in seafloor fabric (Fig. 9A) that resembles abyssal hills on the flanks of 

Figure 9. Malaguano-Gadao Ridge (MGR) focus 
area; see Figure 5 for regional context. (A) Com-
piled bathymetry map (0.0003° cell size, ~30 m) 
showing focused spreading morphology on the 
Malaguana-Gadao Ridge flanks. Contour inter-
val = 0.2 km (200 m); contour lines are bold and 
labeled every 1 km. Spreading axis is mapped 
in red on A and B. (B) Compiled acoustic back-
scatter imagery (0.001° cell size, ~100 m) of the 
Malaguana-Gadao Ridge. (C) C-C′: Cross section 
(~7× vertical exaggeration) across the Malagua-
na-Gadao Ridge (MGR) flanks, showing West 
Mariana Ridge rift fabric abruptly transitioning 
into abyssal hill–type fabric on the NW flank of 
the Malaguana-Gadao Ridge, and also intersect-
ing the Patgon-Masala (PMVC) and Fina Nagu 
volcanic chains (FNVC) on the SE flank of the 
Malaguana-Gadao Ridge. Cross section location 
is shown on Figures 2 and 5A. See section of 
text on “Malaguana-Gadao Ridge Spreading 
Morphology” for detailed description.
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Figure 10. Samples of fine-scale bathymetry 
(0.0001° cell size, ~10 m) on the left side (con-
tour interval = 0.05 km [50 m], with bold and 
label every 0.2 km [200 m]), and IMI-30 back-
scatter imagery (0.00003° cell size, ~3 m) on 
the right side. (A) Malaguana-Gadao Ridge ax-
ial morphology. Note the broad rounded axial 
high with small normal faults and a third-​order 
segment offset. The backscatter data show fine-
scale axis-parallel fissures and faults that are too 
small to resolve in the bathymetric data, along 
with hummocky volcanic textures on the axial 
flanks. Spreading axis is marked with a thin red 
line in A and B. (B) Southern terminus of the 
Malaguana-​Gadao Ridge axis. Note the abrupt 
end to the axial ridge and the abrupt change 
in morphology from a rounded volcanic axial 
high to a field of small volcanic mounds with 
faults that are no longer subparallel to the axis. 
(C) Fine-scale volcanic morphology in the east-
ern portion of the diffuse spreading zone. Note 
the mixture of morphologies in the bathymetry 
plot, and the mixture of high-backscatter and 
mottled backscatter volcanic textures in the 
IMI-30 backscatter data, possibly indicating a 
mixture of volcaniclastics and effusive hum-
mocky lava flows.
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a fast-spreading mid-ocean ridge (Martinez et al., 2000), and this is the type 
example of focused seafloor spreading fabric (orange zone in Fig. 3).

There is a strong asymmetry in the fabric, with nearly all abyssal hill–​type 
crust on the northwest flank of the Malaguana-Gadao Ridge (Fig. 9A). It is 
difficult to assess the degree of asymmetry in crustal accretion because the 
southeast flank of the Malaguana-Gadao Ridge is affected by faulting at high 
angles to the spreading axis and an absence of magnetic lineations (Martinez 
et al., 2018). Along the distal edges of the northwest flank, there is an abrupt 
transition between the abyssal hill fabric indicative of seafloor spreading and 
the relict block-faulted rifting fabric bordering the West Mariana Ridge (Figs. 2, 
5A, and 9C), indicating a distinct phase of tectonic rifting rapidly transitioning 
to focused magmatic seafloor spreading. Typically, local sedimented deeps 
form between the base of the block-faulted West Mariana Ridge escarpment 
and the spreading fabric (Fig. 5C), suggesting that the final phase of arc rift-
ing or the initial magmatic phase produced a short interval of thinner crust 
compared to later magmatic crustal accretion. The northwest flank of the 
Malaguana-Gadao Ridge also lacks the small volcanic cones that typify the 
diffuse spreading zone, with the morphology dominated by abyssal hill–like 
structures (Fig. 9A). The southeast flank hosts a series of larger volcanoes 
and calderas (Fig. 9A), including the Patgon-Masala volcanic chain adjacent 
to the Malaguana-Gadao Ridge (Masuda and Fryer, 2015) and the Fina Nagu 
volcanic chain (Brounce et al., 2016), which represent former or immature arc 
volcanic front edifices.

To highlight the differences and abrupt transition between focused spread-
ing along the Malaguana-Gadao Ridge and the diffuse spreading zone fabric, 
we show maps of finely gridded multibeam bathymetry alongside IMI-30 back-
scatter imagery (Fig. 10). The smooth, rounded high of the Malaguana-Gadao 
Ridge axis (Fig. 10A) is cut by small fissures and a few normal faults with 
apparent throws up to ~150 m that are all subparallel to the axis. The west-
ern termination of the Malaguana-Gadao Ridge axis (Fig. 10B) is abrupt and 
marks the boundary between axis-parallel spreading fabric and the variable 
fabric of the diffuse spreading zone (Fig. 10C). Figure 10C shows typical diffuse 
spreading zone morphology, characterized by a mix of volcanic cones, short 
ridges, and smaller volcanic mounds covering the seafloor.

