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Abstract Extension within the southern Mariana margin occurs both normal to and parallel to the trench.
Trench-normal extension takes place along focused and broad backarc spreading axes forming crust
that is passively accreted to the rigid Philippine Sea plate flank to the northwest. To the southeast,
trench-parallel extension has split apart the Eocene-Miocene forearc terrain accreting new crust diffusely
over a 150–200 km wide zone forming a pervasive volcano-tectonic fabric oriented at high angles to the
trench and the backarc spreading center. Earthquake seismicity indicates active extension over this forearc
region and basement samples date young although waning volcanic activity. Such diffuse formation of
new oceanic crust and lithosphere is unusual; in most oceanic settings extension rapidly focuses to narrow
plate boundary zones—a defining feature of plate tectonics. Diffuse crustal accretion has been inferred to
occur during subduction zone infancy, however. We hypothesize that in a near-trench extensional setting,
the continual addition of water from the subducting slab creates a weak overriding hydrous lithosphere that
deforms broadly. This process counteracts mantle dehydration and strengthening proposed to occur at
mid-ocean ridges that may help to focus deformation and melt delivery to narrow plate boundary zones. The
observations from the southern Mariana margin suggest that where lithosphere is weakened by high
water content narrow seafloor spreading centers cannot form. These conditions likely prevail during
subduction zone infancy, explaining the diffuse contemporaneous volcanism inferred in this setting.

Plain Language Summary The edges of plates above subduction zones deform diffusely unlike the
focused boundaries predicted by plate tectonics to delimit oceanic lithosphere. This diffuse deformation
has been mapped in a presently active rift within the overriding plate behind the southern Mariana trench
and appears to be due to weakening effects of water released by the subducting plate. The southern
Mariana margin may represent an active analog of the broad and diffuse deformation and volcanism inferred
to occur at the earliest stages of subduction zone formation. The observations also suggest that mantle
dehydration thought to accompanymelting at mid-ocean ridges may be an important process in forming the
focused plate boundary zones characteristic of plate tectonics. Such dehydration apparently cannot occur
along the upper plate edges of subduction zones due to continually dewatering subducting slabs.

1. Introduction

The conjugate rifted margins that border backarc basins are quite unlike the margins of continental rifts. The
jigsaw puzzle-like fit of continental margins bordering the Atlantic Ocean (Wegner, 1966) was among the first
observations leading to the theory of plate tectonics. In contrast, the rifted margins of backarc basins fre-
quently show large geometric discrepancies belying their conjugate nature. A type example is the Izu-
Ogasawara (Bonin)-Mariana-Yap (abbreviated IBM hereafter) forearc, which is the conjugate of the remnant
arc Kyushu-Palau Ridge (Karig, 1972; Seno & Maruyama, 1984; Taylor, 1992). A visual inspection of the trace of
these features shows that they cannot be joined by a rigid-plate Eulerian rotation of their present outline
(Figure 1), even taking into account the complex opening history of the Parece Vela and Shikoku Basins
(Okino et al., 1998, 1994). This incongruence developed because the two flanks of the basin behaved differ-
ently during opening. The trailing flank became a passive part of the rigid Philippine Sea plate as it was
accreted, and it preserved the original geometry of the arc system and of the crust spread from the
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backarc spreading centers. In contrast, the leading flank (between the backarc spreading center and the
trench) deformed as the backarc basin opened.

The changing shape of the leading edge of subduction margins has several causes. One is that the subduct-
ing plate must undergo large strains in order to subduct (Bevis, 1988) and in general cannot be torsionally
rigid (Bevis, 1986). This means that the plate boundary zones bordering subduction margins undergo large
lithospheric deformations and that the map view shape of the trench is not constrained by rigid plate kine-
matics, but can change as backarc basin opening progresses. A second inference is that the leading edge of

Figure 1. The rifted edges of the Izu-Ogasawara (Bonin)-Mariana-Yap (IBM) forearc and remnant Kyushu-Palau Ridge (KPR),
indicated with dashed lines, were joined before the opening of the Shikoku and Parece Vela Basins and Mariana Trough,
yet they cannot be reassembled by rigid-plate Eulerian rotation of their present shapes. Whereas the KPR remained fixed to
the rigid Philippine Sea plate, retaining the original shape of the margin, the conjugate eastern margin was deformed as
the trench changed shape during opening of the various backarc basins. The large change in shape between conjugate
margins indicates a weak leading edge of the subduction margin lithosphere that conforms to a changing trench geometry.
CBF locates the Central Basin Fault, which was an active spreading center during subduction initiation and infancy, but
had ceased activity by the time of KPR rifting. The box at the southern end of the Mariana Trough outlines the study area.
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the upper plate is weak and deforms to conform to the changing shape of the trench. Although weakening of
forearc mantle material accompanies serpentinization (Hyndman & Peacock, 2003), this is not the only cause.
Weakening of the upper plate margin may also be due to effects of water on crystal lattice deformation
mechanisms in olivine (Karato et al., 1986; Mei & Kohlstedt, 2000a, 2000b) that have been proposed to lower
the strength of not only the upper plate lithosphere (Hirth & Kohlstedt, 1996) but also of the mantle wedge
asthenosphere (Billen & Gurnis, 2001; Hirth & Kohlstedt, 2003).

Here we examine the southern Mariana margin—the area south of about the latitude of Guam (13°300N) and
extending from the West Mariana Ridge to the trench. This area is floored by young (<5 Myr) accreted volca-
nic material erupted following rifting of the Eocene-Miocene forearc away from the West Mariana Ridge and
parallel to the trench. Thus, in the southern Mariana margin, the region of “backarc” crustal accretion tradi-
tionally called the Mariana Trough is expanded to include areas of new volcanic crustal accretion approach-
ing the trench, where fragments of the Eocene-Miocene forearc may remain. We also use the term “Mariana
platelet” to refer to the lithosphere between the Philippine Sea plate and the Pacific plate. “Platelet” here,
however, is intended to not only denote a narrow lithospheric sliver but one that is also deforming and is
not therefore truly a “plate.” Martinez et al. (2000) referred to this region as the “interplate” zone and Bird
(2003) as the “Mariana Plate” but Mariana platelet has been traditionally used to refer to this area (e.g.,
Eguchi, 1984; Karig et al., 1978) and is used herein.

Although models of backarc opening generally treat trenches and slabs as retreating oceanward in a mantle
framework (Molnar & Atwater, 1978), regional plate motion models indicate that the IBM trenches and slabs
are actually advancing continentward toward Eurasia (Carlson & Melia, 1984; Carlson & Mortera-Gutiérrez,
1990). Modern geodetic measurements, in fact, show that all the tectonic components of the IBM area—
the forearc platelet, Philippine Sea plate, and Pacific plate—are advancing westward toward Eurasia (Kato
et al., 2003; Kobayashi, 2004) whether or not the adjacent margin is undergoing backarc opening.
Extension in the Mariana Trough results from a lag in motion of the trench with respect to the Philippine
Sea plate (Carlson & Melia, 1984; Kato et al., 2003) and possible outflow of asthenospheric mantle from
beneath a shrinking Philippine Sea plate (Ribeiro et al., 2017). Following Carlson and Melia (1984) we refer
to the lagging trench motion relative to the Philippine Sea plate as trench rollback. However, this rollback
is caused not simply by the Philippine Sea plate moving away from a fixed-shape trench. The overall
Mariana frontal arc has significantly changed shape and curvature as it roughly moves eastward relative to
the remnant West Mariana Ridge (Karig et al., 1978) in the ~5 Myr since Mariana Trough spreading began
(Hussong & Uyeda, 1981). In the southern Mariana margin, trench rollback has both eastward and southward
directed components. Purely kinematic arguments predict that rollback is directed normal to the trend of the
trench and is not affected by the relative motion between subducting and overriding plates (Dewey, 1980).
However, other factors may influence changes in the shape of the trench. Geologic features such as plateaus,
seamounts, seamount chains, and other features on the subducting plate can change the shape of the trench
as they impinge on it and variably resist subduction (e.g., Wallace et al., 2009). In addition, mantle transition
zone discontinuities at depth can resist slab penetration and affect the motion and shape of the trench
(Schellart, 2004). Poorly understood local dynamic flow effects between mantle and slab as well as possible
regional mantle flow relative to the slab may also affect changes in trench motion and shape (Ribeiro et al.,
2017; Schellart & Moresi, 2013). Nevertheless, as we show in section 3.2 from earthquake focal mechanisms,
the current rollback motion of the Mariana subduction interface is to first order nearly perpendicular to the
local trend of the trench as predicted by kinematic theory (Dewey, 1980). In contrast, the trench-parallel com-
ponent of motion along the subduction interface, which appears to be the greater component based on geo-
detic measurements and plate motion models (Kato et al., 2003), has a much smaller teleseismic expression.

