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ABSTRACT

New multi-channel seismic (MCS) and bathymetry data collected in 2002 image
the central Mariana margin (14-19°N) from the subducting Pacific Plate to the West
Mariana Ridge (WMR) remnant arc. These data provide the best and most complete
images of the Mariana subduction system. Previous to this study, the standard view of
the Mariana system came from subduction cartoons that typified the margin at 18°N. I
investigate subduction processes along strike of the margin and provide essential
information to the NSF MARGINS Subduction Factory Initiative that can be used in
creating a mass balance of material through the Mariana subduction zone. Subducting
oceanic crustal thickness varies along the central Mariana margin from 5.3-7 km, and
sediment thicknesses range from 0.5-2 km. The Mariana Trench axis is commonly a
graben that accommodates an abrupt change (within <25 km) of plate dip from ~2° on the
incoming plate to >8° beneath the outer forearc. I infer that the upper plate fails there
rather than simply bends under the applied loads. Beneath the serpentinite seamounts on
the Mariana forearc, the subducting plate dips 9-12° and the top of the plate is ~20-22 km
below sea level. This is the first study to show the internal structure of serpentinite
seamounts on the outer Mariana forearc and model their deformation and interaction with
underlying sediments. Serpentinite seamounts, representing some of the first subduction
factory outputs, are formed by the episodic eruption of mudflows from a central conduit.
The seamounts, emplaced on faulted and sedimented forearc basement, spread laterally
and are subject to gravitational deformation at they grow. Using MCS reflection and
swath bathymetry data, combined with DSDP drilling and seismic refraction studies, I

v



define the boundary between rifted arc and accreted backarc basin crust on both sides of
the Mariana Trough and support the hypothesis that the backarc basin is asymmetric.
The modern Mariana Arc, with the exception of a few cross-chain volcanoes, is built
entirely on rifted arc crust between 14° and 19°N. The Mariana Trough is opening non-

rigidly and is characterized by two predominant abyssal hill trends (NNW-SSE and N-S).
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Chapter 1: Introduction

Oceanic lithosphere is recycled at subduction zones, causing earthquakes,
tsunamis and explosive volcanism. Ore deposits, geothermal energy and continental
crustal genesis are also associated with subduction. During the subduction process, some
raw materials from the down-going plate are transferred to the overriding plate creating
products in the form of melts, aqueous fluids and gases, metalliferous hydrothermal
deposits, arc volcanoes, and serpentinite scamounts. The remainder of the subducting
plate returns to the deep mantle. The Subduction Factory Initiative was created by the
MARGINS Program (funded by the National Science Foundation (NSF)) to investigate
chemical, biological, volcanic, tectonic, and seismic processes involved in Earth’s
recycling at convergent margins [MARGINS, 2003]. Two margins were chosen as focus
areas for the SubFac Initiative: Central America and [zu-Bonin-Mariana (IBM). My
study concentrates on the Mariana convergent plate margin, at the southern end of the
IBM system (Figure 1.1). The Mariana trench-arc-backarc is the classic example of an
intraoceanic, nonaccretionary subduction system [Karig, 1971a; 1971b; Forsyth and
Uyeda, 1975; Uyeda, 1982; Ricard et al., 1988] and the history of subduction input,
volcanic output, and backarc spreading are well studied. The Mariana margin subducts
very old oceanic lithosphere (~170 Ma) and is isolated from any continental influence on
sedimentation or magmatism. The absence of a large prism of accreted sediment,
coupled with the relatively thin (< 500 m) volcaniclastic/pelagic sediment cover on the
inner trench slope, makes the Mariana system ideal for studying forearc (the area between

the active arc and the trench) structure and fault patterns that are often hidden in systems



with a thick sediment cover. Active serpentinite seamounts, representing the first (most
trench-proximal) material outputs of the subduction factory, are found only on the Izu-
Bonin-Mariana forearc (Figure 1.1). Although active serpentinite seamounts have not yet
been found in other forearcs, they do have analogs in ancient convergent margins
worldwide.

As the first major phase of a US-Japanese collaborative NSF-MARGINS funded
project titled "Multi-scale seismic imaging of the Mariana Subduction Factory," we
collected 5124 km of multi-channel seismic (MCS) data between 14°N and 19°N across
the central Mariana arc system in February- March of 2002 (cruise: EW0202).
Coincident gravity, magnetic, and Hydrosweep DS2 data were collected on all 48 lines.
The resulting geophysical transects extend from the Pacific Plate to the West Mariana
Ridge remnant arc (Figure 1.1). A following survey (EW0203) imaged the frontal-arc
high and active arc of the Mariana island-arc system using controlled-source wide-angle
reflection/refraction and multi-channel seismic reflection.

The MCS profiles collected in 2002 offer the best and most complete images of
the central Mariana margin. These new data, combined with regional bathymetry and
recent seismic refraction studies, provided me with a unique opportunity to investigate

major scientific problems in the central Mariana margin, including:

1. What are the inputs to the Mariana Subduction Factory? (Chapter 2)
One of the main goals of the MARGINS Subduction Factory Initiative
was to determine a mass balance of material through the Mariana subduction

zone, and relate inputs to outputs. The first step toward accomplishing this is to
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quantify the sediment and crustal inputs from the incoming Pacific Plate and see
how they vary along-strike of the margin. MCS profiles east of the Mariana

Trench image Pacific Plate basement and Moho.

2. What is the geometry of the subducting Pacific Plate and how is it related
to plate flexure? (Chapter 2)

Normal faults caused by the flexural bending of the incoming plate into
the trench may facilitate the addition of fluid to the subduction system by serving
as conduits for seawater to move downward into the subducting plate. Knowing
how the shape of the plate changes as it enters the subduction zone has
implications for brittle upper plate failure vs. plate flexure. New bathymetry and
MCS data along the central Mariana margin image the incoming Pacific Plate
from ~100 km east of the trench axis, to ~70 km west of the axis beneath the outer

forearc.

3. Are incoming sediments subducted, accreted or underplated along the
trench? (Chapter 2)

Sediments may be scraped off the downgoing plate to form accretionary
prisms, underplated beneath the forearc, and/or subducted to the depths of magma
generation and beyond. Even in regions without large accretionary prisms some
degree of offscraping and/or underplating of sediments can occur and may reduce
the amount of sediment and fluid delivered to the subduction factory. Therefore

an analysis of processes occurring within the trench and at the toe of the slope is
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needed to understand and quantify subduction inputs. Our seismic data across the
toe of the inner trench slope allow us to determine to what extent accretion and/or

sediment subduction occur along the Mariana Trench.

4. How is the outer forearc affected by the subduction of Pacific Plate
seamounts? (Chapter 2)

Previous work hypothesizes that the Mariana forearc has responded to past
subduction of seamounts with vertical tectonism and that strain partitioning (the
transfer of strain from one plate to another across a plate boundary) varies along-
strike of the system. Our new data include several lines across the outer forearc
enabling us to test this hypothesis. It has also been suggested that there is a
relationship between serpentinite seamounts and faulting in the outer forearc.
Extensional faults may provide pathways for rising serpentinite muds and slab-

derived fluids/gases to reach the seafloor.

5. What are the dips and depths of the subducting plate beneath
serpentinite seamounts on the outer Mariana forearc? (Chapter 2)
Serpentinite seamounts vent slab-derived fluids and gasses and deep-
derived solids, representing some of the first outputs of the subduction system.
The compaction and dehydration reactions that release fluid from the slab are
depth and temperature-controlled, and therefore the fluid flux through the

subduction zone is governed by the geometry of the subducting plate. This



geometry is not well constrained by earthquake locations beneath the outer

forearc, but can be determined based on depth-converted MCS data.

6. What do the structure and morphology of serpentinite seamounts on the
outer Mariana forearc tell us about their formation and deformation?
(Chapter 3)

New MCS and bathymetric data reveal the large-scale structures of five
serpentinite seamounts, as well as the pre-seamount basement geometry and
sediment stratigraphy. Knowing the internal structure sheds light onto how these
seamounts are formed and deformed and allows us to evaluate models for their
emplacement and growth. Understanding how, when and where serpentinite
seamounts are emplaced is important to correctly characterize the flux of slab-

derived material through the subduction system.

7. What is the nature of arc rifting and backarc basin spreading in the
central Mariana system? (Chapter 4)

The boundary between rifted arc and backarc basin accreted crust in
island-arc settings is poorly constrained, partially because of the lack of well-
studied examples, and also because of the presence of thick volcaniclastic
sediments that mask basement topography. Knowing this boundary allows us to
evaluate the symmetry or asymmetry of oceanic accretion in backarc basins and

determine the substrate upon which modern arc volcanoes are built. It is
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necessary to know what underlies arc volcanoes in order to understand the outputs
of the subduction factory and eventual formation of felsic continental crust. New
MCS profiles across the eastern and western margins of the Mariana Trough
reveal subsurface basement topography and provide structural constraints on the
extent of rifted arc crust versus accreted backarc basin crust, and new bathymetry
data image the West Mariana Ridge and the variable trends of abyssal hill fabric
across the Mariana Trough. These data, combined with results from drilling and
seismic refraction, allow us to evaluate the nature of arc rifting and backarc basin
spreading in the central Mariana system and determine the substrate of the

modern volcanic arc.

These issues are addressed in the three main chapters of this dissertation.
Chapters 3 and 4 concentrate solely on the Mariana arc system; however, Chapter 2
includes previously unpublished data from the Izu-Bonin forearc. The chapters are
presented from East to West. Chapter 2 is taken from a published paper that seeks to
understand and image Pacific Plate subduction beneath the central Mariana and Izu-
Bonin forearcs. Based on new MCS and bathymetry data, I created a cross-section
showing the important features of Pacific Plate subduction beneath the central Mariana
forearc, including sediment and crustal inputs to the subduction system, a trench axis
graben, and subducted plate geometry. Chapter 3 is a published paper that focuses on the
emplacement and deformation of serpentinite mud volcanoes on the outer Mariana
forearc. This is the first published work to show the internal structure of serpentinite

seamounts and model their deformation and interaction with underlying sediments. The
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data support the interpretation that serpentinite seamounts on the Mariana forearc are
formed by the episodic eruption of mudflows from a central conduit. Discrete element
method (DEM) numerical simulations successfully reproduce the morphology of the
serpentinite seamounts and model their interaction with underlying forearc sediments.
Chapter 4 investigates the sedimentary, volcanic and tectonic processes in the Central
Mariana Arc system using MCS, bathymetry and seismic refraction data. These data
reveal structure and stratigraphy related to three volcanic arcs and two periods of arc
rifting. I interpret the boundary between accreted backarc basin and rifted arc crust along
the margins of the Mariana Trough and determine the substrate of the modern volcanic
arc. I discuss the rifting of the West Mariana Ridge and show how it is related to
Mariana Trough backarc basin formation. The data support the hypothesis that the
Mariana Trough is asymmetric and show that the basin is dominated by two abyssal hill
trends: NNW-SSE and N-S. To conclude, in Chapter 5 I will summarize the findings
from the three previous chapters and present a cross-section along a reflection profile that
shows the major features of the central Mariana convergent margin from the outer trench

slope to the West Mariana Ridge remnant arc (Figure 1.1).