The mantle Bouguer anomaly (Fig. 7A) varies little along the Malaguana-​
Gadao Ridge and across its flanks, with values of ~−20 to −30 mGal near the 
axis increasing to as high as −10 mGal within the older seafloor northwest of 
the axis. There is a strong gradient between the negative anomalies (blues 
and greens) in the backarc and the positive anomalies associated with the thin 
forearc crust and the underlying subducting slab.

Seismicity in the Southern Mariana Trough

Seismicity in the southern Mariana Trough (Fig. 7B) varies among the 
three regions described above and correlates with our morphologic observa-
tions. Shallow earthquakes (≤51 km depth) with mb ≥4 from the ISC reviewed 

bulletin (International Seismological Centre, 2020) are plotted as solid circles 
and scaled by their magnitudes, and focal mechanisms from the Global 
Centroid Moment Tensor Project (CMT) Catalog (Dziewonski et al., 1981; 
Ekström et al., 2012) are shown with “beachball” symbols (Fig. 7B). From a 
qualitative perspective, earthquakes within the Southwest Mariana Rift are 
more abundant and larger in magnitude compared to those in the diffuse 
spreading zone. Furthermore, the teleseismic earthquakes from the CMT 
catalog are almost exclusively limited to the Southwest Mariana Rift. Almost 
all of these show approximately NNW-SSE tension axes, approximately 
orthogonal to the trend of the rift. There is an abrupt decrease in the magni-
tude and number of events between ~142°E and  142°10′E near the transition 
from the Southwest Mariana Rift to the diffuse spreading zone, and minimal 
seismicity associated with the northwest pseudo-segment. Events between 
~142°30′E and 143°E form a cluster of increased seismicity in the central por-
tion of the diffuse spreading zone between the two pseudo-segments, and 
then seismicity decreases again from 143°E to the Malaguana-Gadao Ridge. 
Additionally, the width of the seismically active part of the diffuse spreading 
zone (Fig. 7B) closely matches that of the high-backscatter zone (Fig. 5C), 
consistent with a broad zone of relatively recent volcanic and tectonic activity. 
There is no distinct seismicity associated with the Malaguana-Gadao Ridge 
axis itself, with only a few small events scattered throughout the northwest 
flank, although seismicity increases dramatically to the southeast in the 
forearc due to the separate trench-parallel component of extension there 
(Martinez et al., 2018).

In order to quantify the contrasts between Southwest Mariana Rift and 
diffuse spreading zone seismicity, we selected the ISC events in the South-
west Mariana Rift (dark blue circles on Fig. 7B) and those within the inferred 
recently active portion of the diffuse spreading zone (purple circles on Fig. 7B), 
counted the number of events in each region, and then calculated the total 
moment release. In terms of total number of events (since 1962, and including 
one well-located event from 1935), the Southwest Mariana Rift has 406 versus 
234 in the diffuse spreading zone, and because the regions are similar in size, 
we did not normalized the number of events per unit area. The maximum 
magnitude recorded within the Southwest Mariana Rift is mb 6.7 (large striped 
circle on the northern flank of the Southwest Mariana Rift in Fig. 7B), and the 
maximum within the diffuse spreading zone is mb 5.7. Along the Malaguana-​
Gadao Ridge and its northwest flank, the few scattered earthquakes are all 
less than mb 5. The total moment release in the Southwest Mariana Rift is 
~6.5 times greater than that in the diffuse spreading zone, indicating more 
tectonic extension in the Southwest Mariana Rift and more magmatic exten-
sion in the diffuse spreading zone. This is consistent with the morphologic 
observations showing the prevalence of volcanic morphology in the diffuse 
spreading zone and tectonic rift morphology in the Southwest Mariana Rift. 
This is also analogous to observations from mid-ocean ridges as a function 
of spreading rate (Solomon et al., 1988) and magma budget (Buck et al., 
2005), where an increasing proportion of extension is taken up tectonically 
as spreading rate decreases.
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■■ DISCUSSION

The along-strike juxtaposition of three different modes of opening along 
the southern Mariana divergent boundary allows us to characterize a distinct 
mode of crustal accretion that we refer to as diffuse spreading, which occurs 
in an ~20–40-km-wide zone within the diffuse spreading zone. Based on clear 
contrasts in seafloor morphology and seismicity, diffuse spreading is dis-
tinct from rifting, or the tectonic stretching of preexisting lithosphere, which 
occurs within the Southwest Mariana Rift. It is also differentiated from focused 
seafloor spreading because crustal accretion occurs in a distributed manner 
over a broad region rather than focused along a narrow axis, such as that 
observed along the Malaguana-Gadao Ridge. To show this, we summarize 
observations of rifting and spreading in the southern Mariana Trough and 
then discuss possibly analogous regions in other backarc basins and consider 
potential mechanisms of accomplishing diffuse spreading. Finally, we present 
a conceptual model to explain how the combination of slow opening rates 
and high slab-fluid flux may create a broad zone of weak hydrous lithosphere, 
enabling the diffuse spreading process.