We discuss below two main domains of extension and crustal accretion within the southern Mariana margin.
In one domain, trench-normal extension and crustal accretion are taken up as seafloor spreading on the nar-
row axis of a backarc ridge, the Malaguano-Gadao Ridge (MGR), and continues westward as a broader diffuse
spreading zone (DSZ) tens of kilometers wide (Figure 2). This domain forms the NW flank material accreted to
the rigid Philippine Sea plate (Figure 2). The other domain is located between theMGR/DSZ and the trench. In
this domain, trench-parallel (tangential) extension is broadly distributed in a zone over ~200 kmwide forming
a pervasive volcano-tectonic fabric oriented at a high angle to both the trench and backarc spreading center.
While some of this material may have spread from the MGR/DSZ, the predominance of high-angle basement
fabric indicates that significant volcanic crust was accreted due to trench-parallel extension of the margin.
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Ongoing broad deformation of the southern Mariana margin may be an active analog of the contempora-
neous and widely distributed (~300 km wide) magmatic crustal accretion proposed to have occurred during
the subduction zone infancy of the IBM system (Arculus et al., 2015; Ishizuka et al., 2006; Stern & Bloomer,
1992; Taylor, 1992). In both settings, mantle hydration from the underlying dewatering slab should weaken

Figure 2. Shaded relief image of the southern Mariana margin illuminated from the east. (a) The bathymetry map is
compiled from multibeam data from the University of New Hampshire Law of the Sea Project (Armstrong, 2011)
supplemented with data from the U.S. National Geophysical Data Center, Japan Agency for Marine Earth Science and
Technology, and R/V Thomas G. Thompson cruise TN273 data. (b) Interpreted features. The yellow outline shows area
of IMI-30 deep-towed side scan sonar imagery (Figure S1). The green line is the Malaguana-Gadao Ridge (MGR), and the
dashed outlined region is the diffuse spreading zone (DSZ). SWMR is the Southwest Mariana Rift. The fine lines indicate
basement fabric trends. The bold lines outline interpreted fragments of the Eocene-Miocene forearc. The southern
margin between the MGR/DSZ and the trench is the diffuse zone of margin extension characterized by pervasive
volcano-tectonic fabric at a high angle to the trench and spreading center.
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the lithosphere (Hirth & Kohlstedt, 1996) and lower the peridotite solidus (Gaetani & Grove, 1998; Grove et al.,
2012). Farther from the trench, however, water release from the slab decreases (Schmidt & Poli, 1998), thus
decreasing hydration of the mantle wedge as indicated by water content in erupted backarc basin lavas
(Kelley et al., 2006). Extension is eventually localizes at a narrow plate boundary zone formed in less hydrous
and therefore stronger mantle lithosphere. Our findings imply that hydrous oceanic lithosphere deforms
broadly, in support of inferences that the narrow plate boundary zones of oceanic seafloor spreading centers
are at least partly enabled by melting and melt extraction leading to dehydration strengthening of the
residual mantle (Hirth & Kohlstedt, 1996; Phipps Morgan, 1997).

2. Methods and Data

We conducted a marine geophysical and rock sampling expedition on R/V Thomas G. Thompson from 22
December 2011 to 22 January 2012 in the southern Mariana margin (Cruise TN273). The survey focused on
the deeper rifted area within the southeast part of the margin, referred to as the Southeast Mariana
Forearc Rifts (SEMFR) (Ribeiro, Stern, Kelley, et al., 2013). The geophysical components included seafloor map-
ping with a hull-mounted Kongsberg EM302 multibeam system, magnetic data acquisition with a towed
magnetometer, and deep-towed side scan sonar mapping with the 30 kHz IMI-30 vehicle (Rognstad et al.,
2003). The IMI-30 was deployed in two main survey areas—along the Malaguana Gadao Ridge (MGR), the
magmatically inflated southern Mariana backarc seafloor spreading center (Becker et al., 2010), and the
SEMFR area (Figure 2) at the eastern end of the rifted margin. A 1 day survey of the Shinkai Seep (Ohara et al.,
2012), a serpentinite-hosted fluid seep in the outer trenchward slope, was also performed (Stern et al., 2014).
Geophysical results from the MGR and its westward continuation as the diffuse spreading zone (DSZ) extend-
ing to the Southwest Mariana Rift (SWMR, Figure 2) are reported in a manuscript in preparation: “Diffuse
spreading, a new mode of crustal accretion in the southern Mariana Trough backarc basin” by J. D. Sleeper,
F. Martinez, R. J. Stern, P. Fryer, K. Kelley, and Y. Ohara. Results of the geochemical sampling in the SEMFR area
and surrounding margin are reported in Ribeiro, Stern, Martinez, et al. (2013), Ribeiro, Stern, Kelley, et al.
(2013), Ribeiro et al. (2015, 2017), and Brounce et al. (2014). A geochemical study of the rifted arc volcanic
front in this area, the Fina Nagu Volcanic Chain (FNVC; Figure 2), is given in Brounce et al. (2016). Here we
discuss the geophysical component of the cruise focusing on the margin seaward of the backarc spreading
center area in the context of the broader southern Mariana margin.

2.1. Multibeam Data

To examine the regional setting beyond the detailed area of the near-bottom side scan sonar survey, we
compiled available archive multibeam data. These include systematic bathymetric mapping of the southern
margin extending from east of the trench to west of the West Mariana Ridge acquired by a U.S. Navy hydro-
graphic vessel (Armstrong, 2011) and archived at the University of New Hampshire, Center for Coastal and
Ocean Mapping (http://ccom.unh.edu/theme/law-sea). Additional multibeam bathymetry data were added
from our R/V Thompson cruise (TN273), as well as the U.S. National Geophysical Data Center (now National
Centers for Environmental Information), and Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) data archives where they expanded the coverage or improved the resolution. The combined
regional data sets (Figure 2) were gridded at 0.001° in latitude and longitude (~100 m) and at 0.0003°
(~30 m) in the area of the 30 kHz EM302 data (Figure S2 in the supporting information).

2.2. Earthquake Teleseismic, Geodetic, and Plate Motion Data

To investigate the southern Mariana margin tectonics, we compiled earthquake focal mechanism and hypo-
center data from the Global Centroid Moment Tensor (CMT) project (Dziewonski et al., 1981; Ekström et al.,
2012) and the International Seismological Centre (ISC) online bulletin (International Seismological Centre,
2014) respectively. To isolate earthquake focal mechanisms associated with the subduction interface and
upper plate and exclude deep slab events, we limit CMT hypocenter depths to 80 km or less. We plot thrust
focal mechanism solutions along with their compressional p-axis azimuths in red and normal and strike-slip
events and their tension t-axis azimuths in blue for the entire Mariana margin (Figure 3) and in detail for the
southern margin (Figure 4). Earthquake epicenter locations from the ISC bulletin for magnitudes greater than
5 and depths of 80 km or less are also shown in Figures 3 and 4. We also plot Global Positioning System (GPS)
geodetic vectors relative to Eurasia and the Philippine Sea plate from Kato et al. (2003) in Figure 3 along with
contours of Pacific plate motion relative to the Philippine Sea plate. An expanded view and interpretation of
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the teleseismic earthquake and geodetic data for the southern Mariana margin study area are given in
Figure 4.

2.3. Gravity Data

To examine large-scale crustal thickness variations in the southern Mariana margin, we derived the mantle
Bouguer anomaly (MBA) using the nearly full-coverage multibeam data (Figure 2) and a 1 min satellite-
derived free air gravity anomaly grid (version 24.1) (Sandwell et al., 2014). A density contrast of 1,700 kg/
m3 was used for the water/seafloor interface and 600 kg/m3 for the Moho interface assuming a uniform
6 km thick crust. The geographic (longitude, latitude) bathymetry grids were converted to meters (x, y) using
a transverse Mercator projection with a central meridian in the middle of the grid. The gravity effects of the
density interfaces (water/seafloor and crust/Moho) were forward calculated using five terms in a three-
dimensional fast Fourier transform implementation (Shin et al., 2006) of the Parker (1972) method. The

Figure 3. Kinematics and seismotectonics of the Mariana margin. Earthquake focal mechanisms from the Global CMT
project with depths of 80 km or less are shown. Thrust mechanisms and their p-axis azimuths (bars) are colored red; normal
and strike-slip mechanisms and their t-axis azimuths (bars) are colored blue. Also shown are epicenters from the
International Seismological Center (green dots) for depths less than 80 km and magnitudes ≥5. The contours are small
circles of the Pacific plate motion with respect to the Philippine Sea plate annotated in mm/yr following the Euler pole of
Kato et al. (2003). The black and yellow arrows are geodetic vectors determined by Kato et al. (2003) for Mariana island
stations with respect to Eurasia and the Philippine Sea plate, respectively (scale at lower right). The approximately normal
orientation of the thrust earthquake p-axis to the trench indicates that rollback is normal to the trench (yellow line)
despite the curving geometry of the trench and changing obliquity of convergence of the Pacific plate.
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gravity effects of the water/seafloor interface and crust/mantle interface were removed from the free air
anomaly grid to yield the MBA (Figure 5). The MBA map (Figure 5) retains the effect of the slab, which we
have not attempted to remove. Previous studies (Watts & Talwani, 1975) show that slab gravity effects are
generally poorly constrained but are expected to have small amplitude and long wavelength because of
the small slab/mantle wedge density contrast and great slab depth compared to the crustal sources that
we are mostly interested in here. We have also not attempted to remove thermal effects and estimate
residual gravity anomalies to derive crustal thickness variations from these anomalies, as is typically done
in mid-ocean ridge studies (e.g., Kuo & Forsyth, 1988). Thermal structure and crustal and lithospheric
density variations are poorly constrained in this setting with contrasting crustal lithologies, lithospheric
ages, and unknown slab effects. Instead, we view the MBA anomaly as a qualitative map depicting major
crustal thickness variations. However, we broadly estimate possible crustal thickness variations by
comparison with other areas of the Mariana margin where seismic or other determinations have been made.

2.4. Magnetic Data

We examined the available magnetic data to gain an understanding of volcanic crustal accretion processes.
At mid-ocean ridges where crust accretes in narrow plate boundary zones and spreads outward from these
axes, magnetic anomalies are lineated, show narrow polarity transition widths, and can be correlated with
geomagnetic reversal sequences (Harrison, 1987). Thus, the character of the magnetic anomalies reflects
the nature of the crustal accretion process.

Figure 4. Seismotectonics of the southern Mariana margin. Earthquake data are for depths ≤80 km and magnitudes ≥5.
Centroid Moment Tensor solutions from the Global CMT project showing best fit double-couple mechanisms and p-axis
azimuths for thrust events in red and focal mechanisms and t-axis azimuths for normal and strike-slip events in blue.
The green dots are International Seismological Center epicenters. The zone of distributed earthquakes delineates the
~200 kmwide diffuse deformation zone within the margin south of the organized and diffuse spreading center. The purple
arrow at Guam shows the GPS vector relative to the Philippine Sea plate in mm/yr from Kato et al. (2003). Note that thrust
p-axis azimuths near the trench are generally oriented orthogonal to the trench, whereas the t-axis azimuths within the
deforming margin are largely oriented subparallel to the trench and backarc spreading center. The region between
the trench (yellow line with front symbols) and the purple dashed line delineates the inferred seismogenic subduction
interface characterized by thrust events.
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Due to low ship speed (1–2 knots) during IMI-30 surveys, we could not simultaneously deploy the ship-towed
magnetometer. However, upon IMI30 recovery, we conducted a towed magnetometer survey of the SEMFR
area at 10 knots, paralleling the IMI-30 tracks. Total force magnetic data were reduced to anomaly by remov-
ing the International Geomagnetic Reference Field (Maus & Macmillan, 2005) using GMT software (Wessel
et al., 2013). The Thompson data were used as a reference to adjust archive data from the U.S. National
Geophysical Data Center and Japan Agency for Marine-Earth Science and Technology (JAMSTEC), which
crossed the Thomsonmagnetic tracks. In most cases a single constant offset was used to remove the average
discrepancy with the Thompson data, but for two cruises (R/VMoana Wave cruise MW9603 and R/V Yokosuka
Cruise YK10-12) the ship data were broken into straight line segments and offsets were applied on a line-by-
line basis. Due to the low inclination (dip) of the ambient and axial geocentric dipole field in this area, small
discrepancies between surveys become amplified in the magnetic reductions. To further minimize artifacts
created by short wavelength discrepancies, we excluded the regional data from within 3.7 km of the dense
R/V Thompson data as it already has high density and addition of regional data added artifacts without
increasing resolution. Remaining gaps in ship magnetic coverage were filled with a 3 min global grid of ship
anomaly data (Lesur et al., 2016).