U =

[eAIOIUT INOJUOD) SIS 309[01g Sur[uig Bag doo(q d1B SITBYSSOIO YIIM SI[III) "SIAIPNYS UOIOBIJAI IO PISN SIJOWOWSIAS W0Nog
uBd0() 9OO[ SA[3ULL JIR[g "SAUI] AAAINS G/ 6] PLIUO)) PUE OIWSIIS [QUURYI-NNIA £-Z0TOMH 23edIpul saul] Aelr) "pa[aqe|
soInjedy Jolew Yym urdrew JudSIOAUOD BUBLIBJA [BIIUID AU} JOAO Ise o) woly pay3iysiy ‘Anowiyreq ‘urseq surddiiyd 1sopm
=gdM O3pry nysnAy-nefed =y3d ‘uiseq B[OA d0o1ed =gAd ©OFpry BUBLIB]A 1SOA =AM ‘UIseq dlexoeq Y3noi] euBLIBJA
=LA ‘soyoual] eueLIB]N-UIUOg-nZ[=]N{] ‘@B[d oy1oed =dd @e[d oS ourddijiyd =dSd "dew uoneoo| [euor3ay :1°[ 2Indiq






Chapter 2: Pacific Plate Subduction beneath the central Mariana and
Izu-Bonin Forearcs: New insights from an old margin

This chapter was originally published in Geochemistry, Geophysics and Geosystems.
The full reference is:

Oakley, A. J., B. Taylor, G.F. Moore (2008), Pacific Plate Subduction beneath the central
Mariana and Izu-Bonin Forearcs: New insights from an old margin, Geochem., Geophys.,
Geosyst.

It is produced herein courtesy of American Geophysical Union, who is the sole copyright
holder.

Abstract

Multichannel seismic (MCS) profiles and bathymetric data from the central
Mariana and Izu-Bonin subduction systems image the subducting Pacific Plate from the
outer trench slope to beneath serpentinite seamounts on the outer forearc. Subducting
oceanic crust varies along the Mariana margin from 5.3-7 km thick and is covered by 0.5-
2 km thick sediments and numerous seamounts. Oceanic crustal thickness east of the
Izu-Bonin Trench is ~6 km. Faulting resulting from flexure of the incoming Pacific Plate
begins up to 100 km east of the trench axis, near the 6 km depth contour. The plate is cut
by normal faults that reactivate inherited tectonic fabric where that fabric strikes <25° to
the trench. Where the strike is >25°, incoming crust breaks along new faults with a
trench-parallel strike. The Mariana Trench axis is commonly a graben that
accommodates an abrupt change (within <25 km) of plate dip from <4° (commonly <2°)
on the incoming plate to >8° beneath the outer forearc. We infer that the plate fails there
rather than simply bends under the applied loads. Along portions of the Mariana margin,
subducting seamounts displace the trench axis westward and uplift the toe of the slope.

Surprisingly, west of the toe, there is no geophysical evidence of disturbance of the upper
10



plate in response to seamount subduction, nor of significant subduction erosion or
sediment underplating. MCS profiles across the base of the Mariana inner trench slope
provide evidence for both complete subduction and small-scale accretion of Pacific Plate
sediments; however we found no evidence for long-term sediment accretion. The
subducting plate dips 9-12° beneath serpentinite seamounts on the Izu-Bonin and Mariana
Forearcs. Along the Mariana margin, the majority of these seamounts are located ~50-70
km west of the trench where the mantle wedge is 3-7 km thick between 8-10 km thick
forearc crust and the top of the subducting plate. The apparent lack of significant
deformation of the Mariana Forearc crust by subducting seamounts may be the result of a
weak serpentinized mantle wedge and/or progressive fracturing as the subducting plate

increases in dip as it passes through the trench graben.

Introduction

Subduction zones recycle near-surface materials (sediments, fluids, crust and
depleted mantle lithosphere) to beneath the zone of arc and back-arc magma genesis and
thence deeper into the asthenosphere. From the trench outer rise to the deep subducted
slab, the inputs to the subduction zone are deformed, added to, and subtracted from,
resulting in diverse surficial products and mantle modifications, earthquake seismicity
patterns and slab geometries. Arc volcanism carries the signatures of subducted
sediments, fluids, and crust to varying degrees, raising questions as to what processes are
responsible for the variability (e.g.[Plank and Langmuir, 1993; Elliott et al., 1997]).

Normal faulting that accompanies flexural bending of the incoming plate into the
trench [Bodine and Watts, 1979] may facilitate the addition of fluid to the subduction
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system [Ranero and Sallares, 2004]). For example, Ranero et al. [2003] propose that
normal faults along the Middle-America Trench cut >20 km into the subducting plate and
serve as pathways for fluids to serpentinize the subducting plate mantle. The subduction
of seamounts may locally uplift and tectonically erode the toe of the overriding plate,
which collapses as the seamount passes under the slope (e.g., [Lallemand et al., 1989;
Dominguez et al., 1998]). Sediments may be scraped off the downgoing plate to form
accretionary prisms, underplated beneath the forearc, and/or subducted to the depths of
magma generation and beyond [von Huene and Scholl, 1991]. Relating the subduction
inputs to volcanic outputs is simplified in non-accretionary intra-oceanic subduction
zones where the sedimentary section is assumed to be subducted completely and where
there is no continental influence on sedimentation or magmatism. The Izu-Bonin-
Mariana (IBM) arc — trench— backarec is the classic example of an intraoceanic subduction
system [Karig, 1971a; 1971b; Forsyth and Uyeda, 1975; Uyeda, 1982; Ricard et al.,
1988] and the history of subduction input, volcanic output and back-arc spreading are
well studied.

von Huene and Scholl [1991] showed that sediment supply controls the balance
between accretion and nonaccretion along subduction zones. On a global scale, regions
with incoming sediments thicker than 1 km commonly have accretionary wedges,
whereas areas with thinner incoming sediments are generally non-accretionary and may
be erosional [Clift and Vannucchi, 2004]. The Mariana region has been cited as a type
location for subduction erosion along a convergent margin [Hussong and Uyeda, 1981b],
although this hypothesis is controversial [Karig and Ranken, 1983]. In regions without

large accretionary prisms, small-scale offscraping and/or underplating of sediments may

12



reduce the amount of sediment and fluid delivered to the subduction factory, and erosion
of the forearc in the wake of subducting seamounts may add material to the downgoing
plate. Therefore an analysis of processes occurring within the trench and at the toe of the
slope is essential to understand and quantify subduction inputs.

Only a portion of the fluids that enter the subduction system bound in pore spaces
and hydrous minerals in the subducting lithosphere will escape beneath the forearc.
Some fluid will descend to depths suitable for arc magma formation, while a small
amount will subduct into the deep mantle [Schmidt and Poli, 1998]. Peacock [1990]
calculates that most pore fluids are expelled at depths <10-40 km, and Schmidt and Poli
[1998] predict that 30-70% of subducted water is released beneath the forearc. The fluids
migrating up from the subducting plate will cool and serpentinize the overriding forearc
mantle [Peacock, 1990]. As evidence of these processes, serpentinite mud volcanoes
erupt hydrated and comminuted mantle peridotite onto the Izu-Bonin-Mariana forearc
[Fryer et al., 1985; Oakley et al., 2007] (Figure 2.1). These mud volcanoes vent slab-
derived fluids and represent some of the first outputs of the subduction system. The
compaction and dehydration reactions that release fluid from the slab are depth-
controlled, and therefore the fluid flux through the subduction zone is governed by the
geometry of the subducting plate. This geometry is poorly constrained in most forearcs
because of the large depth uncertainties in the location of teleseismic earthquakes
[Engdahl et al., 1998]. With few local seismometer stations, seismicity data do not
resolve the depth to the subducting plate beneath the serpentinite seamounts on the IBM

forearc.
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In this paper we present a detailed study of the central Mariana subduction zone
and previously unpublished data from the Izu-Bonin region. Using multichannel seismic
(MCS) reflection and swath bathymetry data, combined with the results of previous
drilling, dredging and seismic surveys, we quantify subduction inputs, describe Pacific
Plate flexure and propose that the plate fails, rather than simply bends, forming a trench
axis graben. We show that the incoming sedimentary section is completely subducted in
some regions of the central Mariana margin, but that small, ephemeral accretionary
prisms occur in others. We find shallower dips and depths of the subducting plate
beneath the outer forearc than previously estimated, indicating a thinner mantle wedge
beneath the serpentinite seamounts and much less release of subducted water. Unlike
other margins, we are surprised to find little evidence for disturbance of the upper plate
by subduction of large seamounts on the Pacific Plate.

The standard view of the Mariana system comes from subduction cartoons that
typify the margin at 18°N (e.g. [Hussong and Uyeda, 1981a; Eiler, 2003]), but this view
is oversimplified and does not take into account variations along the margin. Here, we
present variations along-strike of the Pacific Plate with implications for subduction
factory inputs and plate flexure and create a new cross-section of Pacific Plate subduction
beneath the central Mariana Forearc. Our data reveal fundamental attributes of the
Mariana subduction zone and enable improved comparisons with other intraoceanic

margins such as [zu-Bonin and Tonga.
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Geologic Setting and Previous Work

Subduction began in the [zu-Bonin-Mariana convergent margin circa 50 Ma
[Taylor, 1992; Cosca et al., 1998]. Pacific Plate magnetic isochrons (M21-M25; 148-154
Ma) strike obliquely to the Mariana Trench (Figure 2.1) [Nakanishi et al., 1992a].

Thinly sedimented (typically less than 500 meters), Mesozoic Pacific Plate lithosphere
subducts beneath the Mariana arc system [LaTraille and Hussong, 1980; Hussong and
Fryer, 1981; Nakanishi et al., 1992b]. The dip of the subducted Pacific Plate increases to
near-vertical beneath the active volcanoes of the Mariana arc ~220 km from the Mariana
Trench [Katsumata and Sykes, 1969; Isacks and Barazangi, 1977; Chiu et al., 1991;
Engdahl et al., 1998], but details of the slab geometry beneath the forearc are poorly
resolved [Engdahl et al., 1998].