Modes of Opening in the Southern Mariana Trough

Contrasts in seafloor morphology and seismicity between the Southwest 
Mariana Rift, the diffuse spreading zone, and the Malaguana-Gadao Ridge 
flanks provide strong evidence that each zone is controlled by different exten-
sional processes. The Southwest Mariana Rift is characterized by tectonic 
rift–type morphology, with a deep, largely amagmatic rift valley bounded by 
normal faults with scarp heights up to 3500 m that progressively down-drop 
basement blocks to the valley floor. Abundant seismicity and normal fault 
focal mechanisms (Fig. 7B) indicate ongoing tectonic extension as a primary 
mode of opening. Relict rift fabric extends northeast in a narrow band along 
the eastern flank of the West Mariana Ridge (Fig. 3), indicating that a similar 
rifting process characterized the first phase of Mariana Trough opening.

East of the Southwest Mariana Rift, the morphology in the diffuse spreading 
zone changes abruptly. Diffuse spreading zone morphology is characterized by 
a mix of closely spaced volcanic cones and ridges superimposed on broader 
deeps and highs separated by gradational topographic transitions, rather 
than by large offset fault blocks. The characteristic features of large-scale 
tectonic rifting, such as fault block formation, are not observed in the diffuse 
spreading zone. The topographic ridges are much smaller and more closely 
spaced and appear to be largely volcanic, based on their bilaterally symmet-
ric morphology. No evidence of fault blocks is observed in the bathymetry or 
gravity data, and the seismically active zone is associated with high acous-
tic backscatter that indicates relatively recent tectonic and volcanic activity. 
Seismicity decreases markedly within the diffuse spreading zone (Fig. 7B) 
compared to the Southwest Mariana Rift, both in terms of abundance and 
total moment release, consistent with a thinner brittle lithosphere (Solomon 

et al., 1988) and increasing magmatic accommodation of extension (Buck et 
al., 2005). Thinner brittle lithosphere under the diffuse spreading zone is also 
implied by earthquake depths recorded on a local ocean-bottom seismometer 
array across the Southwest Mariana Rift (Zhu et al., 2019), which showed that 
Southwest Mariana Rift earthquakes are both more abundant and deeper than 
those in the diffuse spreading zone, with maximum depths up to ~80 km for 
the Southwest Mariana Rift compared to <20 km for the diffuse spreading 
zone. Furthermore, seafloor depth in the diffuse spreading zone is distinctly 
shallower than in the Southwest Mariana Rift and the troughs that typically 
border the eastern flank of the West Mariana Ridge, but it is similar in average 
depth to the crust spread on the northwest flank of the Malaguana-Gadao 
Ridge. Apparently older, sedimented, and presumably relict diffuse spread-
ing zone fabric extends northward from the edge of the inferred active zone 
(outlined with a thin red dashed line in Figs. 3, 4, 5, and 7B) to the narrow 
rifted margin of the West Mariana Ridge, indicating a short rifting phase that 
abruptly transitioned into diffuse spreading that remains active today. The 
development of diffuse spreading fabric from soon after the rift stage and its 
continuation to the present suggest that it is not a transitional phase between 
rifting and spreading, but rather a stable mode of extension that persists 
under appropriate conditions. This assertion is supported by the observa-
tion that there is no evidence of a diffuse spreading zone terrain flanking the 
Malaguana-​Gadao Ridge, as would exist if diffuse spreading transitioned to 
focused spreading. Rather, Malaguana-Gadao Ridge abyssal hill fabric also 
extends to the West Mariana Ridge, indicating that each mode of crustal 
accretion began soon after rifting and persisted to the present. That is not 
to say that one mode cannot change into the other. Clearly, tectonic rifting 
preceded diffuse or focused spreading, and diffuse spreading may convert 
into focused spreading or vice versa depending on factors such as opening 
rate and slab dewatering rate, which may be influenced by other parameters 
such as subduction rate and slab age.