The bathymetry in the area is shown in Figure 6a for reference, and the compiled magnetic anomaly grid
(0.25 min spacing in latitude and longitude) is shown as a color contouredmap in Figure 6b. In the study area,
the Earth’s predicted main field and magnetization vector from the International Geomagnetic Reference
Field and axial geocentric dipole hypothesis have low inclinations (approximately 10° and 24°, respectively).
This skews the observed anomalies, displacing magnetic lows and highs from their source bodies. To mini-
mize this effect, we carried out a reduction to the pole (Blakely, 1995) of the anomaly field (Figure 6c) fol-
lowed by an inversion for seafloor magnetization (Parker & Huestis, 1974) (Figure 6d) in Mirone software

Figure 5. Mantle Bouguer anomaly (MBA) of the southern Mariana margin with 250 m bathymetry contours superimposed
for reference. The green dashed line marks the trench axis. The purple line marks the estimated limit of the subduction
interface based on thrust earthquakes (see Figure 4). The red solid and dashed line marks the organized and diffuse
spreading axes, respectively, which end in tectonic rifting in the southwest Mariana rift (SWMR). MBA lows (blue color) are
associated with thick crust of the Mariana Ridge forearc near Guam, and the West Mariana Ridge remnant arc. In
contrast, the area labeled “forearc rift” shows MBA highs (red to white) indicating thinner crust. Pacific plate seaward of the
trench shows high values due to unaccounted lithospheric thermal structure from the much older plate there.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014684

MARTINEZ ET AL. 8



(Luis, 2007) using the multibeam topography grid (Figure 6a). These reductions remove predictable effects of
field skewness and topographic relief and produce a mapping of the magnetization variation at the seafloor
assuming a uniform source layer thickness (1 km).

2.5. IMI-30 Deep-Towed Side Scan Sonar Data

The IMI-30 deep-towed side scan sonar vehicle (Edwards et al., 2006; Rognstad et al., 2003) was deployed in
the SEMFR area and towed at a nominal altitude of ~500 m above the seafloor and tow speed of 1–2 knots.
The sonar side scan swaths have a width of up to 5 km, across-track resolution of 0.3–3 m, and long-track
resolution of 0.6–3 m depending on vehicle speed and ping rate (Edwards et al., 2006). The tracks were
oriented primarily along the forearc slope and included parts of the Fina Nagu Volcanic Chain (FNVC) at

Figure 6. Magnetic reductions. (a) Multibeam bathymetry illuminated from east with 1 km contours. MGR = Malaguano-Gadao Ridge; FNVC = Fina Nagu Volcanic
Chain; SEMFR = Southeast Mariana Forearc Rift; SRBF = Santa Rosa Bank Fault (b) Total-field magnetic anomaly showing ship track data used. A 3 min gridded
database of magnetic anomaly data (World Digital Magnetic Anomaly Map, http://www.wdmam.org) was used to fill gaps. Data were median filtered and gridded at
0.25 min spacing using a minimum curvature routine (Smith & Wessel, 1990). (c) Magnetic anomaly field reduced to the pole and (d) inverted for seafloor
magnetization using the multibeam bathymetry grid employing Mirone software (Luis, 2007). The 200 m bathymetry contours are shown in Figures 6b–6d for
reference. Note the pronounced skewness in the anomaly field (Figure 6b), which is removed by reduction to the pole (Figure 6c) and inversion for magnetization
(Figure 6d) so that spreading center and volcanic seamounts then show positive anomalies.
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the shallow end to near the 6,000 m depth limit of the vehicle toward the trench. The tracks were spaced at
approximately 2 nautical miles (~3.7 km), which afforded complete nominal swath coverage of the survey
area although high seafloor relief created frequent acoustic shadows. The area of the IMI-30 survey in
SEMFR is shown in Figure 2 on the regional multibeam map. The complete side scan mosaic is shown in
Figure S1 along with the corresponding hull-mounted R/V Thompson EM302 multibeam data in Figure S2.
A detailed interpreted section of the IMI-30 side scan imagery showing characteristic features of the area is
shown in Figure 7.

3. Results

We use the various data sets described above to examine the mode of extension and crustal accretion in the
southern Mariana margin from various perspectives. Multibeam and side scan sonar data image seafloor fab-
ric to examine the pattern of volcanic accretion and tectonic deformation across the area. Earthquake seismi-
city reflects the distribution and pattern of current tectonic deformation. Magnetic data are used to assess the
organization of crustal accretion into narrow or diffuse zones. Gravity data reflect crustal thickness variations.
We also summarize relevant previous measurements of water content in erupted lavas and derive mantle
water contents. These data indicate distinct “diffuse” and “focused”modes of extension and crustal accretion
in the southern Mariana margin that appear to be mediated by mantle water content.

3.1. Seafloor Fabric in the Southern Mariana Margin

The southern Mariana margin has only thin sediment cover so that multibeam bathymetric mapping can
directly image most of the basement fabric formed by volcanic crustal accretion and tectonic deformation.
This part of the margin is shallower and has thicker crust inferred from gravity data (Kitada et al., 2006) (aver-
age depth = 3,517 m; crustal thickness = ~6.3 km) than the central Mariana Trough to the north (average
depth = 3,858 m; crustal thickness = ~4.9 km), which suggests enhanced magma supply toward the south.
The reason for the greater magmatic productivity here compared to the Mariana Trough to the north likely
reflects amore hydrousmantle that experiences greater extents of melting, in proportion to themantle water
content, due to a lower solidus temperature (Stolper & Newman, 1994). Enhanced crustal thickness due to

Figure 7. IMI-30 side scan sonar detail. (a) Sonar backscatter imagery with high intensities shown in lighter shades of gray and low intensities and shadows are dark.
(b) Interpreted geology superimposed on a muted side scan image with 20 m bathymetry contours from the R/V Thompson EM302 multibeam sonar. The
IMI-30 track nadirs are indicated with dashed lines and swath edges with solid lines. The tow vehicle was flown at a nominal altitude of 500 m above the seafloor. The
data show closely spaced faults and local lava flows with no continuous volcanic axis. Similar terrain characterizes broad areas of the southern Mariana margin.
The full side scan mosaic and EM302 multibeam bathymetry maps are shown in Figures S1 and S2, respectively.
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inferred effects of elevated mantle water on melting is also seen in the Lau (Dunn & Martinez, 2011; Eason &
Dunn, 2015; Martinez et al., 2006) and other backarc basins (Martinez & Taylor, 2003; Taylor & Martinez, 2003).
South of 14°220N, the slab lies directly beneath the backarc spreading axis, facilitating its hydration, whereas
to the north the slab dips more steeply and is located east of the spreading center (Kitada et al., 2006). The
two flanks of the southern Mariana margin have distinct basement fabric trends (Martinez et al., 2000) sepa-
rated by the backarc seafloor spreading center, the MGR, and its westward continuation, the DSZ (Figure 2).
The northern flank fabric domain on the Philippine Sea plate conforms with the shape of the MGR/DSZ axis
and appears to passively record the crustal fabric from the West Mariana Ridge, the rifted remnant arc, to the
present zones of accretion on the MGR/DSZ. There are second-order differences in the character of the crust
accreted on the MGR versus DSZ, however. Ridge-like topographic features flanking the MGR may represent
abyssal hill-type fabric, although some of the more prominent ridges may have formed by ridge jumps or
rapid ridge propagation events (e.g., Perram et al., 1993) that caused ridge axes to be cut off and abandoned
on the Philippine Sea plate (Seama & Okino, 2015). Discontinuities and changes in trend between sets of
these lineated ridges are probably nontransform ridge segmentation boundaries. Thus, the fabric flanking
the MGR on the Philippine Sea plate is consistent with seafloor spreading fabric formed on a magmatically
robust ridge that became part of the rigid Philippine Sea plate as it spread from the axis and was not
further deformed.

The narrow seafloor spreading axis of theMGR ends near 143°130E and is replaced by the broader DSZ of crus-
tal accretion extending westward to the Southwest Mariana Rift (SWMR), which has undergone much less
opening and is in a tectonic rifting stage. The basement fabric on the northern flank of the DSZ displays similar
trends to theMGR flanks but has several distinctive features. A high backscatter zone indicating recent volcan-
ism is tens of kilometers wide. Both the zone of active volcanism and the flanking area on the Philippine Sea
plate have numerous small seamounts, only the larger of which are indicated in Figure 2b. In contrast, the
crust flanking the MGR on the Philippine Sea plate has almost no individual seamounts. The crust flanking
the DSZ on the Philippine Sea plate has a finely lineated tectono-volcanic fabric trending subparallel to the
overall trend of the DSZ, which is distinct from the larger and more widely spaced abyssal-hill-type fabric
flanking the MGR. Thus, on the Philippine Sea flank of the margin, the basement trends are subparallel to
the extensional zones but differ in character between the MGR and DSZ.