Ewing et al. [1968] characterized the seismic stratigraphy of the western Pacific
using four units: 1. upper transparent layer, 2. upper opaque layer, 3. lower transparent
layer, 4. acoustic basement. Early Deep Sea Drilling Program (DSDP) drilling legs (e.g.
6,7, 17, and 20) showed that the upper opaque layer correlates with a layer of chert
abundant in the North Pacific. Later drilling discovered a lower chert layer above, and
sometimes in contact with, basement. In some regions, acoustic basement corresponds
with this chert layer. Regional mapping of the stratigraphy of the Jurassic basins in the
western Pacific [Abrams et al., 1992] shows that pockets of thick sediments, usually
volcaniclastics, are derived locally from seamounts on the Pacific Plate. Outside of these
pockets, the incoming sediments are primarily <0.5 km thick and composed of clay, chert
and volcaniclastic layers [Abrams et al., 1992]. Ocean Drilling Program (ODP) Hole
801C drilled in the Pigafetta Basin at ~ 18° 38.5° N, 156° 21.6’ E, sampled ~170 Ma
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normal mid-ocean-ridge basalt crust formed at a fast (160 mm/yr) spreading center,
comparable with the modern East Pacific Rise. Twenty meters of red radiolarites and
claystones overlie basement at 461.6 mbsf [Abrams et al., 1993]. The sedimentary
section at Hole 801C is characterized by two chert layers (lower and upper) separated by
a thick (192 m) deposit of mid-Cretaceous volcaniclastic turbidites likely shed from the
Magellan Seamount chain. The thinner (63 m) upper layer (upper opaque) is composed
of chert-porcelainite and is overlain by 56 m of pelagic clay (upper transparent).

At ODP Site 1149 (31°20° N, 143° 21’ E), along the Izu-Bonin Trench (Figure
2.1 inset), the subducting sediment section lacks the thick volcaniclastic sequence
sampled to the south and includes an upper layer of ash and siliceous clay [Shipboard
Scientific Party, 2000]. The Pacific Plate crust subducting into the Izu-Bonin Trench is
~132 Ma and was formed at spreading rates of 51 mm/yr [Shipboard Scientific Party,
2000]. Bending along the Izu-Bonin Trench is associated with large-offset horsts and
graben that do not occur along the Mariana Trench to the south [Bodine and Watts,
1979]. West of the outer rise and north of the Ogasawara Plateau, the seafloor entering
the Izu-Bonin Trench has few seamounts [Wessel, 2001].

East of the Mariana Trench, the subducting Pacific Plate is dotted with seamounts
2-3 km high [Wessel, 2001] (Figure 2.1). Subduction of bathymetric highs on the
incoming plate locally uplifts the toe of the overriding plate and can cause oversteepening
and erosion, resulting in the creation of a reentrant and shallowing of the trench floor
[Lonsdale, 1986; Lallemand and Le Pichon, 1987; Lallemand et al., 1989; von Huene
and Scholl, 1991; Lallemand et al., 1994]. The effect of seamount subduction is well
documented along other margins including the Japan Trench, Tonga and Costa Rica (e.g.
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[Lallemand and Le Pichon, 1987; Ballance et al., 1989; Lallemand et al., 1989; Yamazaki
and Okamura, 1989; Ranero and von Huene, 2000]), and previous work states that
subducting oceanic plateaus and seamounts have uplifted the Mariana Forearc, creating
and re-activating faults [Fryer and Fryer, 1987; Fryer et al., 1995; Fryer et al., 2000].
Sandbox models and geophysical observations suggest that the subduction of bathymetric
highs (ridges and seamounts) is responsible for an important part of tectonic erosion
along the inner trench slope (e.g. [Ballance et al., 1989; Yamazaki and Okamura, 1989;
Dominguez et al., 2000]).

Drilling, dredging and seismic imaging reveal that the outer Mariana forearc does
not have a substantial sedimentary cover or accretionary prism, but primarily exposes
middle-upper Eocene igneous basement composed of arc tholeiites and boninites
[Hussong and Uyeda, 1981b; Mrozowski et al., 1981; Bloomer, 1983]. The presence of
igneous rocks of island arc affinity on the inner trench slope is one reason why Mariana
has been classified as an erosional margin [Bloomer and Hawkins, 1983].

Serpentinite seamounts occur ~30 to 100 km west of the IBM Trench axis [Fryer
and Hussong, 1981; Fryer and Fryer, 1987; Horine et al., 1990; Fryer and Mottl, 1992]
and retain some blueschist minerals originating at depths >20 km [Maekawa et al., 1995;
Gharib, 2006]). Active carbonate and Mg-silicate chimneys and cold-fluid seeps at the
summits of many serpentinite scamounts provide samples of the chemical precipitates
and fluids that result from initial slab de-volatilization [Fryer et al., 1985; Haggerty,
1987; Mottl, 1992; Moittl et al., 2003; Straub and Layne, 2003]. The chemistry of these
vent fluids varies systematically with distance from the trench, implying little mixing of
fluids along the subduction interface [Mottl et al., 2003; Mottl et al., 2004]. These data
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support the current model for Mariana serpentinite mud volcano formation that suggests
that there is serpentinized mantle directly beneath the edifice [Fryer et al., 2000].

The restriction of the serpentinite seamounts to a band of forearc ~70 km wide
may be related to slab dewatering processes, controlled by temperature and depth, and the
location of the forearc mantle wedge. Because serpentine minerals are stable until depths
greater than the region of magma generation in cold subduction zones like IBM [Ulmer
and Trommsdorff, 1995; Schmidt and Poli, 1998; Hyndman and Peacock, 2003], the
primary fluids liberated from the subducted plate beneath the Mariana forearc are derived

from oceanic sediments and crust, rather than serpentinized mantle.

Data Acquisition and Processing

We collected multi-channel seismic (MCS) data from the central Mariana arc
system in February-March, 2002 aboard the R/V Maurice Ewing towing a 6-km, 480-
channel streamer cable. Shots were fired every 50 meters from a tuned, 6817 inch® array
of 20 airguns. The processing sequence applied to all lines is listed in Appendix Table 1.
In areas where water depths are less than 4 km, the plate reflection is obscured by the
seafloor multiple necessitating the use of multiple suppression techniques.

The seismic data are presented here in two-way travel time (TWTT) with a
vertical exaggeration (VE) of 3x at the sea floor, and in depth at VE=2x. Our velocity
models for depth conversion in the outer forearc are based on a refraction survey across
the Mariana Forearc that extends to the 6 km depth limit of the OBSs used [Takahashi et
al., 2007]. This refraction line is coincident with MCS Line 53-54, which trends ESE
across the northern flank of Celestial Seamount (Figure 2.2). The velocity model of
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Takahashi et al. [2007] has a low velocity wedge beneath the serpentinite seamount. The
velocities of the subducting plate are not represented in the OBS crustal velocity model;
therefore, we did not include incoming plate velocities beneath the outer forearc in the
depth conversion. Interval velocities for the incoming plate were based upon data from
DSDP and ODP drill sites east of the trench (Sites 801 and 459). Our velocity model is
overlain in depth on MCS Line 53-54 in Figure 2.2. In addition to the standard
crustal/sediment velocities shown in Figure 2.2, we used a velocity of 1505 m/s (a slight
increase from the water column velocity) plus a vertical gradient of 1400 m/s/s to depth
convert material at the toe of the slope and serpentinite seamounts where present. These
values successfully correct for velocity pull up of the top of plate reflection near the base
of the inner trench slope. The rationale for the velocities applied to the serpentinite
seamounts is detailed in [Oakley et al., 2007].

MCS data from the Izu-Bonin margin collected aboard the R/V Robert Conrad in
1976 are processed through migration and presented in TWTT. Depths to the top of the
subducting plate on Bonin Line 39 were determined using the refraction velocities of
Kamimura et al. [2002].

The Mariana bathymetric maps used in this study contain Hydrosweep data from
the EW0202/03 cruises, Simrad EM300 data from a 2003 R/V Thompson cruise, 1997
HAWAII MR-1 data, and data from a composite of regional studies conducted on ships
from the Japan Agency for Marine Earth Science and Technology (JAMSTEC) (N.
Seama and M. Nakanishi, private communications, 2002). The Izu-Bonin bathymetry

uses multibeam data provided by the second author, A. Klaus, A. Taira and K. Fujioka
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(JAMSTEC and Ocean Research Institute, University of Tokyo). The bathymetric

images are illuminated from the east to highlight relief.

Data Description

The Incoming Pacific Plate and Mariana Trench

The character of the subducting Pacific Plate and trench varies along the central
Mariana margin (Figures 2.1 & 2.4) and can be divided into four regions based on the
morphology and structure seen on bathymetric and seismic profiles of the incoming plate
(Figure 2.3). These four regions (A-D) are well-represented by MCS Lines 22-23, 53-54,
57-58 and 79-80 which, in this paper, we show from the incoming Pacific Plate to the
outer Mariana forearc (Figures 2.2 and 2.5-2.7).

A bathymetry profile along the axis of the Mariana Trench reveals regional
variations on the incoming plate (Figure 2.4). In both regions A and C, the trench floor
shallows to <6 km because there are seamounts/ridges in the trench. Region B is
characterized by the subduction of low relief seafloor with a nearly constant trench axis
depth of 8.5+ 0.2 km. In Region D, the depth of the Mariana Trench increases toward
the south from <8 km to >9 km. The outer trench slope of the incoming plate follows this
same southward deepening trend.

In Region A, (MCS Lines 22-23 and 47) the incoming plate is relatively smooth
with a few seamounts and no large horsts or graben (Figures 2.4 and 2.5). Although the
outer flexural bulge is ~200 km east of the trench axis, bending-related faulting begins
~95 km east of the trench near the 6 km depth contour (Figure 2.4). The faults in this
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region strike sub-parallel to the trench axis. Fault offsets are generally less than 200 m
except for those bounding the trench axis graben. Seamounts enter the Mariana Trench
in Region A near 18° and 18°30° N, locally steepening the outer trench slope.

In Region B (MCS Lines 16-19 through 53-54), there are both trench parallel
bending faults and faults striking NNE, oblique to the trench. The trend of the oblique
faults is similar to that of the Mesozoic magnetic lineations identified by Nakanishi et al.
[1992a] (Figure 2.1), therefore these fractures likely represent reactivated abyssal hill
seafloor fabric. Profile 6 (Figure 2.4) and Line 53-54 (Figure 2.2) cross graben formed
by obliquely striking faults with a larger offset (~200 m) than those to the north. Much
larger offset (400-700m), trench-parallel faults occur proximal to the trench axis. In
Region B flexural faults again begin near the 6 km contour, which varies southward from
~95 km east of the trench axis in the north to ~55 km on Line 53-54 (Figures 2.2 and
2.4).