In contrast to the diffuse spreading zone, Malaguana-Gadao Ridge flank 
morphology is characterized by more uniform depths with abyssal hill–​type 
fabric (Fig. 9A), although a long-wavelength deepening away from the axis 
toward the West Mariana Ridge is evident, consistent with thermal subsidence 
(Fig. 9C). As noted above, like the diffuse spreading zone fabric, characteristic 
Malaguana-Gadao Ridge flank seafloor spreading fabric extends to the narrow 
band of rift fabric (blue striped area in Fig. 3) along the West Mariana Ridge, 
indicating that rifting here rapidly transitioned to focused seafloor spreading, 
which remains active today. Along most of the eastern margin of the West 
Mariana Ridge the seafloor is locally deeper, isostatically indicating thinner 
rifted crust, before the transition to spreading takes place, and magmatic 
accretion causes the crust to thicken and shallow. A rapid transition from 
rifting to focused spreading appears to be typical in backarc basins, as is 
observed along most of the West Mariana Ridge (Fryer and Hussong, 1981; 
Yamazaki et al., 2003; Oakley et al., 2009), and along the rifted edges of the 
Kyushu-Palau Ridge abutting the Parece Vela and Shikoku Basins (Okino et 
al., 1994, 1998) (Fig. 1).
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Alternative Hypothesis: Diffuse Spreading versus Distributed Rifting

We interpret the diffuse spreading zone as a zone of distributed magmatic 
crustal accretion where new crust is emplaced in a broad region ~20–40 km 
wide. This newly created crust is also subject to tectonic extension, similar to 
crust within the plate-boundary zones at mid-ocean ridges (Macdonald, 1982). 
Thus, all the diffusely spread crust is distinct from and postdates the rifted arc 
crust, which is limited to narrow margins surrounding the West Mariana Ridge 
remnant arc and the conjugate edge of the Mariana forearc ridge.

In contrast, other models have proposed that tectonic rifting of the original 
arc terrain continues over a prolonged period of time and spatially forms much 
of the backarc basin. Such models imply that fragments of old arc crust (with 
ages predating the opening of the basin) should exist within the basin and 
form much of the basement, perhaps intruded and overlain by more recent 
lavas. Such models were applied, for example, to explain the evolution of the 
Lau Basin and Havre Trough, where a protracted rift phase was interpreted to 
form much of the western Lau Basin and most, if not all, of the Havre Trough 
before transitioning to focused seafloor spreading in parts of the Lau Basin 
(Parson and Hawkins, 1994; Hawkins, 1995a, 1995b; Parson and Wright, 1996; 
Wysoczanski et al., 2010). A similar rifting model has been suggested for the 
Mariana Trough north of 22°N (Yamazaki et al., 2003), and Martinez et al. (1995) 
had proposed a rifting and magmatic intrusion model for the 20°N–24°N area 
of the Mariana Trough. These models were primarily based on morphology, 
as old arc crust has never been found in the interior of the basins away from 
the rifted arc or remnant arc margins.

More recent studies have shown, however, that morphologically complex 
crust resembling the inferred rifted “basin and range” terrains of the west-
ern Lau Basin (Hawkins, 1995a, 1995b) can form in arc-proximal settings by 
magmatic seafloor spreading. At the Lau Basin Valu Fa Ridge, thick, irregular, 
felsic crust abruptly replaces thinner, uniform mafic crust as the ridge axis 
approaches the arc volcanic front (Martinez and Taylor, 2002; Dunn and Mar-
tinez, 2011). This transition is somewhat analogous to the change from the 
axial valley of the Mariana Trough spreading center to the axial high of the 
Malaguana-Gadao Ridge. However, like at the southern tip of the Malaguana-​
Gadao Ridge, another abrupt transition occurs at the southern end of the Valu 
Fa Ridge, along with decreasing spreading rates (~<40 mm/yr) (Sleeper and 
Martinez, 2016). Here, the prominent axial high of the Valu Fa Ridge is abruptly 
replaced by a “ridges and knolls” terrain (Fujiwara et al., 2001) comprising 
a broad zone of high acoustic backscatter characterized by positive seafloor 
magnetizations (Watanabe et al., 2010) and seafloor morphology similar to 
that observed in the diffuse spreading zone. Several of the “knolls” in this 
region have been sampled, and analyses have shown high volatile contents 
and strong arc-like signatures (Haase et al., 2009), also similar to the diffuse 
spreading zone. While previous studies (Parson and Hawkins, 1994; Parson 
and Wright, 1996; Fujiwara et al., 2001) had interpreted the area south of the 
Valu Fa Ridge as an arc rifting terrain, Martinez and Taylor (2006) hypothe-
sized that this area, along with parts of the western Lau Basin, represented 

“diffuse patches of seafloor spreading” where spreading was not focused 
along a narrow axis. The prevalence of volcanic morphologies, high acoustic 
backscatter, and high magnetization values (Watanabe et al., 2010) are con-
sistent with dominantly magmatic formation of this terrain within a broad 
zone of crustal accretion several tens of kilometers wide, similar to the diffuse 
spreading zone. Furthermore, we consider the continued stretching, rifting, and 
thinning of Lau arc crust ~200 km into the basin to the forearc Tonga Ridge 
as mechanically unlikely, especially given the abrupt thinning of the Lau and 
Tonga Ridges at their edges.