South of the MGR/DSZ, fabric in the southern Mariana Platelet has an entirely different character. Basement
lineations trend at variable but high angles to both the MGR/DSZ and the trench. There are no lineations sub-
parallel to the trend of the spreading axis except within about 5 km of the MGR axial high, and the transition
to the high-angle fabric is abrupt. A similar abrupt transition in basement fabric occurs south of the DSZ
(Figure 2). The lineations shown in Figure 2b were traced from the larger offsets and only outline the main
trends in the area; in detail seafloor fabric is much more finely lineated forming a pervasive pattern of closely
spaced and anastomosing faults and fissures that trend subparallel to the indicated lineations (Figures S1 and
S2). Faults are larger in the eastern part of the margin and toward the trench where they form deep rift valleys
along the inner trench slope of the SEMFR (Ribeiro, Stern, Kelley, et al., 2013).

To the south of the DSZ on the Mariana platelet, there are no small seamounts and the fabric is oriented at a
high angle to the trend of the DSZ, similar to the southern flank of the MGR but the azimuths broadly curve
maintaining a roughly orthogonal orientation to the trend of theMGR/DSZ. Whereas the southern flank of the
DSZ has no small seamounts, the southern flank of the MGR has two groups of large seamounts. One is the
Fina-Nagu volcanic chain (FNVC) located 30–40 km from the MGR (Brounce et al., 2016). The second group
consists of the Toto caldera (Gamo et al., 2004) and several smaller seamounts closer to the axis of the
MGR (referred to as the Patgon-Masala Volcanic Chain by Masuda & Fryer, 2015). Both groups have been
described as arc front-type volcanoes (Brounce et al., 2016; Masuda & Fryer, 2015). The seamounts of the
FNVC form an unusually closely spaced alignment of volcanic cones and calderas that trend NNE-SSW, sub-
parallel to the MGR (Figure 2). The flanks of the volcanoes overlap rather than forming the distinct spaced
edifices more typical of the arc volcanic front. They appear to be faulted by the same extensional stresses
forming the fabric at high angle to the spreading center. Along the FNVC, the breached caldera walls, tecto-
nized volcano flanks, and low backscatter suggest limited recent volcanic activity. The FNVC edifices are more
conical and less faulted toward the NE, suggesting an age progression with younger edifices to the NE
(Brounce et al., 2016). The second set of volcanic edifices, proximal to the MGR, are less faulted in general
and possibly younger than the FNVC (Masuda & Fryer, 2015).
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3.2. Mantle Water Content Beneath the Southern Mariana Margin

Of the samples from the MGR and DSZ reported by Brounce et al.
(2014), five erupted at sufficiently high pressure that they are likely to
have erupted undersaturated with respect to H2O (i.e., H2O is unlikely
to have degassed) and thus retain some record of the water contents
of their mantle sources. Four of these samples are wax cores from the
MGR, and one is a dredge sample from a seamount in the DSZ (13D).
We followed the methods of correction for fractional crystallization
for Mariana Trough basalts reported by Kelley et al. (2010) and summar-
ize the procedure here. We reconstruct the primary melt compositions
in equilibrium with mantle olivine (i.e., 90% forsterite composition, or
Fo90) by first tracing the major element compositions of the five sam-
ples that are likely to be undersaturated with H2O back to MgO = 7.1 wt
% along the previously determined liquid line of descent for Mariana
Trough basalts with >1.5 wt % H2O, then adding olivine in 0.1% incre-
ments until Fo90 equilibrium is reached. This reconstruction reveals
that primary MGR melts (i.e., melts in equilibrium with their mantle
sources) have ~1.4–1.6 wt % H2O and 0.72–0.86 wt % TiO2. Similarly,
the primary melt at the DSZ seamount has ~1.4 wt % H2O but a lower
TiO2 (0.56wt%). Using TiO2 as a proxy formelt fraction (e.g., Kelley et al.,
2006; Kelley et al., 2010; Stolper & Newman, 1994), and adopting
assumptions about partition coefficients and source composition from
Kelley et al. (2010), the MGR magmas suggest mantle source H2O con-
tents of 0.19–0.25 wt %. This is the high end of the range previously
reported for backarc basin basalts (BABs) of the Mariana Trough north
of the MGR (Kelley et al., 2010), although the previously studied sam-
ples appear randomly distributed along the length of the spreading
axis and there is no geographically distinct “wet spot” in the Mariana
Trough other than the MGR. Likewise, the melt fractions beneath the
MGR suggested by primary melt TiO2 contents range from 12 to 15%,
which is also at the high end of the Mariana Trough BAB range. The
DSZ seamount, on the other hand, indicates an unusually high source
H2O content of 0.3 wt %, and a melt fraction of 21%, both of which
are more typical of arc-front volcanoes in the Marianas (Kelley et al.,
2010). Collectively, these observations suggest a distributed zone of
regionally elevated mantle H2O contents and higher extents of mantle
melting than characterize the rest of the Mariana Trough.

3.3. Earthquake Seismicity and Kinematics of the Southern
Mariana Margin

Figure 3 shows focal mechanisms from the Global Centroid Moment
Tensor Project (Dziewonski et al., 1981; Ekström et al., 2012) for the
Mariana Trough. P-axis azimuths (indicated by red bars) show that
motion on thrust events (red focal mechanisms) is mostly directed
nearly orthogonally to the trench regardless of the motion of the
incoming Pacific plate (shown as small circles of Pacific-Philippine Sea
plate motion following the Euler pole of Kato et al., 2003). We infer from
this pattern that the p-axes of teleseismic thrust events reflect the
trench normal component of motion and thus parallel the rollback
direction of the slab as predicted from kinematic arguments (Figure 8a)
(e.g., Dewey, 1980). Trench-normal p-axis azimuths of thrust events also
characterize the New Hebrides subduction zone, which also has an
actively opening backarc basin, and a pronounced ~90° curvature of

Figure 8. Schematic diagrams illustrating idealized components of extension in
backarc basins. (a) Diffuse tangential extension of the margin due to a curving
trench undergoing rollback. Trench rollback occurs perpendicular to the trend of
the trench so that in the curved section the change in length of the trench
(ΔC = C2 � C1) is given by ΔC = π/2 * Δr, where Δr is the change in radius of
curvature due to rollback. (b) Curving trench with components of extension
taken up along an organized spreading center with no diffuse deformation of
the margin. The trench rolls back in two orthogonal directions, and the
divergence is taken up at a triple junction on organized seafloor spreading
centers. Basement fabric conforms with the geometry of the seafloor spreading
axes. In Figures 8a and 8b spreading centers are indicated by double lines
(labeled R) and trenches by single bold lines (labeled T). Rollback is indicated by
single arrows and tangential extension by double arrows. Trench curvature is
idealized as a circular quarter sector separating linear trench segments. (c) The
gray shade bathymetrymap of theMariana area with inferred opening geometry
schematically depicted as fine lines showing successive steps in the opening
of the backarc basin. The heavy line is the trench. The arrows are geodetic
vectors from Kato et al. (2003) with respect to the Philippine Sea plate. In the
central Mariana forearc north of Guam broadly distributed tangential extension
occurs due to trench-normal rollback as in Figure 8a. In the margin SW of
Guam the wide Eocene-Miocene forearc itself rifted apart resulting in diffuse
magmatic accretion over the slab to near the trench instead of forming an
organized spreading axis as in Figure 8b.
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the trench (Patriat et al., 2015; Pelletier et al., 1998). The curving Mariana and New Hebrides trenches imply
some oblique convergence as the larger subducting plates have fairly uniform directions of motion across
these trenches. In the New Hebrides system, strike-slip faults or zones develop inboard of the trench and take
up the strike-slip component so that convergence and p-axis azimuths remain normal to the trench (Patriat
et al., 2015). In the southern Mariana Trench, the strike-slip component is apparently taken up at the trench
and subduction interface itself, as no strike-slip faults and very few strike-slip focal mechanisms are observed
in the upper plate. Thus, along the Mariana Trench the rollback direction is approximately orthogonal to the
trench and curves by over 90° from north to south (Figure 3) and generates trench-normal p-axis azimuths
despite oblique motion along the southern margin, implying that the strike-slip component is relieved aseis-
mically. The distribution of thrust events can also be used to estimate the subduction interface area between
upper plate and slab and is shown as a purple dashed line in Figure 4. We interpret the area between the
trench (yellow front symbols) and the purple dashed line, which forms the basinward limit of thrust events,
as underlain by the subduction interface.

In agreement with the indicated rollback direction from the p-axis azimuths, the t-axis azimuths of exten-
sional and strike-slip events in the basin are generally subparallel to and follow the changing normal direction
of the curving trench from north to south (Figure 3). An exception occurs in the southern Mariana margin,
however (Figure 4). Whereas the p-axis azimuths continue to generally trend orthogonal to the trench,
between ~143°E and 144° 200E, the t-axis azimuths are oriented subparallel to the trench. This orientation
is roughly orthogonal to local basement fabric trends (Figure 2b) but is not parallel to the GPS opening vector
at Guam with respect to the Philippine Sea plate (Figure 4; Kato et al., 2003). This suggests that the eastward
motion of the forearc margin near Guam relative to the Philippine Sea plate is not the only control on the
extension in the margin to the south. In the southern margin the t-axis azimuths broadly parallel the chan-
ging trend of the spreading axis in this area and indicate a nearly orthogonal component of extension to
the ridge axis. We interpret the pattern of p- and t-axis azimuths as reflecting distinct modes of strain along
the southern margin. Along the subduction interface, thrust events dominate and are directed nearly ortho-
gonally to the trend of the trench, despite the highly oblique relativemotion between the Pacific andMariana
platelet (Figure 3). This implies weak coupling along the subduction interface so that the nearly E-W relative
motion of the Pacific plate at the SW end of the trench does not influence the seismicity, and thrust events
reflect the trench normal rollback component of the subduction interface. Within the southern Mariana pla-
telet, t-axis azimuths of normal and strike-slip events primarily reflect extension due to the relative ~E-W
opening of the forearc and a secondary component of southward flow of material to fill in the forearc rift.
The ~N-S component of this extension is taken up primarily at the MGR/DSZ, which curve to an ~E-W orien-
tation and are magmatically robust, producing few teleseismic events.