MCS Line 57-58 (Figure 2.6) lies within Region C which is characterized by the
subduction of a fractured WNW-trending ridge and seamount chain (Figures 2.1 and 2.3).
East of the delCano Guyot, the seafloor is flat with no visible offsets (Figures 2.3 and
2.4). West of the guyot, the seafloor is fractured and hummocky and, where visible,
sediment and chert horizons are discontinuous (Figure 2.6). The trench shallows to
nearly 5 km in this region and cusps to the west between Line 57-58 and Profile 5, but
drops steeply to ~8 km on either side of the ridge (Figure 2.4).

In Region D, the Pacific Plate bends steeply into the trench and the incoming
seamounts are deformed by normal faults in response to plate flexure (Figure 2.4). The

trench curves to the SSW and the axis is roughly parallel to the oblique normal faults
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visible to the north. Fault offsets along Line 79-80 range from ~150-325 m (Figure 2.7).

The trench floor, at > 9 km, is the deepest in the study area (Figure 2.4).

The Incoming Pacific Plate and Izu-Bonin Trench

Bathymetric profiles across the Izu-Bonin Trench highlight differences between
the subducting Pacific Plate in central Mariana and further north along the IBM margin
(Figure 2.8). The incoming plate has few seamounts and is characterized by much larger
offset normal faults (~500 m) and a more pronounced horst and graben morphology. As
in the Mariana region, bending related faults begin ~100 km from the trench, near the 6
km depth contour; in contrast, however, nearly all of the flexural faults along the Izu-
Bonin Trench are sub-parallel to the axis. The exception is the NNW trending graben
imaged in the bathymetry and crossed by MCS Line Bonin 39 (Figure 2.9). Bonin Line

39 reveals a trench floor that is deeper and wider than in central Mariana (Figure 2.9).

Pacific Plate stratigraphy and crustal thickness

Sediment and Pacific Plate crustal thicknesses vary along strike of the IBM
margin (Figure 2.10) [Abrams et al., 1993]. In the seismic sections, a lower-amplitude,
discontinuous basement reflection is sometimes visible beneath the strong lower chert
horizon, enabling us to calculate sediment thickness (Figure 2.10). Pacific Plate Moho
occurs on three of the six trench-perpendicular Mariana MCS lines and along MCS Line
Bonin 39 (Figure 2.10). East of the [zu-Bonin Trench, an ~0.3 km thick sediment
package overlays basement and a Moho reflection is imaged ~6 km below the basement
horizon. This seismic line crosses ODP Hole 1149D (Figures 2.8 and 2.10). East of the
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Mariana Trench, we image Moho in parts of Regions A, B and D. A strong chert layer
reflection and discontinuous basement horizon are visible on Line 22-23 (Region A)
where the sedimentary section is ~1 km thick. Moho is visible ~ 5.3 km below oceanic
basement. To the south, along Line 53-54 (Region B), sediment and crustal thicknesses
increase. The doubling of the sediment package is likely because of volcaniclastic
sediments shed from the surrounding seamounts (Figure 2.4) including the one shown to
the west (Figure 2.10). On Line 79-80 (Region D), 0.5 km of sediments overlie a strong
chert horizon and there is no basement reflection. Moho is located between 14 and 15

km depth.

Toe of the inner trench slope

Our seismic data across the toe of the inner trench slope allow us to determine to
what extent accretion and/or sediment and seamount subduction occur along the central
Mariana Trench. Lines 22-23 (Region A) and 57-58 (Region C) show deformation
related to subducting seamounts. The incoming sediment and chert horizons are
discontinuous and cannot be traced into the trench. There is evidence for uplift at the toe
of the inner trench slope in a cross-sectional view and bowing up of the forearc in the
bathymetry as the leading edge of the seamounts subducts (Figures 2.1, 2.5& 2.6). The
subducting delCano guyot is faulted and degraded west of 148°20’E (Figure 2.1).

We interpret accretion at the toe of the inner trench slope along Line 16-19
(Region B) (Figure 2.11A). The incoming sediment package above the lower chert layer
is thin, ~0.25 km and discontinuous reflections below this layer may represent basement.

Line 16-19 has numerous low-angle, dipping reflections both at the distal toe of the slope
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and in the mound at the base of the inner trench slope. The top few 10s of meters of
sediment are off-scraped at the toe of the slope by a frontal thrust terminating at the upper
chert layer. A dipping reflection (shown in red), interpreted to be a thrust fault,
terminates at the lower chert horizon near Shot Point (SP) 12287 and separates the two
packages of dipping horizons. The lower chert layer is visible west of the trench axis
beneath the dipping reflections to near SP 12100. The dipping reflections on Line 16-19
were not removed by migration tests and are also visible in stacked data, suggesting that
these are real features and not noise introduced by migration. A package of slope
sediments (yellow) covers the top of the deformed sediments at the toe, and we interpret
other pockets of thin sediments to the west. Interspersed with the dipping reflections are
discontinuous horizons with a near-horizontal or slightly east-dipping slope.

We interpret complete sediment subduction beyond the toe of the inner trench
slope along Line 53-54 (Region B) (Figure 2.11A). The wide trench floor is formed by
the subduction of a large graben complex and is underlain by ~0.5 km of oceanic
sediment. There is negligible trench fill. The top of the sediment package and both chert
layers are visible beneath the toe of the inner trench slope up to 10 km west of the trench
axis.

In Region D, both Lines 83-84 and 79-80 are characterized by highly faulted
incoming sediments ~0.5 km thick and a strong, faulted lower chert layer visible beneath
the toe of the slope (Figure 2.11B). Beneath the toe of the slope there are normal fault
offsets in the lower chert horizon and sediment layers. On Line 83-84 the incoming
sediment package thickens beneath the toe of the slope and reflections are slightly folded.
The lower chert layer shallows to the west through a series of stair-stepping normal

24



faults, reaching a high less than 9 km deep. We image both horizontal and low-angle
dipping reflections at the toe of the inner trench slope; however we are unable to resolve
coherent sediment packages west of the trench axis.

On Line 79-80 (Figure 2.11B) graben separated by SE-dipping normal faults
subduct beneath the inner trench slope. Reflections parallel to the faulted chert layer and
horizontal reflections are visible beneath the toe of the slope. There is no evidence for
thickening of the sediment package. Sediments and both chert layers subduct past the
trench, however, only the lower chert horizon can be resolved beyond 5-7 km west of the

axis.

Inner Trench Slope

The bathymetric map and profiles on Figure 2.4 illustrate along-strike variations
on the inner trench slope of the central Mariana system. In Region A the inner trench
slope is steep (~8.5°), with no visible faults or significant sediment east of the trench
slope break (SP 2900) (Figure 2.5). Further west on Line 22-23, high angle normal faults
offset seafloor and sediments less than 0.5 km thick in a 38-km wide basin between two
basement highs. In Region B, Line 16-19, which images forearc in between structural
highs, is characterized by nearly flat seafloor at ~4 km depth until ~35 km west of the
trench where it bends and plunges into the trench with a slope of ~6.5° (Figure 2.4).
Further south in Region B, profiles 2 and 53-54 show a more gradual descent along the
inner trench slope (~5.3°). On Line 53-54 a 0.8 km thick sediment package is visible
beneath and to the west of the flank of Celestial Serpentinite Seamount (Figure 2.2).
These sediments are overthrust by a mound buttressing Celestial Seamount to the east
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that is likely to be another serpentinite seamount [Oakley et al., 2007]. Basement
exposure begins near SP 5850 and continues down the inner trench slope (Figure 2.2).
On Line 57-58 (Region C), which crosses Celestial Ridge (the bathymetric high upon
which Celestial Seamount is built), we see a thin (<400m) section of forearc sediments
that pinches out near SP 2900, exposing basement on the trench slope break (SP 2600)
and down the narrow (20 km) inner trench slope (Figure 2.6).

Forearc morphology and profiles across it are distinctly different south of ~15°N
in Region D. A good example is Line 79-80 (Figure 2.7) which has no trench slope break
but instead slopes gradually from the forearc basin to a lower slope terrace (outlined by a
dashed line on Figure 2.4). This region lacks the large forearc highs present in the north.
There is a thin, <0.3 km, veneer of sediments draping the outer forearc.

Seismic and bathymetric profiles along the inner trench slope in Region D closely
resemble profiles across the Izu-Bonin forearc (Figures 2.8 and 2.9). The Izu-Bonin
region has a well-defined lower slope terrace with serpentinite seamounts. Line 79-80’s
profile is similar to that of Bonin Profile 1 which crosses Torishima Serpentinite
Seamount, and the section along Line 83-84 closely resembles Bonin Profile 2, whereas
Bonin Line 39 crosses the lower slope terrace between two serpentinite seamounts
(Figure 2.9). The lower slope terrace along both margins has little sediment cover. Aside
from the small high-angle normal faults offsetting sediments in a slope basin on Line 83-
84, there are no visible faults that would account for the subsidence or marked deepening

in these regions of the outer IBM forearc.
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Outer Mariana forearc and depths to the subducting plate

Several serpentinite seamounts located between 14°-18.5° N lie in a narrow swath
of forearc 30-70 km from the trench axis (Figure 2.1). We created a bathymetric profile
parallel to the trench axis and east of the line of serpentinite seamounts (shown in
crimson on Figure 2.4) to illustrate potential influences on the morphology of the forearc
from the subducting plate. The southward deepening trend along the trench axis in
Region D is roughly mirrored by the overriding forearc. In Regions A and C, shallow
trench morphology corresponds with highs on the outer forearc; however, not all of the
bathymetric highs visible on the forearc profile appear to correlate with highs on the
incoming plate such as the large (>2 km tall) feature at 17° 20 N in Region B. The origin
of this structure is unknown and it was not transected by our survey.

Beneath the outer Mariana forearc there is a prominent, low-frequency reflection
from the top of the subducting plate, visible on 17 seismic profiles (Figure 2.1). A
similar reflection is also imaged on Bonin Line 39 (Figure 2.9). On the MCS lines
shown, hollow circles represent depths to the top of the plate. In addition to the
subducted plate, on Line 83-84, at ~ 13 seconds TWTT, there is a prominent,
discontinuous reflection that may represent subducted Pacific Plate Moho (Figure 2.9).
On several seismic lines the top of the subducting plate is visible below the flanks of
serpentinite seamounts on the outer forearc, although it is not imaged directly beneath the
edifices (Figure 2.3).