Possible Diffuse Spreading Mechanisms

The observations presented herein support the interpretation of the diffuse 
spreading zone as a zone of distributed magmatic crustal accretion at least 
tens of kilometers wide, but precise limits on the width of the active zone 
and how activity is distributed, both spatially and temporally, are difficult to 
determine with current data. The similar ~20–40 km widths of both the zone 
of high backscatter and zone of seismicity support the interpretation that the 
entire zone is active, but more precise definition of this zone requires detailed 
near-bottom mapping and rock sampling, including determining radiometric 
ages. Fresh-looking glassy lava samples and the published analyses indicate 
recent volcanic activity within the diffuse spreading zone (Fig. 5B; Becker, 
2005; Pearce et al., 2005; Masuda, 2006; Brounce et al., 2014), but the lack of 
radiometric ages on the samples makes it impossible to constrain the spatial 
and temporal distribution of volcanism.

The potentially analogous area south of the Valu Fa Ridge in the Lau Basin 
may provide some insight into the mechanism of diffuse spreading. There, dis-
tinct short (10–15-km-long) axes of higher magnetization have been observed 
within the overall positive magnetization area (Watanabe et al., 2010). These 
form en echelon and overlapping configurations and have been interpreted as 
fault-controlled intrusions and sites of localized volcanism. Their locally high 
magnetization may indicate the most recent sites of magmatic emplacement, 
as the magnetization of fresh volcanic rocks quickly attenuates with age (John-
son and Tivey, 1995). Thus, it is possible that the diffuse spreading process is 
accomplished through numerous short-lived but discrete dike intrusion and 
volcanic events along short axes that episodically relocate within the diffuse 
spreading zone. In addition, point source volcanic emplacements may also 
occur (Haase et al., 2009), forming the scattered small volcanic cones, but 
these do not appear to have a direct expression in sea-surface magnetization 
inversions (Watanabe et al., 2010). The active part of the zone may migrate 
laterally as the basin opens to remain near a peak in mantle wedge melting 
related to both hydrous fluxing from the slab and extensionally induced mantle 
upwelling and decompression melting.

Within the Mariana diffuse spreading zone, the pseudo-segments (thick 
dashed black lines in Fig. 7B) indicate that magmatism is not uniformly distrib-
uted and may provide some insight into the mechanism of diffuse spreading. 
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The nature of these features is difficult to determine with certainty utilizing 
the data presently available, but we will explore a few possibilities here. One 
possibility is that these features represent some degree of organization of 
spreading and may be roughly analogous to spreading segments separated 
by a nontransform offset. In this model, the cluster of seismicity between the 
pseudo-segments would then be related to largely strike-slip deformation in 
the offset zone, which is consistent with the strike-slip focal mechanism in the 
area (Fig. 7B). The morphology of the northwest pseudo-segment is broadly 
similar to a spreading segment (Becker, 2005), albeit with more volcanic cones, 
a more irregular shape, and a lack of abyssal hill fabric on the flanks. However, 
as described earlier, the southeast pseudo-segment is poorly defined in com-
parison, and there is an ~20 km gap between the crescent-​shaped ridge that 
dominates most of the pseudo-segment and the tip of the Malaguana-Gadao 
Ridge axis, where the seafloor morphology is characterized by typical dif-
fuse spreading zone ridges and knolls terrain (Figs. 7B and 8A). Thus, the 
morphology of the pseudo-​segments is not consistent with focused axes of 
crustal accretion like the Malaguana-Gadao Ridge. Another possibility that 
is consistent with our hydrous lithosphere model (described in subsequent 
section titled “Hydrous Lithosphere Model”) and the morphology is that the 
pseudo-segments are separate zones of diffuse spreading and represent the 
most recent loci of crustal accretion. The intervening cluster of seismicity could 
then be explained as a combination of strike-slip and extensional deformation 
in the offset zone. A third possibility that is also consistent with our hydrous 
lithosphere model is that extension is distributed relatively evenly throughout 
the diffuse spreading zone, and the topographic highs and lows may instead 
reflect local enhancements of melting or dynamic effects related to buoyant 
melt delivery within the overall zone of diffuse crustal accretion. In this model, 
the topographic highs are underlain by buoyant diapirs of hydrous melt, and 
the extension is locally accommodated almost entirely magmatically. This is 
consistent with the diminished seismicity along the pseudo-segments and 
other prominent volcanic features in the diffuse spreading zone, and the lack 
of abyssal hills. The cluster of seismicity between the pseudo-segments may 
then simply be a region that is not underlain by hydrous diapirs and thus has 
a lower magma supply and greater proportion of tectonic extension.