The rifting and breakup of the southern Eocene-Miocene forearc create a localized gap (Figure 8c), unlike the
broad tangential extension of the central Mariana forearc that is accommodated by distributed tectonic
extension of the preexisting material (Figure 8a) apparently without new crustal accretion (Wessel et al.,
1994). In the southern Mariana margin the preexisting wide (~150 km) and thick Eocene-Miocene forearc
lithosphere ruptured and separated by relative eastward motion of the Santa Rosa Bank forearc block and
Guam away from the conjugate forearc to the west. This expanding gap induced the advection of new asth-
enosphere to flow above the slab and toward the trench (Figure 8c). The influx of newmaterial and accretion
of new crust could have been accommodated by the formation of an organized spreading center in triple
junction configurations with the MGR to the north and with the trench to the south (Figure 8b), but there
is no indication in the magnetics or basement fabric that this ever happened. Instead, the influx of new asth-
enosphere and accretion of new crust appears to have been broadly distributed across the widening gap, as
it is at present.

Almost all earthquakes large enough to have teleseismic focal mechanism solutions plus most ISC events
(Figure 3, green dots) occur within the Mariana platelet. In comparison, very few teleseismic events occur
north and west of the spreading axis on the Philippine Sea plate proper. The distribution of earthquakes
within the Mariana platelet indicates broadly distributed active extension. Active tectonic extension subpar-
allel to the trench and spreading center occur from ~143°E to 144°200E and scattered approximately trench
normal extensional events continue eastward within a broad zone to ~142°200E. Thus, the southern Mariana
platelet within an ~200 km wide zone is actively extending. At the western end of this zone tectonic exten-
sion focuses to the Southwest Mariana Rift (SWMR) and the extensional direction indicated by the t-axis
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azimuths within the rift is subparallel to the southerly directed p-axis azimuths of the thrust events at the sub-
duction interface (Figure 4).

The diffusely distributed deformation of the southern Mariana margin is distinct from other near-trench set-
tings, such as at the northeastern end of the Tonga Trench (Wright et al., 2000) and southern end of the New
Hebrides trench (Patriat et al., 2015), where well-organized (narrow plate boundary zone) spreading centers
intersect the trench and take up trench-parallel extension. In these settings, the divergent axes are located
behind the arc volcanic front and there is little to no slab underlying the spreading centers, which may affect
the degree of hydration of the lithosphere and therefore lead to a stronger lithosphere and more rigid plate-
like behavior. Another setting where limited hydration may affect plate boundary behavior is within backarc
basin interiors distal from the trench. For example, in the North Fiji Basin, the curving New Hebrides trench
leads to diverging rollback directions (Patriat et al., 2015) but narrow plate boundary zone triple junctions
form in the plate interior (Auzende et al., 1994; Lafoy et al., 1990) (Figure 8b).

3.4. Gravity Anomalies of the Southern Mariana Margin

The mantle Bouguer anomaly (MBA; Figure 5) was calculated following standard procedures used at mid-
ocean ridges (Kuo & Forsyth, 1988) using satellite-derived free air gravity anomalies (Sandwell et al., 2014)
and the compiled multibeam bathymetry grid (Figure 2). To summarize, this removes the gravity effect of
the water/seafloor interface and of the crust/mantle interface assuming a crust with constant thickness
(6 km). Remaining anomalies reflect departures from these assumptions. We show the color-coded MBA of
the southern margin in Figure 5 with superimposed 250 m bathymetry contours for reference. We examine
the MBA to assess crustal thickness changes, although in convergent margin settings the MBA displays sev-
eral prominent effects due to other causes. The pronounced step in values across the trench (Figure 5, green
dashed line) between the Mariana margin and Pacific plate is mostly due to lithospheric age contrast rather
than crustal thickness changes. Pacific plate oceanic crust is deeper and has generally higher MBA values
than Mariana margin crust because it is part of an older, cooler, and thicker lithosphere that has subsided.
Some of the gravity variation associated with volcanic seamounts on the Pacific plate is evident (reddish
areas), but as we are primarily interested in the margin values, we allow values on the Pacific plate to saturate
and so appear white. As noted above, we have also not removed slab gravity effects as these are predicted to
be small and have long wavelengths (Watts & Talwani, 1975) compared to crustal sources. In addition, the
slab is continuous beneath this area and has only broad variations (as determined from Benioff zone seismi-
city (Hayes et al., 2012) so should have a similar effect in rifted and unrifted forearc areas. Thus, we interpret
the main variation in Figure 5 (the >150 mGal red to purple color range) as due to the rupturing of the pre-
existing Eocene-Miocene forearc (labeled Mariana Ridge) replacing older and thicker crust with much thinner
newly accreted crust (in the area labeled “forearc rift”). We interpret a secondary anomaly as due to noniso-
static support of the outer forearc where the slab and upper plate lithosphere are in contact. We estimate the
region of nonisostatic support of the outer forearc (between the green and purple dashed lines in Figure 5)
from the band of thrust earthquakes (Figure 4) that we infer are associated with the subduction interface.
Based on an analysis of the Tonga forearc, which has a simpler linear geometry (see Figure 1 in Martinez &
Taylor, 2002), we estimate that the nonisostatic support of the outer forearc may increase gravity by
<50 mGal. Remaining systematic anomalies form broadly decreasing values varying by <100 mGal from
the outer forearc high to the West Mariana Ridge. Smaller variations of <50 mGal (orange to green color
scale) are likely due to crustal thickness variations within the basin. Another contribution to the MBA gravity
high along the outer forearc is a change in lithology that characterizes the outer slope. Much of the outer
slope of the Mariana forearc exposes deep forearc crustal sections (Reagan et al., 2013) and mantle peridotite
(Bloomer & Hawkins, 1983; Ohara & Ishii, 1998), especially at depths>5,800 m. Changing lithologies and den-
sities depart from the uniform thickness and crustal density assumption of the MBA.

Inboard from the outer margin topographic highs, the seafloor is flatter and deeper and is underlain by strike-
slip and normal earthquakes rather than thrust events (Figure 4). We infer that this part of the margin is in
local isostatic equilibrium with the underlying mantle wedge asthenosphere and no longer rests on the slab.
This part of the Mariana platelet is generally a few hundred meters deeper (~500 m) than the corresponding
Philippine Sea flank. This depth difference isostatically predicts about a 1,900 m thinner crust for the Mariana
platelet side relative to the Philippine Sea flank. A simple one-dimensional estimate of the expected Bouguer
gravity change due to the isostatically predicted change in crustal thickness yields ~35 mGal, whereas the
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observed difference in MBA gravity is ~47mGal. The 12mGal discrepancymay be at least partly due to poorly
constrained slab gravity effects. The difference in depth between the two flanks may be due to an original
asymmetry in crustal thickness or to postaccretion stretching of the Mariana Platelet crust. Alternatively,
the deeper seafloor on the Mariana Platelet side relative to the Philippine Sea flank may be due to a dynamic
effect (Billen & Gurnis, 2001) involving weak coupling of the low-viscosity mantle wedge to the subducting
slab in this area.

The MBA and depth variations indicate large changes in crustal thickness along the forearc. MBA values are
~150mGal higher (red to pink areas) in the rifted forearc than along the unrifted parts of the Mariana Ridge to
the west and east (blue to purple areas) indicating much thinner crust at comparable distances from the
trench (Figure 5). The observed differences in MBA gravity are consistent with much thicker crustal roots
beneath the unrifted Mariana Ridge forearc than beneath the rifted forearc. Near the central Mariana margin,
the crustal thickness of the submerged Eocene-Miocene forearc has been seismically estimated to be 21 km
(Calvert et al., 2008) and is probably at least that thick around the higher-standing forearc blocks including
Guam of the southern Mariana Ridge. Broadly, the southern Mariana basin crust has been estimated from
gravity data to be on average about 6–7 km thick (Kitada et al., 2006) and our local analysis suggests possibly
a 1.7 km thinner crust on the Mariana platelet compared to the Philippine Sea flank of the margin. The forearc
crust may thus have thinned from the ~21 km crustal thicknesses that characterize the Eocene-Miocene fore-
arc in the Central Mariana area to 0–5 km in the southern basin forearc gravity high shown in Figure 5. This
thinning was achieved by rifting apart the preexisting Eocene-Miocene forearc so that the present-day crustal
thickness in the basin represents predominantly newly accreted volcanic material. High-standing blocks
along the outer forearc high may, however, represent remnant rifted blocks of the Eocene-Miocene forearc
although apparently recent basaltic volcaniclastics have been recovered even along the outer trench slope
(Stern et al., 2014). Ages of sampled volcanic material in the SEMFR area range from about 2.7–3.7 Ma
(Ribeiro, Stern, Kelley, et al., 2013). At current opening rates of about 45 mm/yr determined geodetically on
Guam (Kato et al., 2003) and magnetically on the MGR (Seama & Okino, 2015), the present ~200 km width
of the southern basin between Guam and the West Mariana Ridge could have formed in about 4.5 Myr.
However, at Guam this rate represents the trench-normal component of opening. Along the southern margin
trench-parallel extension adds another component of opening (Figure 8) not reflected in the GPS rates, and
the rupture of the wide Eocene-Miocene forearc may have additionally resulted in flow of new margin
material toward the trench so that the overall southern forearc extension rates are likely greater.

3.5. Magnetic Anomalies of the Southern Mariana Margin

Despite complex and high relief basement (Figure 6a), the SEMFR area has sufficiently dense sea-surface
magnetic anomaly data (typical line spacing <5 km) to constrain the three-dimensional field (Figure 6b).
The total field anomaly does not show evidence of lineated magnetic anomalies. Instead, anomalies form
broad blob-like variations (Figure 6b). In order to examine the magnetic character of the area further, we
removed predictable distorting effects as described above. The reduced-to-the-pole anomaly shows positive
values over the FNVC edifices, the MGR spreading center and the adjacent Toto caldera as well as a possible
linear magnetic stripe to the east of the MGR axis near the northern edge of the map (Figure 6c). A further
inversion for seafloor magnetization was carried out, which accounts for topographic effects and predicts
the source layer magnetization strength assuming that it has a uniform 1 km thickness (Figure 6d). This reduc-
tion further reinforces the positive values associated with the MGR spreading center, the adjacent Toto cal-
dera and FNVC. The Mariana platelet has generally negative magnetizations that are mostly weak (~ �5 A/
m) but become somewhat more negative (~ �10 A/m) in the area adjacent to the Santa Rosa Bank (NE edge
of Figure 7a). Low-amplitude (~5 A/m) positive magnetizations are associated with the outer forearc highs
(near SW edge of Figure 6a). Predominantly, low-amplitude negative magnetizations (~ �5 A/m) are asso-
ciated with the SEMFR.