We use our interpretations of depths to the top of the subducted plate across the
entire central Mariana forearc and depths to the lower chert layer on the Pacific Plate east
of the trench to map subducting plate morphology on both sides of the trench (Figures
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2.12 and 2.13). We plot depths across the Izu-Bonin Trench along with existing data
from the Tonga Trench for comparison (Figure 2.12A). The subducted plate along the
Izu-Bonin margin and the northern Tonga margin dips 10-11° beneath the forearc. The
top of oceanic crust on Tonga Line 84-12 is shallower and steeper (12°) beneath the
forearc than the other two lines. Unlike central Mariana, both Izu-Bonin and Tonga are
characterized by the subduction of large offset horsts and graben.

Along-strike the central Mariana margin there are variations in the profile of the
subducting Pacific Plate (Figure 2.12B). In Region A, the relatively smooth incoming
plate bends gently into the trench axis and a seamount locally increases the dip of the
outer trench slope. The plate reaches ~20 km depth beneath Big Blue Serpentinite
Seamount. Seismic Line 53-54 crosses from Region B into Region C (Figure 2.3). The
morphology of the incoming plate is typical of Region B; however, plate depths beneath
the outer forearc plot within Region C. Overall the plate is shallower in Region C likely
because of the subducting delCano ridge (Figures 2.3 and 2.6). Deformation caused by a
subducting bathymetric high is consistent with the shallower trench floor (Figure 2.4) and
the westward deflection of the trench axis seen in Region C (Figure 2.3). In Region D,
the outer trench slope on Lines 83-84 and 79-80 is steepened as the western flank of the
Victoria Guyot approaches the trench axis (Figure 2.3). The subducted plate on Line 79-
80 is slightly steeper and 1-2 km deeper than on Line 83-84 (Figure 2.12B). The seafloor
is deepest in this region of the outer Mariana forearc, providing the best and most
extensive images of the subducted plate un-obscured by the seafloor multiple (Figures 2.7
and 2.9). On Line 79-80, the subducted plate penetrates 22 km depth within a distance of
70 km from the trench, illustrating that the plate, along with the trench, is also deepest in
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Region D. Across the central Mariana margin, the subducting plate dips 9-12° beneath
the serpentinite mud volcanoes. Depth to the plate beneath the base of the serpentinite
seamounts decreases from ~17 km (Big Blue) to 7 km (SS) with shallowest depths closest
to the trench (Figure 2.12B).

The regional variations in morphology of the Pacific Plate subducting beneath the
central Mariana Forearc are well illustrated in 3D (Figure 2.13). The subducted plate is
not a simple curvi-planar surface. Although the dip of the plate beneath the outer forearc
is relatively constant across the 4 regions (9-12°) (Figure 2.12B), there are isolated highs
and regional undulations. The plate is shallowest in Region C, west of the delCano

Guyot, and deepest in Region D beneath the lower slope terrace.

Discussion

Flexure of the incoming Pacific Plate and its failure at the Mariana Trench graben
The Pacific Plate with its superposed seamounts is offset by plate flexure normal
faults (Figures 2.4, 2.8 and 2.13). Normal faults begin near the 6 km depth contour at
~55 km and ~95 km east of the trench on Lines 53-54 and 22-23 respectively (Figures 2.2
and 2.4). Where the Pacific Plate fabric strikes more than 25° from trench-parallel (e.g.,
north of ~17° 40'N), new faults are formed during bending, whereas abyssal hill faults are
preferentially reactivated when this angle is less than 25° (Figures 2.1 and 2.4), as is seen
globally [Billen et al., 2007]. In Region B we observe both reactivated abyssal hill fabric
and new trench parallel faults as a function of the changing azimuths of the trench axis

and plate fabric (Figures 2.1, 2.3, 2.4 and 2.13).
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Bending related faults begin ~100 km east of the trench on Bonin Line 39, again
near the 6 km contour (Figure 2.8). In contrast to the Mariana system, nearly all of the
flexural faults along the Izu-Bonin Trench are sub-parallel to the axis, consistent with the
observation that magnetic anomaly lineations strike sub-perpendicular to the trench
[Nakanishi et al., 1992a] and therefore abyssal hill fabrics are not reactivated. A large
relief NNW trending graben south of 31° 25’ N is an exception to this and is likely a
reactivated fracture zone (Figure 2.8).

Flexural fault offsets along the Izu-Bonin margin are commonly ~500 meters,
similar to large-offset horsts and graben in other margins like Middle America and Tonga
[Bodine and Watts, 1979; Lonsdale, 1986; Ranero et al., 2003], whereas, in the Mariana
system, outside of the trench graben, maximum offsets are rarely 300 meters (compare
Figures 2.4 and 2.8).

Large normal fault offsets (500-700 m) of the subducting plate in the Mariana
system occur typically within £ 10 km (maximum 15 km) of the trench axis (Figures 2.1,
2.4, and 2.11). The Mariana Trench axis is commonly a graben (Figures 2.2, 2.4 and
2.11). There is an abrupt change in Pacific Plate dip from <4° (mostly <2°) at ~10 km
east of the trench axis to >8° by 10 km to the west (Figure 2.12B). This significant
change of dip in such a short distance relative to the plate flexural wavelength suggests
that the plate fails rather than simply bends under the applied loads. We infer that the
trench graben is the surficial structural expression of plate rupture which has been
proposed to occur in response to the pull of the downgoing slab (e.g. [Kanamori, 1971;

Abe, 1972; Kanamori, 1986; Ammon et al., 2008]. We are unable to image the normal
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faults to depth and we do not have any direct evidence of the corresponding mid-lower
plate failure mechanism.

The Izu-Bonin Trench axis is also a graben (Figures 2.8 and 2.9), however, the
abrupt change in plate dip occurs ~20 km east of the trench axis (Figure 2.12A). This is
also true along the Tonga Trench. Large offset horsts and graben occur along the outer
trench slope in Tonga and Izu-Bonin but are not restricted to within 10 km of the trench
axis as we observe in Mariana (Figure 2.12). For all three intra-oceanic margins the
change in the dip of the incoming plate corresponds to the formation of large offset
graben. We propose that for these margins the sharp change in plate dip corresponds to
the creation of large offset normal faults where the plate fails rather than flexes (e.g.
[Kanamori, 1971; Abe, 1972]).

Seismic reflection data from New Zealand along the Hikurangi Subduction Zone
show a kink in the subducting Pacific Plate at ~120 km from the trench axis [Henrys et
al., 2006]. The change in dip of the plate (from 3° to >15°) coincides with the onset of
intraplate seismicity. Earthquakes near the plate interface have low-angle thrusting
mechanisms, whereas focal mechanisms show normal faulting events within the crust of
the subducting plate. Henrys et al. [2006] propose that the sharp change in dip of the
subducting plate is caused by simple shear on reactivated steeply dipping normal faults
“akin to the down-stepping motion of an escalator.”

Pacific Plate subduction along the Japan Trench is also characterized by a sharp
change in plate dip [Ito et al., 2004; Ito et al., 2005; Fujie et al., 2006]. This increase in

dip (from 5°-13°) occurs approximately 70-80 km landward of the trench axis [Fujie et

31



al., 2006] and corresponds with the updip limit of rupture zones of large earthquakes [Ito
et al., 2005].

The kinks in plate dip (Hikurangi, Tonga, IBM, and Japan), and the few great
(>M&8) normal faulting earthquakes at subduction zones (Sanriku, 1933; Sumba, 1977;
Kuril, 2007) occur seaward of the updip limit of rupture zones of large earthquakes or in
regions of weak seismic coupling, where and/or when slab pull forces can operate
unimpeded by interplate frictional coupling on the subducting plate (c.f. [Ammon et al.,

2008)).

Inputs to the Mariana Subduction Factory

In order to correctly quantify the inputs delivered to the Mariana subduction
factory, we need to understand the processes (subduction, accretion, erosion, and
underplating) that affect the toe of the system. Our interpretation of Lines 53-54 and 79-
80 suggests complete subduction of the entire ~0.5 km thick sedimentary section (Figures
2.11A, B). There is no current offscraping at the toe of the slope. The trench floor is
deep (>8 km) and wide and contains little to no ponded sediment.

The toe of the slope on Lines 16-19 and 83-84 show evidence for sediment
accretion in Regions B and D (Figures 2.11A, B). On Line 83-84 sediments within a
graben beneath the distal toe of the slope are folded and thickened, indicating horizontal
compression. The presence of low-angle, arcward-dipping reflections suggests that some
material above the lower chert layer may be incorporated into thrusts and accreted. On
Line 16-19, the top 10-20 m of sediment is off-scraped at the distal edge forming a small

accretionary wedge. The upper chert layer subducts beneath the outer toe, but may
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become underplated further toward the arc where a larger fault offsets sediments down to
the lower chert horizon (Figure 2.11A). Arcward-dipping reflections between SP 12100-
12250, suggest that thrusting occurs west of the toe of the slope.

DSDP Site 461 was drilled 20.5 m into a small ridge at the base of the inner
trench slope on Line 16-19 (Figures 2.1 and 2.11A). DSDP Leg 60 scientists inferred,
based on the island-arc affinities of the materials recovered, that the ridge is part of a
large slump extending into the trench [Hussong and Uyeda, 1981b]. The discovery of
calcareous sediments at Site 460 (also along the inner trench slope below the modern
CCD) (Figure 2.1), led them to propose that significant subsidence has occurred on the
outer Mariana Forearc, implying erosion of the margin [Hussong and Uyeda, 1981b].
We conclude however, based on the current evidence for accretion at the toe and the low-
angle dipping reflections within the ridge on Line 16-19, that it is primarily an
accretionary structure made up of thrust packages of accreted sediments. Thin slope
sediments are present in isolated packages along the inner trench slope and on top of the
accretionary wedge. It is likely that Leg 60 drilling only penetrated these sediments,
which would be mostly material derived from exposures on the upper part of the inner
trench slope and transported downslope. Near-horizontal to E-dipping reflections imaged
within the wedge may be created by slope sediments or slump packages of slope
sediments (Figure 2.11A). Our interpretation does not support subsidence and erosion in
Region B.

Although the interpretation of accretion of sediments less than 1 km thick along
Line 16-19, and possibly along 83-84, appears inconsistent with the global trend seen by
von Huene and Scholl [1991] and Clift and Vannucchi [2004], this may be a question of
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scale. Small-scale accretion at the toe of the inner trench slope does not classify the
central Mariana margin as accretionary. Subduction in the Mariana system began 50
million years ago [Taylor, 1992; Cosca et al., 1998]. If the entire sedimentary section
above the lower chert layer (~0.25-0.5 km thick) was consistently accreted over this time
we would expect to see a much larger accretionary prism along the Mariana Trench. For
example we can calculate the potential size of an accretionary wedge along the central
Mariana subduction zone using the method described by von Huene and Scholl [1991].
Assuming an average subduction rate of 45 km/ma over the last 50 Ma, and complete
accretion of a 0.25 km thick sediment package with an average initial porosity of 40%,
the accretionary prism would cover 337.5 km*/km of trench. The size of the small prism
along Line 16-19 is less than 20 km?, suggesting that this is not a long-lived or constantly
accreting feature. The only evidence for accretion in the Mariana subduction zone is at
the toe of the inner trench slope and these small accretionary prisms are likely to be
ephemeral features. We found no evidence for thrusting further upslope.