Volcanism in the Diffuse Spreading Zone and Malaguana-Gadao 
Ridge: Melt Generation and Focusing Processes

The distribution and morphologic variety of volcanic features within the 
diffuse spreading zone imply local variability in both melt production and 
tectonic extension not evident at the Malaguana-Gadao Ridge, which accretes 
crust more uniformly along its narrow axis. These contrasts provide insight 
into the mechanisms of melt generation in the underlying mantle wedge and 
melt focusing and homogenization in the lithosphere.

Both the Malaguana-Gadao Ridge and the diffuse spreading zone over-
lie slab depths typically associated with arc volcanism, with sampled lavas 

showing strong affinities to arc-type magmas (Becker, 2005; Pearce et al., 2005; 
Brounce et al., 2014), and measured water contents ranging between ~1.5% 
and 2.5% (Brounce et al., 2014). The contrasts between these two regions thus 
cannot be explained simply by major differences in mantle wedge composition. 
Based on the abrupt nature of the transition between the Malaguana-​Gadao 
Ridge and diffuse spreading zone morphologies, it appears that a rheologic 
threshold is reached. This threshold is probably controlled by a combination of 
slowing opening rates and mantle hydration, where the lithosphere becomes 
weak enough that extension changes from focused to diffuse spreading. Melt 
focusing effects that depend on deeper mantle viscosity (strongly affected by 
water content) have also been proposed (Phipps Morgan, 1997; Spiegelman 
and McKenzie, 1987), so the weakening due to hydration may also extend 
deeper into the mantle wedge. Thus, the morphologic differences between the 
diffuse spreading zone and the Malaguana-Gadao Ridge may reflect changes 
in lithospheric and mantle melt focusing mechanisms between these two 
systems, controlled by a rheological threshold.

One of the most striking contrasts between diffuse spreading zone morphol-
ogy and the Malaguana-Gadao Ridge flanks is the numerous small seamounts 
throughout the diffuse spreading zone and the lack of such features on the 
Malaguana-Gadao Ridge flanks. Within the diffuse spreading zone, buoyant 
mantle upwelling instabilities (diapirs) that would normally form arc volca-
noes may be entrained within the broad plate-driven mantle upwelling regime. 
With no stable spreading axis and associated subaxial magma lens within 
which to homogenize and differentiate, the diffuse spreading zone volcanic 
emplacements thus may more closely reflect primitive melts formed in the 
mantle wedge. The two lava samples from the eastern diffuse spreading zone 
analyzed by Brounce et al. (2014) are consistent with this interpretation, with 
higher average MgO content, lower average SiO2 content, and higher average 
Ba/La and Sr/Nd ratios compared to the Malaguana-Gadao Ridge samples, 
indicating more mafic and primitive melts. Analyses of lavas from similar sea-
mounts south of the Valu Fa Ridge in the Lau Basin also show more primitive 
and heterogeneous compositions compared to the Valu Fa Ridge (Haase et 
al., 2009), but more analyses on samples distributed throughout the diffuse 
spreading zone are necessary to confirm this.

The Malaguana-Gadao Ridge has melt-focusing mechanisms like those 
at oceanic mid-ocean ridges (e.g., Phipps Morgan, 1997) and possibly a con-
tinuous subaxial magma lens, as observed on one seismic reflection profile 
near 13°05′N (Becker et al., 2010). These features would help to homogenize 
mantle melts within the subaxial magmatic system of the Malaguana-​Gadao 
Ridge so that they erupt at the linear axial summit trough as effusive flows 
rather than small melt batches forming individual cones. Without such 
homogenization mechanisms, the irregular shape of the shallow volcanic 
zones within the diffuse spreading zone may thus reflect the three-dimen-
sional pattern of melt formation and buoyant upwelling in the mantle wedge. 
The smoother seafloor morphology of the Malaguana-Gadao Ridge reflects 
the mantle and lithospheric focusing mechanisms acting on similar arc 
volcanic front melts.
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Hydrous Lithosphere Model

The position of the diffuse spreading zone overlying slab depths with expected 
high water flux (Schmidt and Poli, 1998) suggests likely controls on this form 
of crustal accretion based on the effects of water on mantle rheology (Fig. 11; 
Hirth and Kohlstedt, 1996; Phipps Morgan, 1997). At mid-ocean ridges, the small 
amount of mantle water present is extracted into the melt, dehydrating and 
strongly increasing the viscosity of the residual mantle (Karato et al., 1986; Hirth 
and Kohlstedt, 1996). The up to 1000-fold increase in viscosity is hypothesized to 
produce a “compositional lithosphere” (Phipps Morgan, 1997) (see also Fig. 11A) 
that inhibits off-axis volcanism and is thought to help focus the melt from a broad 
~200-km-wide zone of melt generation at depth toward a narrow neovolcanic zone 
at the surface (Spiegelman and McKenzie, 1987; Braun et al., 2000; Key et al., 2013).