The overall character of the magnetic anomalies and seafloor magnetization of the southern margin do not
support organized seafloor spreading as the formative process. Although distinct positive anomalies are
locally associated with the MGR spreading center and the nearby large volcanic edifices, most of the southern
Mariana platelet has weak, broad, and irregular patches of magnetic variation inconsistent with a progressive
formation from a focused axis. The lowmagnetization strength suggests a nonfocused or distributed manner
of crustal accretion over an extended period of time such that volcanic emplacements of mixed polarity
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(spanning magnetic reversals) occurred within the same area. This could account for a magnetic source layer
with a normal or excess thickness yet weak net magnetization. Given the variable and complex basement fab-
ric trends, it is also possible that crustal blocks have rotated, which would also affect the magnetization solu-
tion as this effect is not accounted for in the inversion. Because of an inherent uncertainty in magnetization
reductions expressed by the “annihilator” solution (a theoretical magnetization distribution for the given sea-
floor bathymetry that produces no change in the observed field) (Parker & Huestis, 1974), the interpretation
of low-amplitude variations are particularly suspect. Despite these complications, we suggest that the overall
character of the magnetic anomalies and of the various reductions do not support crustal formation within
the forearc rift by an organized seafloor spreading center.

3.6. SEMFR IMI-30 Side Scan Sonar Survey

The IMI-30 side scan sonar survey in the SEMFR area does not show typical seafloor spreading structure
(Figure S1). Fault trends are variable and closely spaced with superimposed crisscrossing patterns suggesting
different generations of faults formed under different stress directions. The finely spaced faults (often<1 km
apart; Figure 8) indicate a weak lithosphere that cannot form large fault blocks. Near the southern SEMFR sur-
vey (~143°520E, 12°150N; Figure S1), two prominent fault trends are oriented at high angles to one another.
This tectonic morphology contrasts with the subparallel, more widely spaced abyssal hill faults typically
formed through organized seafloor spreading (e.g., Goff, 1991). Volcanic constructions appear to be
emplaced through scattered small local effusion sites (Figure 7) without a central axis. The volcanic morphol-
ogies show amixture of smooth sheet flows and hummocky mounds in close proximity (Figure 7), suggesting
variable effusion rates at different times. Backscatter is high throughout the area surveyed (Figure S1), and
regional shallow-towed side scan sonar surveys indicate high backscatter throughout the southern margin
well beyond the area of the IMI-30 survey (Fryer et al., 2003). This pattern is inconsistent with organized sea-
floor spreading, where backscatter intensity decreases away from a focused neovolcanic zone due to sedi-
ment accumulation on the ridge flanks with age, as occurs on the MGR flanks west of Guam (Hagen et al.,
1992). The seafloor volcanic and tectonic morphologies indicate a diffuse accretion pattern with superim-
posed generations of individually small volcanic emplacements and variably oriented faults.

4. Discussion

Trench-parallel rifting and breakup of the predecessor Eocene-Miocene southern Mariana forearc and
ongoing opening of the margin allow us to examine how new oceanic crust and lithosphere form over an
actively subducting slab. Detailed geophysical surveys together with regional data reveal contrasting “rigid
plate” and “diffuse” styles of volcano-tectonic deformation between the two flanks of the southern
Mariana margin. Below we describe a model for this difference in behavior between the two flanks of the
southern Mariana margin and discuss implications of this model for subduction zone infancy and for what
enables the narrow divergent plate boundary zones of plate tectonics in general.

4.1. Distinct Styles of Crustal Accretion and Deformation in the Southern Mariana Margin

The NW flank of the MGR/DSZ on the Philippine Sea plate behaves as rigid lithosphere recording the tectonic
and volcanic fabric formed when the crust was accreted, undergoing little if any subsequent deformation
once outside the plate boundary zone. This is shown by basement fabric, which conforms with the shape
of the spreading axes, the paucity of teleseismic earthquake activity, and the occurrence of apparent linear
magnetic isochrons recorded on the Philippine Sea flank of the MGR (Seama & Okino, 2015), although avail-
able data do not sufficiently resolve the magnetic character of the DSZ flank. In addition, regional geodetic
data indicate a coherently rotating Philippine Sea plate with a well-defined Euler pole (Kato et al., 2003).
These characteristics are typical of oceanic crust and lithosphere formed by organized seafloor spreading
along narrow plate boundary zones.

In contrast, the Mariana platelet south and east of the MGR and DSZ has very different characteristics.
Volcano-tectonic fabric is oriented at high angles to the trend of the MGR/DSZ indicating that the crust
was either not formed on these systems or strongly deformed soon after formation. Teleseismic earthquakes
are abundant and distributed throughout the southern Mariana platelet (Figure 4). Geodetic measurements
within the Mariana platelet from Agrihan (18°440N) to Guam (13°340N) determine southward increasing roll-
back velocities relative to the Philippine Sea plate and internal deformation of the platelet (Kato et al., 2003).
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Although there are no geodetic measurements in the entirely submarine margin SW of Guam, focal mechan-
ism p-axis azimuths corroborate continuing trench-perpendicular rollback in the southernmargin even as the
trench curves by>90° overall. Within the central and northern Mariana platelet, teleseismic earthquake t-axis
azimuths are generally subparallel to the p-axes, indicating primarily radial extension subparallel to the roll-
back direction and clustered near the spreading centers (Figure 3). Trench-parallel extension due to trench-
perpendicular rollback along the broad arc of the central and northern Mariana trench (Figure 8a) may
account for broadly distributed deformation of the forearc (Karig et al., 1978; Stern & Smoot, 1998; Wessel
et al., 1994) but the main component of extension remains trench-perpendicular. In the southern margin,
however, extensional t-axis azimuths within a wide swath of the southern Mariana platelet are oriented nearly
orthogonally to the thrust p-axis azimuths near the trench (Figure 4), indicating a significant ~E-W compo-
nent of extension.

This large ~E-W component of extension is likely due to the complete rupturing of the preexisting Eocene-
Miocene forearc in the southern margin that separated a significant thickness and width (~150 km) of cold
forearc lithosphere, inducing trenchward advection of hot mantle wedge asthenosphere to fill this void
(Figure 8c). The main extension is caused by the thick, old forearc block including the Santa Rosa Bank and
Guam moving eastward subparallel to the trench and away from the conjugate old forearc of the SW end
of the Mariana Ridge (Figure 8c), as indicated by geodetic data (Kato et al., 2003). Along the central and north-
ern Marianamargin, the forearc is about 175–180 kmwide and the seismically identified crust averages about
20 km thick (Calvert et al., 2008), with a potentially thicker mantle lithosphere beneath. The rupture and
separation of a similar block of lithosphere along the southern forearc would have caused flow of a large
volume of mantle wedge asthenosphere to fill the void extending to the trench (Figure 8c). The present
southern margin forms a bowed-out shape in this area (Figure 2), extending the trench farther seaward than
adjacent to the remaining unrifted parts of the forearc margin. This suggests that the new material filling the
forearc rift is thin and weak lithosphere that gravitationally flowed farther out over the slab than the border-
ing thicker and stronger lithosphere of the unrifted cold and old forearc. The pervasive basement volcano-
tectonic fabric of much of the rifted forearc area indicates a diffuse deformation of the new margin material
consistent with a thin and weak southern Mariana margin lithosphere possibly embedding a few stronger
remnant forearc blocks along its outer edge (Figure 2). The rupturing of the southern forearc margin and rela-
tive eastward rollback of the overall Mariana trench and forearc may be due to the regional westward trench
advance of the entire IBM system (Carlson & Mortera-Gutiérrez, 1990) and possible outflow of asthenosphere
from beneath the Philippine Sea plate (Ribeiro et al., 2017).

4.2. Southern Mariana Platelet Magmatism

Slab contours derived from Wadati-Benioff zone seismicity (Hayes et al., 2012) show that the entire southern
Mariana platelet in the study area is underlain by the subducting slab (Figure S3). Despite shallow slab
(<100 km) depths beneath the Mariana platelet, 40Ar-39Ar ages date young volcanics (2.7–3.7 Ma) within
the SEMFR area in the SE part of the southern margin (Ribeiro, Stern, Kelley, et al., 2013). These samples docu-
ment new volcanism indicating that above-solidus thermal conditions extended unusually close to the
trench. SEMFR basalts have significant enrichments in slab-derived fluid-mobile elements (Ribeiro, Stern,
Martinez, et al., 2013) and high water contents (~2%) (Ribeiro et al., 2015), indicating a hydrousmantle source,
especially in light of evidence of significant water degassing (Brounce et al., 2016). Thus, as thick and cold pre-
existing forearc lithosphere was rifted apart, the void was filled with hot upwelling mantle wedge astheno-
sphere infused with water from the slab that underwent both pressure-release and hydrous flux melting.
Slab motion induced mantle corner flow, and westward trench advance with respect to Eurasia (Kato et al.,
2003) may have also helped to bring hot mantle wedge asthenosphere to near the trench axis (Ribeiro
et al., 2017).