We interpret the horizon representing the lower chert layer to be subducting
beneath the toe of the forearc throughout the study area. This layer is not offset by thrust
faults, therefore we assume that it, along with any sediment (volcaniclastics/claystones)
between chert and igneous basement, are subducting along all four regions of the central
Mariana Trench. Our data do not image sediments farther than ~10 west of the trench,
therefore it is possible that sediments subducting beyond the toe of the slope may become
underplated beneath the forearc. However, the sediment section entering the Mariana
Trench is thin and geochemical data from the active arc argue against underplating. Both

subducted sedimentary and oceanic crustal components are identifiable in erupted
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Mariana arc basalts, and the basalts follow the global trend in Ba sediment input vs. Ba
arc output [Elliott et al., 1997], suggesting that at least some Pacific Plate sediments
reach the zone of magma generation.

Our interpretations show that, with the exception of small-scale accretion at the
toe of Line 16-19, the entire incoming sedimentary section is being subducted beyond the
forearc region. These interpretations and comparison with the drilling results from IODP
Hole 801C in the Western Pacific allow us to quantify the inputs to the Mariana
subduction system (Figure 2.10). The thickness of the incoming sediment section on the
Pacific Plate between 14° and 19° N ranges from 0.5 to 2 km. Oceanic crust in Region B
is 6.8 km thick, compared with 5.3 km near 18°N in Region A and 6 km in the [zu-Bonin
region. Ifthe lower chert layer on Line 79-80 (Figure 2.10) is in contact with or
representative of the top of oceanic crust, then crustal thicknesses in Region D are also ~7
km. The thickened crust may be related to the numerous, large seamounts in these
regions (Figure 2.1). Igneous intrusions can locally thicken the crust and/or large
seamounts may depress Moho.

Along Line 53-54, in Region B, the complete sediment section (likely similar to
that described above for Hole 801C), along with ~7 km of oceanic crust are being
subducted. The average water content and porosity, calculated from measurements of
wet and dry weights and dry volume, of the sedimentary section drilled at Site 801 are
22% and 40% respectively [Shipboard Scientific Party, 1990]. Based on these numbers
and assuming complete compaction by 15 km depth, Im? of 500 m thick subducted
Pacific Plate sediment will lose 107-195 g of water. Schmidt and Poli [1998] suggest that
a vertical, 1m” section of 7 km-thick oceanic crust releases 8 £ 2 x 10° g H20/ km depth
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from 20-70 km. In addition, fault planes formed by plate flexure may create pathways
for fluid to enter the subducting oceanic crust; however, this amount is difficult to
quantify [Ranero and Sallares, 2004]. The top of the subducted Pacific Plate is ~20-22
km deep near the majority of the larger serpentinite seamounts (e.g. Big Blue, Turquoise
and Peacock). The amount of water released by pore space compaction of incoming
sediments is insignificant compared to the amount of water contained in the subducting
altered igneous oceanic crust. However, if the oceanic crustal section does not begin to
dewater until depths greater than 20 km [Schmidt and Poli, 1998], then the incoming
sediment section controls fluid release beneath the outer forearc (Figure 2.12B).
Therefore, complete accretion of the sedimentary section above the lower chert layer, as
seen along Line 16-19, will result in a local decrease in the amount of water released
beneath the serpentinite seamounts.

Although the subducted Pacific Plate is nearly vertical beneath the Mariana Arc,
its dip is shallow more than 80 km west of the trench, which has a large effect on
estimates of the amount of water released beneath the outer forearc and the amount of
mantle wedge that is hydrated. In their recent publication, Savov et al. [2007] use a
subduction angle of 20°, extrapolated from earthquake seismicity [Stern et al., 2003], to
calculate the volume of mantle beneath the Mariana Forearc. Our results show that the
dip of the subducting plate does not exceed 12° more than 80 km west of the Mariana and
Izu-Bonin Trenches (Figure 2.12). The velocity models used to depth convert our MCS
data were based on seismic refraction studies across the Mariana and [zu-Bonin Forearcs
[LaTraille and Hussong, 1980; Kamimura et al., 2002; Takahashi et al., 2007]. The
Takahashi model is coincident with Line 53-54 which allowed us to relate layer
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thicknesses and velocity gradients in the model directly to the seismic data (Figure 2.2).
Our estimates of subducting plate geometry determined from these depth sections are
more accurate than previously published values based solely on earthquake data. Savov
et al’s [2007] use of a plate dip 8° greater than our calculations results in a significant
overestimate of the thickness of the mantle wedge between the plate and the forearc crust

and the amount of water released beneath the serpentinite seamounts.

Subducting Pacific Plate seamounts and the inner trench slope

New data from the Mariana subduction zone provide an excellent example of
active seamount subduction (Figures 2.5, 2.6 and 2.13). The seamounts near Lines 22-23
(Region A) and 57-58 (Region C) are in a similar stage of subduction to the Daiichi-
Kashima Seamount in the Japan Trench [Lallemand et al., 1989]. The toe of the inner
trench slope is uplifted as the flank of a seamount begins to subduct (see Figure 2.10b in
[Yamazaki and Okamura, 1989]). Forearc material is translated arcward and upward,
resulting in the westward migration of the trench axis in map view (Figure 2.13). When
the seamount has subducted completely, the oversteepened inner trench slope will slump
and deform until it reaches a stable condition [Lallemand and Le Pichon, 1987; von
Huene and Culotta, 1989]. Slumped sediments from the upper slope that reach the trench
may be reaccreted to the margin, or subducted, effectively removing material from the
overriding plate. The trench floor is shallowest in Region C, possibly because of
slumped material from the oversteepened inner trench slope, as well as the presence of

deformed incoming seamounts.
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The inner trench slope along the central Mariana system is primarily composed of
forearc basement with little sediment cover except in isolated pockets. We did not image
any large faults. According to Bloomer and Hawkins [1983], serpentinized ultramafic
rocks are an important component of the inner slope as they occurred in 10 of 19 dredges
ranging from the bottom of the trench up to the trench-slope break. Dredges reveal ~40%
serpentinized ultramafic rocks from the inner slope in Regions A and B between Lines
22-23 (SP 2400-2500) and 16-19 (SP 12100-12200) and in Region D near 16° 45°N
[Bloomer and Hawkins, 1983] (Figure 2.1). These may be derived from serpentinite mud
volcanoes upslope in these areas (e.g. Big Blue, Peacock, Blue Moon). Alternatively,
there may be some mantle outcrops along the inner trench slope.

Sedimentation on the outer Mariana forearc is sparse and therefore we have no
seismic resolution to answer the question of underplating vs. erosion along the inner
trench slope. However, stratigraphic relationships in the inner forearc basin indicate that
the forearc in Region D is currently subsiding and tilting toward the trench [Chapp et al.,
2005; Chapp et al., Submitted]. This subsidence is relatively recent as evidenced by the
onlap of Quaternary sediments onto older, trenchward-tilting, forearc basin sediments.
The presence of subsidence in the southern forearc suggests that there is no significant
underplating taking place beneath the outer forearc. The forearc subsidence and
trenchward tilting of Region D could result from the removal of material from the
underside of the forearc or the deepening of the subducting plate due to a change in dip.

The presence of the lower slope terrace on the Izu-Bonin Forearc and Region D of
the Mariana Forearc is not well understood. There are no obvious faults on Lines Bonin

39, 79-80 or 83-84 that would account for the creation of the lower slope terrace,
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although a distinct break in slope is visible on the bathymetry (Figures 2.4 and 2.8). Our
data show that the subducting Pacific Plate is ~2 km deeper in Region D than in Region
A, and plate depths beneath the Izu-Bonin Forearc are ~0.5-1.5 km deeper than in
Mariana (Figure 2.12). In Region D and along the [zu-Bonin margin, the incoming
Pacific Plate is deeper, the outer trench slope is steeper and the abyssal hill fabric is
parallel to the trench, creating larger offset flexural faults (Figures 2.4, 2.8, 2.13 and
2.14). The creation of the lower slope terrace and the deepening of the forearc may be
related to the geometry of the plate, specifically its increase in depth on both sides of the
trench. The 2 km deepening of the subducted plate in Region D would allow for the
subsidence seen in the southern Mariana forearc basin; however the plate on Line 79-80
is a kilometer deeper than on 83-84 without a corresponding change in forearc
bathymetry suggesting that local variations in subducted plate geometry alone may not
account for the formation of the entire lower slope terrace and the subsidence.

In Region D, serpentinite velocities (1505 m/s plus a vertical gradient of 1400
m/s/s) were used to depth convert the wedge above the subducting plate reflection,
including the possible serpentinite seamount, on Lines 79-80 and 83-84. These velocities
successfully corrected for velocity pull-up along the plate reflection, suggesting that
much of the lower slope terrace may be composed of serpentinite material.

Previous work inferred that the Mariana forearc has responded to the collision of
oceanic plateaus and seamounts with vertical tectonism [Fryer and Fryer, 1987; Fryer et
al., 1995], and highs along the trench floor correspond well to highs on the outer forearc
in both Regions A and C (Figure 2.4). However, although there are numerous normal

faults on the forearc, there is no direct correlation between subducting seamounts and
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ridges and forearc deformation. In fact, in regions like the Celestial Ridge where we
might expect to see large faults bounding blocks on the forearc above a subducting ridge,
no faults are visible (Figures 2.1 and 2.3). The subducted Pacific Plate is shallowest in
Region C beneath Celestial Ridge (Figures 2.12 and 2.13). However, there is no apparent
onlap or other evidence in the sediments for recent tilting; therefore it is unclear whether
or not there is a link between the subducting seamount chain and this outer forearc high.
The lack of evidence for disturbance of the upper plate in response to the
subduction of seamounts is surprising. The incoming Pacific Plate includes numerous 2-
3 km high seamounts and it is reasonable to infer that the Mariana system has been and
will continue to be affected by the subduction of these features (Figures 2.1 and 2.13).
Despite this, we do not see direct bathymetric evidence in the forearc (west of the toe of
the slope) of the subduction of seamounts. In other regions of the world, subducting
seamounts uplift the forearc and leave large reentrants and grooves in their wake as they
plow through the inner trench slope disturbing and removing material (i.e. Nankai
Trough, Japan Trench, Costa Rica and Tonga [Ballance et al., 1989; Yamazaki and
Okamura, 1989; Dominguez et al., 1998; Ranero and von Huene, 2000]. Lallemand and
Le Pichon [1987] show that along the Japan Trench, the subduction of a 1.5 km high
seamount caused 1 km of uplift and a 7-km reentrant. Although seamounts of this size
are currently subducting in Region A, DSDP Leg 60 scientists found no evidence for
kilometric uplift or subsidence at Site 458, south-west of Big Blue Serpentinite Seamount
(Figure 2.1), suggesting long-term stability in this area of the Mariana Forearc [Hussong

and Uyeda, 1981b].