In our hydrous lithosphere model (Fig. 11B; Martinez et al., 2012), the con-
tinuous flux of water from the slab beneath the diffuse spreading zone inhibits 
dehydration of the mantle wedge. This leads to increased hydration of the melt 
and residual mantle, which decreases the viscosity and produces a broad zone 
of weak hydrous lithosphere rather than strong compositional lithosphere. 
For simplicity, we assume that the rate of water addition from the slab is the 
same for the Malaguana-Gadao Ridge and diffuse spreading zone. This is 
likely controlled to first order by the rate of Pacific plate subduction, which is 
not significantly different between these settings (~27–28 mm/yr; Kato et al., 

2003; see Fig. 1 herein). However, the rate of mantle flow through the melting 
regimes and the rates of mantle melting and crustal production are different. As 
opening rates slow westward (to very slow rifting rates at the Southwest Mari-
ana Rift), the steady water flux from the slab is distributed within a decreasing 
volume of mantle flowing through the melting regime of the diffuse spreading 
zone compared with the Malaguana-Gadao Ridge. Therefore, since the rate of 
water addition is constant and the rate of water extraction is decreasing, the 
concentration of water in the mantle wedge should increase westward from 
the Malaguana-Gadao Ridge to the diffuse spreading zone, and thus both 
melts and residual mantle should have increasing water contents. At some 
point, the westward-increasing mantle water content leads to a low enough 
lithospheric strength that the lithosphere deforms diffusely in a broad zone. 
This appears to be a threshold effect, because the change in mode of crustal 
accretion is abrupt, transitioning at the southern tip of the Malaguana-​Gadao 
Ridge from a focused narrow zone dominated by effusive sheet flows ema-
nating from a narrow axis to distributed intrusions and dikes forming narrow 
volcanic ridges and scattered small volcanic cones. Once this threshold is 
reached, there appears to be a particular range of conditions wherein the rate 
of water input from the slab and the rate of mantle water extraction by plate-
driven decompression melting maintain a weak mantle and lithosphere and 
allow diffuse spreading to continue. Other factors, such as plate cooling with 
age (Parsons and Sclater, 1977) and the fact that the rate of mantle upwelling 
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Figure 11. (A) Simplified conceptual 
cross section (~1:1 scale) through a 
typical mid-ocean ridge, based on the 
compositional lithosphere model of 
Phipps Morgan (1997). Melting and 
melt extraction within the subridge 
melting regime dehydrate the upwell-
ing mantle and create a dry and strong 
compositional lithosphere that helps 
to focus melt and deformation to a 
narrow plate-boundary zone. Black 
dashed lines with arrows show the 
generalized pattern of mantle flow. 
(B) Simplified conceptual depiction of 
the hydrous lithosphere model (mod-
ified from Martinez et al., 2012, 2018), 
showing a cross section (~1:1 scale) 
through a typical subduction zone with 
active near-arc extension analogous to 
the southern Mariana Trough diffuse 
spreading zone, though here the forearc 
massif is still intact. The dehydrating 
slab continually adds water to the over-
lying mantle wedge and lithosphere, so that even though mantle melting occurs, the residual mantle retains significant water (Hirth and Kohlstedt, 2003), and a strong compositional 
lithosphere cannot form. Deformation and volcanism cannot focus and are distributed in a broad plate-boundary zone. Thick red bars in the crust depict distributed volcanism, red 
dashed line shows the base of the thermal lithosphere, and red blob and diapirs schematically depict hydrous melt; other features are labeled. The blue gradient within the mantle 
wedge represents increasing mantle water content toward the arc, and the dashed black line marks the hypothesized sharp boundary between a strongly hydrous mantle wedge and 
less hydrous mantle away from the arc (Dunn and Martinez, 2011; Sleeper and Martinez, 2014). See section of text on “Hydrous Lithosphere Model” for discussion.
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varies inversely with the width of the zone undergoing extension (Buck et al., 
1988), likely contribute to determining the width of the zone of active crustal 
accretion. This model is based on geophysical observations and general prin-
ciples, but the current distribution of lava sample analyses is not sufficient to 
test the primary prediction that mantle wedge water content increases from 
the Malaguana-Gadao Ridge through the diffuse spreading zone. More lava 
sampling throughout the diffuse spreading zone and, in particular, systematic 
measurements of water content are necessary to test and confirm the model.