The age distribution of basaltic rock samples suggests younger volcanism away from the trench (Ribeiro,
Stern, Kelley, et al., 2013), but dated samples are too few to be definitive. Nevertheless, this trend is expected
based on general considerations. As the forearc rift initiated, the area undergoing extension would have been
narrower than at present, thereby inducing more rapid mantle upwelling to fill the void and inducing corre-
sponding vigorous pressure release melting and volcanism. Unlike mid-ocean ridges, however, the zone of
crustal accretion did not focus to a narrow plate boundary zone (Figure 9). This is demonstrated today by
the broadly distributed pattern of extensional teleseismic earthquakes across the southern Mariana

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014684

MARTINEZ ET AL. 17



platelet indicating ongoing active distributed trench-parallel extension (Figure 4). Regional shallow-towed
side scan sonar mapping (Fryer et al., 2003) also shows that the entire southern margin has high
backscatter with no evidence of a localized axis. In addition, near-bottom side scan sonar data show a
distributed pattern of volcanism (Figure 8) with no narrow neovolcanic zone (Figure S1). Volcanic flows
and mounds occur in small patches a few square kilometers in area separated by faulted terrains (Figure 7).
Magnetic anomalies in the southern platelet also indicate a diffuse manner of accretion with broad low-
amplitude magnetic variations and no magnetic lineations (Figures 6b–6d). These data indicate a broad
widening rift. For a widening rift, the rate of mantle upwelling decreases as the inverse of the width of the
zone undergoing pure-shear extension (Buck et al., 1988). Thus, as the southern Mariana forearc rift
widened, mantle upwelling rates decreased and cooling from both the slab and the surface would bring
the mantle wedge to below-solidus temperatures (Figure 9). This cooling would be most efficient in the
narrow nose of the mantle wedge near the trench and would progress inward from the trench. This
expected pattern of cooling is consistent with the ages of volcanic rocks dated from the Mariana margin
(Ribeiro, Stern, Kelley, et al., 2013) and suggests that by 2.7 Ma, much of the forearc margin mantle may
have become too cold to sustain widespread active volcanism (Figure 9). Continuing extension and the
identification of fresh-appearing volcaniclastics (Stern et al., 2014), however, suggest possible local areas of
continuing volcanism within the broader region.

As the forearc wedge cooled, and only deeper and more trench-distal parts could sustain melting, an arc vol-
canic front may have begun to localize. Several factors may have influenced the initial development of an arc
volcanic front. The widening rift would have resulted in a diminishing plate-driven component of mantle
advection allowing hydrous flux melting to develop buoyant mantle diapirs. Buoyant diapirs of hydrous man-
tle could thus have initiated the FNVC, located today between 50 and 80 km above the slab (Figure S3).
Continued upper plate extension would have displaced FNVC eruptive sites relative to diapiric magma
sources linked to the slab perhaps accounting for the coalesced distribution of rifted volcanic edifices now
present (Brounce et al., 2016), rather than the conical and spaced edifices that typically characterize the
arc volcanic front. As mantle wedge cooling continued, however, even the mantle beneath the FNVC may
have dropped below solidus conditions, accounting for the apparent paucity of volcanic activity and

Figure 9. Model of the effects of water onmid-oceanic and convergentmargin lithosphere. (a) At mid-ocean ridges themantle is weakly hydrous andmantlemelting
in the subaxial melting regime (pink area) dehydrates the residual lithosphere (yellow area) causing an increase in viscosity of 2 orders of magnitude or more (Hirth &
Kohlstedt, 1996). This creates an anhydrous “compositional lithosphere” that may help to focus melt and deformation to the narrow plate boundary zones charac-
teristic of oceanic spreading centers (Phipps Morgan, 1997). The compositional lithosphere is further strengthened by cooling with time creating a thickening
thermal lithosphere (above red dashed line) on the ridge flanks (e.g., Parsons & Sclater, 1977). (b) Schematic ~E-W vertical cross sections through the southern
Mariana convergent margin above the subducting slab (dark green area). When the margin rift was narrow vertical mantle advection rates were fast (indicated by
closely spaced arrowed flowlines) between the rifted edges of the old Eocene-Miocene forearc (brown areas). The subducting slab provided a continuous flux of
water (blue dashes) to the overlying mantle wedge (light green). Melting began at the wet solidus but because of the continual addition of new slab-derived water,
mantle dehydration could not occur. The mantle remained hydrous and weak and the thermal lithosphere was thin due to rapid vertical mantle advection
rates and tectonic deformation and volcanism were broadly distributed. (c) As opening continued and the rift widened, vertical mantle advection rates
proportionately slowed (indicated by more widely spaced arrowed flowlines). The thermal lithosphere thickened by cooling greatly diminishing the size of the
melting regime (pink area) and effectively shutting down volcanism at the seafloor. The mantle cooling also progressed from the trench toward the backarc
spreading center and may have caused extinction of the Fina Nagu Volcanic Chain and displacement of arc volcanism toward the Malaguana-Gadao Ridge. Slab
dewatering continued and mantle lithosphere throughout the margin remained hydrous and weak so that tectonic deformation remained broadly distributed,
as shown by earthquake seismicity.
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highly tectonized appearance today of the volcanic complex. Arc front volcanism may have migrated further
inward, now forming the Toto caldera and smaller edifices adjacent to the MGR (Masuda & Fryer, 2015) as an
inchoate volcanic front. Arc melt also may be captured by the MGR itself (Becker et al., 2010), which is situated
at ~80–100 km above the slab, a more typical loci for the arc volcanic front (Tatsumi, 1986).

4.3. The Southern Mariana Margin as an Analog for Subduction Zone Infancy

The tectono-magmatic development of forearcs remains poorly understood (e.g., Taylor, 1992) although
these terrains are likely the formation sites of ophiolites, from which the structure and formation processes
of oceanic crust are inferred (Stern et al., 2012; Stern & Bloomer, 1992). A distinctive aspect of subduction
zone forearcs is the early, short-lived, and widely distributed (~300 km wide x up to thousands of kilometers
long) contemporaneous volcanism that characterizes their formation (Arculus et al., 2015; Bloomer et al.,
1995; Ishizuka et al., 2006; Stern & Bloomer, 1992; Taylor, 1992). A difficulty in understanding the processes
that form these terrains is that subduction initiation is rare in the recent geologic record, and as noted by
Taylor (1992) “There is no modern example of such extensive, contemporaneous, supra-subduction zone vol-
canism, which makes it one of the least understood aspects of the IBM system, and of the many ophiolites
that have similar characteristics”. Although the southern Mariana margin is not a nascent subduction zone,
some of the processes involved in its formation and active today may have analogs to those inferred for
subduction zone infancy. We explore these possible analogs below.

A common process that we deduce between subduction zone infancy and the present southern Mariana
margin is lithospheric extension above a dewatering slab leading to new volcanic crustal accretion that
includes what becomes the forearc. In models for the early IBM system, the first phase of this process involves
spontaneous foundering of a lithospheric slab due to its gravitational instability (Stern & Bloomer, 1992). As
this initial foundering is vertical it causes the edge of the foundering plate to pull away from the trailing plate
in a form of trench rollback. The gap created is an extensional void filled by asthenospheric mantle flow that
overrides the foundering and dewatering slab. Magmatism is induced by a combination of pressure release
melting, as asthenosphere rises to fill the void, and hydrous flux melting from the dewatering slab (Reagan
et al., 2010). As the slab continues to founder and the extensional zone widens, the volcanic products of this
magmatism are not focused at a spreading axis but remain broadly distributed over a zone up to ~300 km
wide (Stern & Bloomer, 1992; Taylor, 1992). This type of volcanisms lasts for 2–4 Myr before being replaced
by more typical arc volcanic front edifices that form ~200 km from the trench (Ishizuka et al., 2006; Stern &
Bloomer, 1992).

Although the two-dimensional conceptual model of Stern and Bloomer (1992) suggests that the early exten-
sion associated with slab foundering was directed perpendicular to the trench, in the actual IBM initiation,
significant trench-parallel extension is additionally implied by evidence that the Central Basin Fault was
active at the time of IBM subduction initiation (Deschamps & Lallemand, 2002). The Central Basin Fault was
the active spreading center forming the West Philippine Basin at that time, which constituted the upper plate
of the incipient subduction zone. The configuration of the Palau-Kyushu Ridge with respect to the Central
Basin Fault and its associated magnetic isochrons extending across the West Philippine Plate (Deschamps
& Lallemand, 2002) shows that the trend of the trench and opening within the upper plate were at high
angles (Figure 1). Therefore, the early opening of the IBM system involved trench-parallel extension of the
upper plate in addition to trench-normal rollback of the early slab, similar to the trench-parallel extension
and trench rollback of the current southern Mariana margin.

The main difference between these two systems appears to be the lack of fluid mobile trace elements, sug-
gesting little hydrous flux from the slab in the first-formed forearc basalts (FABs) in the IBM system (Reagan
et al., 2010; Reagan et al., 2017) contrasting with the significant enrichment in fluid mobile elements and
measured elevated water contents in the SEMFR volcanics (Ribeiro, Stern, Martinez, et al., 2013; Ribeiro
et al., 2015). This difference may be explained by the fact that the current southern Mariana rifted margin
formed over a preexisting long-lived subduction zone. Thus, pressure-temperature conditions for the full
spectrum of slab dehydration and fluid transport mechanisms to the upper plate (diapirs, channels, grain
boundary diffusion, etc.) were already in place and the preexisting mantle wedge was already hydrous as
the current southern Mariana forearc rift formed. In the case of IBM subduction initiation these conditions
and mechanisms did not exist and had to newly develop within a presumably MORB-source and weakly
hydrous mantle. Thus, the composition of the early-formed FABs in the IBM system was MORB-like, lacking
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strong slab fluid signatures (Reagan et al., 2010, 2017), whereas the SEMFR lavas have strong slab signatures
and elevated measured water contents from their earliest stages (Ribeiro, Stern, Martinez, et al., 2013; Ribeiro
et al., 2015). Whether the lack of slab fluid signature in the IBM FABs implies formation by organized seafloor
spreading is not clear. The near synchronous ages of formation of the early volcanics of the IBM system across
nearly 3,000 km along strike and 300 km across strike suggest a diffuse overall process (Ishizuka et al., 2006).
However, it is also possible that there was early organized spreading on one or more spreading centers
corresponding to the FAB eruption phase that was later supplanted by diffuse accretion of boninite and other
volcanics as the mantle wedge became hydrous.