40



The Mariana Forearc is home to the only known active serpentinite mud
volcanoes in the world [Fryer and Hussong, 1981; Taylor and Smoot, 1984; Fryer and
Fryer, 1987; Horine et al., 1990; Fryer and Mottl, 1992] and the Mariana margin lacks
great earthquakes (M>8) common in other subduction zones [Forsyth and Uyeda, 1975;
Ricard et al., 1988; Huang and Okal, 1998; Hyndman and Peacock, 2003], suggesting
that the presence of a serpentinized outer forearc changes friction properties at the plate
boundary. Hyndman and Peacock [2003] propose that serpentinite present at the base of
the mantle wedge in the forearc may decrease the coupling between the subducting plate
and mantle wedge. The apparent lack of significant deformation of the Mariana Forearc
crust by the subduction of large Pacific Plate seamounts may also be the result of a weak
serpentinized mantle wedge. In addition, seamounts on the incoming plate are
sequentially fractured with increasing offsets as they near the trench axis graben (Figures
2.5,2.6,2.7 and 2.13). The dip of the subducted plate increases by a minimum of 7°
within each region of the central Mariana margin as it passes through the trench (Figure
2.12). This abrupt change in plate dip near the trench axis, along with the degradation of
the subducting seamounts, may explain why we do not see significant deformation along

the inner trench slope.

Serpentinite seamounts, forearc mantle and the subducting plate

Serpentinite mud volcanoes form by the eruption of hydrated forearc mantle. The
degree of serpentinization of the forearc mantle wedge is directly related to the amount of
water that chemically interacts with mantle peridotite. Forearc mantle lies ~9 km below

Celestial Serpentinite Seamount, 64 km from the trench axis [Takahashi et al., 2007].
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This region of the forearc lies at the trench-ward edge of the refraction study and at the
edge of good resolution. The Moho inferred from the refraction data is not visible on
coincident MCS reflection data. If we run a trend line through Moho depths along the
Takahashi et al. (2007) refraction line toward the trench, it intersects with the subducting
plate ~20-30 km west of the trench at ~11 km depth (Figures 2.12B and 2.14). The
majority of serpentinite seamounts on the Mariana Forearc are located ~50-70 km west of
the trench where there is ~3- 7 km of mantle above the subducting plate and below 8-10
km thick forearc crust (Figure 2.12B).

The deep lower slope terrace in Region D may be home to the most trench-
proximal serpentinite seamount in the Mariana system, analogous to serpentinite
seamounts on the Izu-Bonin forearc [Horine et al., 1990] (Figures 2.8 and 2.12A). The
mound imaged on Line 79-80 and in the bathymetry is located approximately 30 km west
of the Mariana Trench, near the plate-mantle intersection (Figure 2.12B). With no
samples, nor further constraints on the velocity/density structure, and limited seismic
coverage, we can not be certain that this feature is a serpentinite seamount; however, the
presence of serpentinite material in dredges to the north suggests that this is not an

unreasonable hypothesis.

Summary

Based on new MCS and bathymetry data, we created a cross-section showing the
important features of Pacific Plate subduction beneath the central Mariana Forearc
(Figure 2.14). Our data elucidate important attributes and along-strike variations of the

Izu-Bonin-Mariana subduction zone. Oceanic crustal thicknesses along the incoming
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Pacific Plate are 6 km east of the Izu-Bonin Trench (near ODP Site 1149D) and range
from 5.3-7 km along the central Mariana margin (14°-19° N). The Pacific oceanic crust is
thinly sedimented (0.3-0.5 km) except near seamounts where presumed volcaniclastic
sediments increase total thicknesses to 2 km. We observed a seismic reflection near the
top of the incoming plate that we correlate with the lower chert layer described in DSDP
and ODP drilling results (e.g. Legs 60, 129, and 185). MCS and swath bathymetry data
show that flexure of the incoming plate forms normal faults beginning up to 100 km east
of the IBM trench axis. Normal faults that trend obliquely to the Mariana Trench are
formed by the reactivation of inherited tectonic fabric striking <25° to the trench. New,
trench parallel bending faults are created where the tectonic fabric strikes >25°. Flexural
faults along the Izu-Bonin margin are primarily trench-parallel. Bathymetry and MCS
profiles show that the incoming plate east of the trench axis is deformed by larger offset
horsts and graben in the Izu-Bonin and Tonga subduction zones than in Mariana. The
largest fault offsets along the central Mariana margin (0.5-0.7 km) occur along the trench
axis, which is commonly a graben. In Mariana a significant change in the dip of the
incoming plate from <4° (commonly <2°) to >8° occurs within ~10 km of the trench axis.
Along the Izu-Bonin and Tonga margins, a similar increase in subducting plate angle
occurs ~20 km east of the trench. In all three regions of weak interplate seismic
coupling, the abrupt change in dip of the incoming Pacific Plate corresponds to the
formation of large offset graben that likely indicate that the plate has failed rather than
simply bent. Similar plate kinks beneath the Japan and Hikurangi forearcs occur seaward

of the updip limit of the rupure zones of large earthquakes. The Mariana Trench graben
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and all the plate kinks are likely the result of slab pull stresses breaking the subducting
plate.

In the central Mariana system, seamounts on the subducting Pacific Plate enter the
trench axis at 16°N and 18°N and result in the uplift of the toe of the forearc and
shallowing and westward migration of the trench axis. There is evidence from the toe of
the inner trench slope for both subduction and small-scale accretion of Pacific Plate
sediments along the Mariana Trench. In all regions of the central Mariana margin the
lower chert layer and any sediment between chert and basement subduct beyond the outer
forearc. Small accretionary complexes at the toe of the slope are likely to be ephemeral
features. We agree with previous work that there has been no long-term sediment
accretion in the central Mariana system. The Mariana inner trench slope primarily
exposes igneous basement and is covered by discontinuous pockets of thin slope
sediments. No large faults were imaged. Unlike other margins subducting large
bathymetric highs, west of the toe of the slope we see no direct evidence for disturbance
of the upper plate by seamount subduction. This is a surprising conclusion considering
the number and size of seamounts visible on the incoming plate and in the trench axis.
The apparent lack of significant deformation of the outer Mariana Forearc in response to
seamount subduction may be the result of a weak serpentinized mantle wedge and/or
progressive fracturing and degradation of the incoming seamounts as the subducting plate
breaks and increases in dip as it passes through the trench graben.

There is no evidence for significant underplating of sediments beneath the outer
Mariana forearc. Subsidence in the southern forearc may reflect basal erosion or an
increased depth/dip of the subducted plate. Depths to the top of the subducting plate are
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deepest along Bonin Line 39 and in Region D of the Mariana Forearc. The formation of
the lower slope terrace in these regions may be related to the increased depth of the
subducting plate on both sides of the trench. We identified a possible serpentinite
seamount on the lower slope terrace in Region D. This seamount, located only 30 km
west of the Mariana Trench, may be analogous to serpentinite scamounts on the outer
Izu-Bonin Forearc. The MCS data show that the subducting plate dips 9-12 degrees
beneath the serpentinite seamounts on the Mariana and Izu-Bonin Forearcs. In Mariana,
the majority of the serpentinite seamounts are located ~50-70 km west of the trench and

overlie 8-10 km of forearc crust and a thin (3-7 km) mantle wedge.
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Appendix: Methods

The MCS processing sequence applied to all lines is listed in Table 2:1.
Table 2:1: 2D Processing Sequence (using ProMAX)

Resample to 4 ms

Edit Bad Traces

Geometry

Sort to Common Mid-Point Gathers (CMP) at 6.25 m
Bandpass Filter (4-6-60-70 Hz)

Velocity Analysis

Normal Moveout correction

Top Mute

Bottom Mute

Pre-stack Deconvolution (to remove air-gun bubble pulse)
Radon Velocity Filter

CMP ensemble stack

Windowed F-K filter below multiple

Bottom mute just above multiple

Stolt F-K time migration

Automatic Gain Control

Time-varying Bandpass filter

Post migration depth conversion

Top mute for display

We interpret a strong, continuous reflection visible on all of the Mariana MCS
lines over the Pacific Plate at ~0.25-0.5 km below seafloor to be correlative with the
lower chert layer identified at ODP Site 801 (318-462 mbsf) and use this horizon to
indicate the top of the subducting plate. We trace the geophysical contact between the
incoming Pacific Plate and the overriding forearc arcward from the trench. Beneath the
outer forearc we interpret a prominent, normal polarity, low-frequency reflection to be
the top of the subducting plate. This reflection is visible on 17 MCS lines; including two

from an R/V Robert Conrad seismic reflection survey in 1976 (Figure 2.1). On the final

depth converted sections, we picked depths of points along the reflection at the top of the
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subducting plate (plate-depth picks) beneath the Mariana forearc with an estimated
vertical measurement uncertainty of 1 km (Figure 2.3). Based on our confidence in the
plate-depth picks we classified them as A or B. A-picks were reproduced during iterative
interpretations by at least two of the authors. B-picks represent areas along the plate
reflection where interpretations differed between authors, imaging was low quality,
and/or no cross-lines were available for comparison. In Figure 2.12 A-picks are plotted
by MCS line number and B-picks from all lines are grouped. 3D images of the subducted
plate surface and contours were created in ArcGIS using a Cokriging method which
incorporated satellite gravity data and plate-depths picks (Figure 2.13). The gravity data
were used to constrain variability between the picks and improve the interpolation of the
plate surface.