Another aspect of the model is a hypothesized abrupt boundary (dashed 
black line in Fig. 11B) between a strongly hydrous mantle wedge with increasing 
water content toward the arc volcanic front (shown with blue color gradient in 
Fig. 11B) and distinctly less hydrous mantle away from the arc. This hypothesis 
is based on abrupt changes in depth, morphology, crustal structure, thickness, 
and chemistry seen in the Lau Basin spreading centers with arc proximity (Dunn 
and Martinez, 2011; Martinez and Taylor, 2002; Escrig et al., 2009; Sleeper and 
Martinez, 2014; Sleeper et al., 2016). A similar transition in morphology and 
crustal structure is observed in the Mariana Trough near 14°22′N, where the 
crust thickens rapidly from ~3.4–4.1 km to ~5.9–6.9 km to the south, as inferred 
from multibeam mapping and gravity studies (Kitada et al., 2006). The change in 
crustal thickness is accompanied by a rapid change in morphology from an axial 
valley to an axial high, also similar to the Lau Basin. The association of abrupt 
crustal thickness changes with the position of the extension axis relative to the 
slab supports the inference that similar changes in mantle hydration occur in the 
Mariana mantle wedge (Fig. 11B) to those inferred in the Lau Basin (Sleeper and 
Martinez, 2014; Sleeper et al., 2016). However, an alternative hypothesis (rather 
than an abrupt change in mantle water content) is a more gradational variation in 
water content inducing a threshold effect on mantle rheology and strength. We 
posit a similar threshold effect to explain the abrupt change in mode of crustal 
accretion between the Malaguana-​Gadao Ridge and diffuse spreading zone, 
and such threshold effects are observed in abrupt mid-​ocean-​ridge transitions 
from axial highs to axial valleys despite gradational changes in spreading rate, 
mantle temperature, or melt production. They are thought to be induced by 
rapid changes in near-axis lithospheric strength resulting from the presence or 
absence of a subaxial melt lens or other threshold changes in rheologic prop-
erties (Phipps Morgan and Chen, 1993; Ma and Cochran, 1996, 1997; Cochran 
and Sempere, 1997). As water content strongly affects both mantle melting and 
strength, it is possible that an abrupt threshold effect occurs even with grad-
ual changes in mantle water content or opening rates, and this may explain 
the abrupt nature of the transition in morphology and crustal thickness along 
the Malaguana-Gadao Ridge as well as the abrupt change in mode of crustal 
accretion between the Malaguana-​Gadao Ridge and diffuse spreading zone.

■■ CONCLUSIONS

This study describes three modes of opening along the southern Mari-
ana divergent boundary and, in particular, a new mode of magmatic crustal 

accretion that we call diffuse spreading, where the zone of active crustal 
accretion is ~20–40 km wide, rather than 1–2 km wide as at mid-ocean ridges 
and typical backarc spreading centers. The diffuse spreading zone is an 
~120-km-long region in the southern Mariana Trough between the southern 
terminus of the Malaguana-Gadao Ridge spreading center to the east and the 
active rift valley of the Southwest Mariana Rift to the west. Diffuse spreading 
zone seafloor morphology is characterized by small volcanic cones and closely 
spaced ridges superimposed on broader swells and deeps that is unlike the 
block faulting produced by rifting and is also unlike the abyssal hill fabric asso-
ciated with focused spreading. Similar seafloor fabric has been identified in 
other backarc settings, although it has been interpreted as a form of tectonic arc 
rifting (Hawkins, 1995a, 1995b; Parson and Wright, 1996; Fujiwara et al., 2001; 
Yamazaki et al., 2003; Watanabe et al., 2010; Wysoczanski et al., 2010). In the 
southern Mariana Trough, however, the continuity of the divergent boundary 
and the nature of the flanking seafloor allow a side-by-side comparison to be 
made of the characteristics of the various modes of opening. These charac-
teristics indicate that diffuse spreading is a distinct mode of magmatic crustal 
accretion that occurs within a broad zone of weak hydrous lithosphere, main-
tained by slow opening and a continuous flux of slab water. This slab hydrous 
fluxing counteracts the mantle dehydration and strengthening that normally 
accompany melting at mid-ocean ridges, weakening the lithosphere and cre-
ating a broad plate-boundary zone. Thus, diffuse spreading is likely restricted 
to supraslab settings of backarc basins, where extension occurs close to the 
arc volcanic front or within the forearc. Spreading rate also appears to be a 
controlling factor, as it determines the rate of mantle upwelling and melting, 
and thus the rate of water extraction from the mantle for a given water influx 
from the slab. Based on the abrupt change in seafloor morphology between 
the diffuse spreading zone and the abyssal hill fabric of the Malaguana-​Gadao 
Ridge, the transition between focused and diffuse spreading appears to be a 
threshold phenomenon.

Diffuse spreading is not a transitional phase from rifting to focused 
spreading but appears to be a stable form of crustal accretion associated 
with particular mantle hydration and kinematic conditions. In addition to the 
diffuse spreading zone in the southern Mariana Trough, parts of the southern 
Lau Basin and Havre Trough as well as the Mariana Trough north of 22°N 
may represent further examples. More detailed geophysical mapping and 
analysis of volcanic rock samples from the southern Mariana Trough and 
other backarc basins are needed to elucidate the occurrence of and controls 
on diffuse spreading.
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