In any case, it appears that the bulk of the early volcanism that predates the localization of the IBM arc vol-
canic front formed in a diffuse manner over a wide zone (~300 km) (Ishizuka et al., 2006; Stern & Bloomer,
1992; Taylor, 1992). We infer that analogous processes are now active in the southern Mariana margin since
the preexisting Eocene-Miocene forearc was rifted, triggering the formation of a new upper plate margin by
distributed basaltic volcanism. At current opening rates determined geodetically at Guam (~45 mm/yr.; Kato
et al., 2003), the present width of the basin between Guam and the West Mariana Ridge could be closed in
~4.5 Myr, which is broadly consistent with the age of the main phase of Mariana Trough magmatic spreading
inferred in the central Trough beginning at ~5 Myr (Hussong & Uyeda, 1981). The trench-parallel rifting of the
southern Mariana forearc probably began soon after that, and 40Ar-39Ar ages indicate volcanic emplacement
ages of 3.7–2.7 Ma. (Ribeiro, Stern, Kelley, et al., 2013) with widespread active margin volcanism apparently
now waning or ceased, although there are indications of locally continuing activity (Brounce et al., 2016;
Stern et al., 2014) suggesting that this age range may be a minimum. Thus, the duration of the main phase
of southern Mariana forearc magmatism appears to be short, like that inferred for IBM subduction zone
infancy lasting ~2–4 Myr (Ishizuka et al., 2006). We explain the short duration of this phase of volcanism as
due to the widening zone of pure shear extension wherein mantle upwelling rates decrease as the basin
widens (Buck et al., 1988). Slowingmantle advection together with cooling to the surface and from the under-
lying slab quickly suppresses mantle melting, despite hydration from the slab. This self-limiting mechanism
may explain the short period of widespread and robust volcanism inferred at subduction zone infancy.

Unlike mature forearcs underlain by old slab that are generally cold, limiting shallow thermal breakdown of
hydrous slab minerals (Abers et al., 2017), active rifting of the southern Mariana forearc draws hot mantle
wedge asthenosphere to very near the trench and slab. Young volcanism close to the trench axis (Ribeiro,
Stern, Kelley, et al., 2013) indicates above-solidus thermal conditions in the underlying mantle proximal to
the slab. Hot mantle wedge asthenosphere adjacent to the subducting Pacific slab should induce vigorous
breakdown of hydrous mineral phases in the slab as indicated by the abundance of fluid mobile slab-derived
elements in SEMFR volcanics (Ribeiro, Stern, Martinez, et al., 2013; Ribeiro et al., 2015). Partitioning calcula-
tions between strongly hydrous melt and residual mantle in arc settings indicate that even the residual
forearc mantle after melt extraction should retain high H+, unlike at MOR settings where the residual mantle
is dehydrated bymelting andmelt extraction (Hirth & Kohlstedt, 2003). If we further consider that the slab will
continue to add more water to the mantle wedge and lithosphere even after mantle wedge temperatures
decrease below the solidus and water extraction mechanisms through melting cease, a very hydrous and
weak lithosphere is predicted. Extension of weak mantle lithosphere results in broad deformation
(Gueydan et al., 2008) that cannot form a focused spreading center, therefore distributing volcanic products
in a wide zone. In the southern Mariana margin, broadly distributed tectonic deformation continues, as
shown by the distribution of earthquakes (Figure 4).

4.4. Implications for Narrow Plate Boundary Zones and Plate Tectonics

The diffuse deformation of the southern Mariana platelet is unusual for oceanic-type lithosphere. In most
oceanic extensional settings, a period of tectonic rifting is followed by a focusing of extension leading to
magmatic crustal accretion within a narrow plate boundary zone (seafloor spreading). Typical examples
include propagating rifts (Hey et al., 1980) even at large offsets (Hey et al., 1995). When oceanic rifts
propagate into older lithosphere, the tectonic rifting phase may be more extensive than in young litho-
sphere, but once magmatic accretion occurs it tends to rapidly focus to a narrow axis (Martinez et al.,
1991; Naar et al., 1991). This is also generally true in shear-dominated convergent margin settings. Typical
examples occur at STEP faults (Govers & Wortel, 2005) where subduction zones end against shear margins.
Well-studied examples occur in the Northeast Lau Spreading Center (Wright et al., 2000), the East Scotia
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Ridge (Livermore, 2003), and the southern New Hebrides trench (Patriat et al., 2015). In each of these settings,
a focused spreading center intersects the trench (or nearly so in the New Hebrides case). These spreading
centers lie behind the arc volcanic front, however, where the slab is deep and mostly dehydrated between
the trench and the arc front volcanoes. The morphologic trench in these settings is primarily a shear zone
with limited underlying slab. However, these examples demonstrate that trench-parallel extension of the
upper plate abutting a morphologic trench does not in itself lead to diffuse deformation. In the southern
Mariana margin a critical difference is that the trench has a significant southward directed rollback compo-
nent of motion (as indicated by thrust earthquake p-axis azimuths; Figure 4) and is completely underlain
by actively subducting Pacific plate (Figure S3) that has not previously dewatered elsewhere.

We hypothesize that the broadly distributed nature of southern Mariana margin volcano-tectonic extension
reflects the weakening effects of water on mantle rheology (Mei & Kohlstedt, 2000a, 2000b). A few parts per
million H+ ions decrease the viscosity (strength) of olivine aggregates by 2 orders of magnitude or more
(Hirth & Kohlstedt, 1996, 2003; Karato et al., 1986). Trench-parallel rifting of the southern Mariana margin
directly over an actively subducting slab should produce especially hydrous mantle. At mid-ocean ridges
(MORs) mantle water content is low compared to convergent margins (Kelley et al., 2006). On melting, water
behaves as an incompatible element and melting and melt extraction at MORs is thought to effectively
dehydrate the residual mantle lithosphere leading to a several order of magnitude increase in viscosity of
the residual mantle, forming a “compositional” lithosphere (Hirth & Kohlstedt, 1996; Phipps Morgan, 1997).
Pressure gradients generated within the deforming and strengthening residual mantle matrix as it undergoes
corner flow are thought to help focus melt delivery to the narrow ridge axis (Phipps Morgan, 1997). Beneath
the southern Mariana margin, the extending lithosphere is underlain by a dewatering slab. Thus, although
melting and melt extraction remove water from the residual mantle (as shown by high water content in
erupted lavas (Ribeiro et al., 2015)), slab dewatering provides a continual flux of new water, opposing mantle
dehydration from melt extraction (Figure 9b). As the southern Mariana rift widens, mantle advection rates
decrease and cooling eventually decreases mantle melting (Figure 9c). However, mantle wedgematerial near
the slab will remain hot enough for a time to induce significant breakdown of hydrous minerals in the slab.
Therefore, even after significant melting and volcanism cease, the forearc mantle will continue to be fluxed
by slab-derived water, further increasing its water content. Active infiltration of water from the slab into the
forearc appears to continue even as forearc mantle cools to lithosphere as shown by active serpentine mud
volcanoes (Fryer, 2012) and seeps of slab-derived water (Mottl et al., 2004) in the central Mariana forearc.
Residual mantle lithosphere in the southern Mariana margin thus remains weak, as its water content should
be much greater even than that of MOR mantle before melting, due to its continual fluxing from the
underlying slab (Figure 9).

The diffuse deformation in the southern Mariana margin does not appear to be dependent on the kinematics
of the margin, which involve tangential and radial extensional components. An abrupt transition also occurs
along the MGR spreading center as it moves over the ~100 km depth contour of the slab, where a greater
degree of slab dewatering is predicted in some models (Schmidt & Poli, 1998). Detailed near-bottom side
scan sonar mapping shows that the narrow axis of the MGR abruptly transitions to a much broader zone
of crustal accretion tens of kilometers wide in the DSZ. Basement fabric in this area indicates primarily
trench-perpendicular extension. Similar transitions have been noted at the southern end of the Valu Fa
Ridge in the Lau Basin (Martinez & Taylor, 2006), and we have hypothesized that much of the Havre
Trough may be undergoing diffuse extension due to ultraslow opening and hydration from the underlying
slab (Martinez et al., 2013; Martinez & Sleeper, 2012). Thus, even where extension is primarily parallel to
the rollback direction, diffuse deformation occurs. The control on diffuse lithospheric deformation appears
to be compositional, based on mantle water content, rather than due to complex or changing kinematics.

The observations from the southern Mariana margin present a test of the dehydration compositional litho-
sphere model and its predicted effects on the plate boundary zone (Hirth & Kohlstedt, 1996; Phipps
Morgan, 1997). Our observations support the conclusion that mantle dehydration beneath mid-ocean ridges
is at least a supportive if not necessary process for forming narrow divergent plate boundary zones. At con-
vergent margins underlain by dewatering slabs upper plate mantle dehydration is suppressed if not pre-
vented, hydrous lithosphere remains weak, and the narrow plate boundary zones that characterize plate
tectonics cannot form, except farther from the trench within dryer backarc basin lithosphere. Our results also
imply that the hydrated lithosphere of convergent margin leading edges is important for understanding their
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origin through broadly distributed and contemporaneous volcano-tectonic deformation (Taylor, 1992),
including the propensity of convergent margin leading edges to change shape during their evolution so that
conjugate margins of backarc basins do not generally fit back together. These observations raise another
important question as well: If ophiolites generally originate as forearc terrains through processes of diffuse
volcano-tectonic extension as inferred from extensive studies (Bloomer & Hawkins, 1983; Ishizuka et al.,
2006; Stern & Bloomer, 1992; Taylor, 1992), how appropriate are ophiolites as analogs for the highly focused
plate boundary zones of mid-ocean ridges?

5. Conclusions

Detailed geophysical mapping of the southern Mariana margin together with regional data demonstrates
pervasive and broadly distributed volcano-tectonic deformation of the leading margin flank following rifting
of the predecessor Eocene-Miocene forearc. This contrasts with the trailing edge on the Philippine Sea plate
that behaves rigidly and appears to have been largely accreted through organized seafloor spreading. We
hypothesize that the diffuse deformation and crustal accretion of the leading edge of the margin is enabled
by hydration from slab-derived fluids that maintain a weak upper plate lithosphere. The southern Mariana
margin may thus represent an active analog of the diffuse volcano-tectonic processes inferred at subduction
zone infancy to have formed the ~300 km wide zone of contemporaneous Eocene volcanism that charac-
terizes the entire length of the IBM system. The observations have important implications for what enables
the narrow plate boundary zones that characterize plate tectonics in general, supporting suggestions that
mantle dehydration and strengthening is at least an assisting process. At convergent margins where oceanic
lithosphere is infused by hydrous flux from the subducted slab, it remains weak and narrow plate boundary
zones cannot form.
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