We present bathymetry along existing MCS tracks (labeled by line number) as
well as artificially generated profiles (Figures 2.4 and 2.8). These profiles are parallel to

the track lines and display bathymetry where we have no MCS coverage.
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Figure 2:1: Regional location map. PSP= Philippine Sea Plate, PP= Pacific Plate,
IBM=lzu-Bonin-Mariana Trenches, MT= Mariana Trough, WMR= West Mariana
Ridge, PVB= Parece Vela Basin, PKR= Palau-Kushu Ridge, WPB= West
Philippine Basin. Bathymetry of the central Mariana arc-trench system from
combined surveys, sunlit from the east, showing EW0202 seismic lines.
Interpreted lines are shown in red. Pacific Plate magnetic lineations from
[Nakanishi et al., 1992a] are drawn in white.
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Figure 2.3: Highlighted Mariana forearc bathymetry showing the location and depths of
all picks along the subducting Pacific Plate chert layer and top of plate reflection from 17
MCS reflection profiles. The serpentinite seamounts on the outer forearc and named
seamounts on the Pacific Plate are labeled.
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Figure 2.10: Portions of seismic lines showing Pacific Plate inputs. Locations of
Mariana blowups are shown on Figures 2.1, 2.2, and 2.7.
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Figure 2.11A : Depth and interpreted depth sections (2x) across the toe of the
lower trench slope along Lines 16-19 and 53-54 in Region B of the Mariana
Trench. The upper and lower chert horizons are visible on each line. Line 16-19
shows thickening and accretion at the toe of the slope. There is complete
sediment subduction along Line 53-54.
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Figure 2.11B. Lines 83-84 and 79-80. Incoming Pacific Plate sediments and both
chert layers are offset by normal faults.
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Figure 2.12: The incoming Pacific Plate chert layer and top of subducted plate
plotted in depth vs. distance from the trench by MCS profile number. A. 1zu-
Bonin and Tonga Trenches. B. Central Mariana Trench by region (defined on
Figure 2.3). Pacific Plate Moho is visible on Lines 79-80, 83-84, 53-54 and 22-23.
Green triangles represent the base of the serpentinite seamounts: BB= Big Blue,
Tq= Turquoise, C=Celestial, P=Peacock, BM= Blue Moon, SS= Possible
Serpentinite Seamount, T=Torishima Seamount, S= Sumisu Seamount. Black
lines are representative bathymetric profiles across the forearc in each region
(source profile is shown in bold). Subducting plate dips are labeled. Forearc
bathymetry along Line 53-54 and Moho from the refraction line of Takahashi et
al. (2007) are shown in Region C. Moho is extrapolated to Region B (dashed
orange line).
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Figure 2.13: 3D images of the subducting Pacific Plate. Black dots represent top
of plate-depth picks and Pacific Plate chert layer picks. Contours and subducting
plate surface were created in ArcGIS. Contour interval=1km. VE=3x.
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Chapter 3: Emplacement, Growth, and Gravitational Deformation of
Serpentinite Seamounts on the Mariana Forearc

This chapter was originally published in Geophysical Journal International. The full
reference is:

Oakley, A. J., B. Taylor, P. Fryer, G.F. Moore, A.M. Goodliffe, and J.K. Morgan (2007),
Emplacement, Growth, and Gravitational Deformation of Serpentinite Seamounts on the
Mariana Forearc, Geophys. J. Int., 170, 615-634.

It is produced herein courtesy of Blackwell Publishing, who is the sole copyright holder.

Summary

Serpentinite seamounts, representing some of the first material outputs of the
recycling process that takes place in subduction zones, are found on the outer Mariana
forearc. Multi-channel seismic (MCS) and bathymetric data collected in 2002 image the
large-scale structures of five seamounts, as well as the pre-seamount basement geometry
and sediment stratigraphy. We present data from three edifices that provide insights into
seamount growth and internal deformation processes and allow us to support the
interpretation that serpentinite mud volcanoes are formed by the episodic eruption of
mudflows from a central region. The presence of thrust faulting at the base of Turquoise
and Big Blue Seamounts, along with the low surface slopes (5-18°) of all the seamounts
studied, lead us to infer that these edifices spread laterally and are subject to gravitational
deformation as they grow. Numerical simulations using the discrete element method
(DEM) were used to model their growth and the origins of features that we see in MCS
sections, such as basal thrusts, inward-dipping reflections and mid-flank benches. The
DEM simulations successfully reproduced many of the observed features. Simulations

employing very low basal and internal friction coefficients (~0.1 and ~0.4, respectively)
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provide the best match to the overall morphology and structures of the serpentinite
seamounts. However the simulations do not capture all of the processes involved in
seamount growth, such as withdrawal of material from a central conduit leading to
summit deflation; compaction, dewatering and degassing of mud flows; mass wasting in
the form of sector collapse; and growth upon a dipping substrate. A strong reflection
beneath the summit of Big Blue, the largest serpentinite seamount in the Mariana
Forearc, represents the floor of a summit depression that has been partially in-filled by
younger muds, supporting the idea that serpentinite seamounts grow by episodic mud
volcanism. Boundaries of mud flow units are visible in bathymetric data and as normal
polarity, sub-horizontal reflections on seismic profiles. Big Blue Seamount displays
complex nesting relationships as it merges with other seamounts to form a large,
composite edifice. Flank flows of serpentinite muds on Big Blue and Celestial
Seamounts downlap pre-existing forearc substrate. The interface between serpentinite
seamounts and the underlying forearc sediments is represented by a reverse polarity
reflection beneath Big Blue and Celestial Seamounts, suggesting that the substrate is
under-compacted/over-pressured and may be a zone of fluid migration. DEM
simulations suggest that this boundary represents a distinct décollement along which the
seamounts slide laterally. In contrast, Turquoise Seamount grows laterally, not by stable
sliding along the top of forearc sediments, but by incorporating them into large basal

thrusts.
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Introduction

Oceanic lithosphere is recycled at subduction zones where, with increasing
pressure and temperature, compaction, prograde metamorphism and partial melting
release fluids into the overriding plate [Morris et al., 1990; Bebout and Scholl, 1996;
Tatsumi, 2005]. Hydrous fluids liberated beneath the forearc partially serpentinize the
overlying mantle peridotite [Peacock, 1990; Mottl, 1992; Schmidt and Poli, 1998;
Hyndman and Peacock, 2003; Rupke et al., 2004]. Protrusions of hydrated mantle form
serpentinite seamounts on the outer forearc of the [zu-Bonin-Mariana (IBM) intra-
oceanic subduction system [Fryer and Hussong, 1981; Taylor and Smoot, 1984; Fryer
and Fryer, 1987; Horine et al., 1990; Fryer and Mottl, 1992]. Composed of serpentinite
muds with entrained ultramafic and mafic clasts, the seamounts expose at the surface
forearc mantle and crustal components that originated at depths greater than 20 km
[Maekawa et al., 1995; Fryer et al., 2000; Gharib, 2006]. Active carbonate and Mg-
silicate chimneys and cold-fluid seeps at the summits of many of the serpentinite
seamounts provide samples of the chemical precipitates and fluids that result from initial
slab de-volatilization and supra (above)-slab reactions [Fryer et al., 1985; Haggerty,
1987; Mottl, 1992; Moittl et al., 2003; Straub and Layne, 2003]. Serpentinite seamounts
have not yet been found in other active forearcs, but they do have ancient analogs in
former convergent margins such as the California Coast Ranges [Hess, 1955; Lockwood,
1971;, 1972; Fryer and Fryer, 1987; Macpherson et al., 1990; Fryer et al., 2000].
Understanding how, when and where these seamounts are emplaced is important to

correctly characterize the flux of material through the subduction system.
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Several researchers have proposed models for the mechanism of emplacement and
growth of serpentinite seamounts. Some proposed that serpentinite seamounts are blocks
of serpentinized mantle exposed by normal faulting in the forearc [LaGabrielle et al.,
1992]. Others have interpreted the seamounts to be mud volcanoes, i.e., low density,
buoyant mud and slab-derived fluids extruded onto the seafloor along extensional faults
[Fryer, 1992b; Fryer and Mottl, 1992; Mottl, 1992; Phipps and Ballotti, 1992]. This
interpretation is a refinement of the original diapir model that was based on the density
contrast between serpentinized material and surrounding crust and mantle [Lockwood,
1972; Fryer and Hussong, 1981; Bloomer and Hawkins, 1983; Fryer et al., 1985; Horine
et al., 1990; Haggerty, 1991; Phipps and Ballotti, 1992].

Multi-channel seismic (MCS) reflection and bathymetric data from serpentinite
seamounts on the outer, central Mariana forearc image, for the first time, their structure
and their sedimentary and basement substrate. We studied five serpentinite seamounts in
this region, including Peacock and Blue Moon seamounts, however, for the purpose of
this paper; we will only report a portion of the data for Big Blue, Celestial and Turquoise
Seamounts (Figure 3.1). The internal structure of serpentinite seamounts in MCS data
most often is chaotic, with few coherent reflections. We were able to clearly image
basement and sediment reflections beneath the flanks of the seamounts but not directly
below their center. The MCS and complementary bathymetry and side-scan sonar data
reveal structures important in seamount growth and deformation and allow us to define
key processes in their formation by episodic mud volcanism. We modeled the
gravitational deformation of the serpentinite seamounts by constructing two-dimensional

particle dynamics simulations using the discrete element method (DEM). Comparison of
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these models to the seamount data helped us to recognize internal deformation processes
and served as a guide in predicting the interaction between serpentinite muds and

preexisting forearc sediments.

Geologic Setting and Previous Work

IBM Subduction and Mariana Forearc Processes

The IBM region is the classic example of an intraoceanic arc — trench— backarc
system [Karig, 1971a; 1971b]. IBM subduction began about 50 Ma [Taylor, 1992; Cosca
etal., 1998]. Currently, the upper-Cretaceous to lower-Jurassic Pacific Plate subducts
beneath the Philippine Sea Plate (Figure 3.1). The southern IBM arc is isolated from any
continental influence on sedimentation or magmatism and there is no large sedimentary
accretionary prism [Hussong and Uyeda, 1981b; Mrozowski et al., 1981; Bloomer, 1983].

The central Mariana forearc, from the trench axis to the island arc volcanoes, is
200-220 km wide (Figures 3.1 and 3.2). South of 18°N, a line of bathymetric highs ~40
km to the east of the active volcanoes marks the location of the upper Eocene volcanic
chain that, further south, is exposed on the islands from Saipan to Guam [Reagan and
Meijer, 1984]. A thick wedge of volcaniclastic sediments thins eastward and laps onto
middle Eocene boninitic and arc tholeiitic basement that was drilled at DSDP Sites 458
and 459 .[Mrozowski et al., 1981; Cosca et al., 1998] Sediment cover on the outer
forearc is thin, typically a few tens to hundreds of meters thick, and is often absent on the
inner trench slope.

The Mariana forearc is under tension, as indicated by the presence of numerous

normal faults that offset both the forearc sediments and the middle-upper Eocene igneous
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basement [Karig, 1971b; Mrozowski and Hayes, 1980; Mrozowski et al., 1981; Bloomer
and Hawkins, 1983; Wessel et al., 1994; Stern and Smoot, 1998]. A radial fracture
pattern is observed in parts of the forearc, formed as the opening of the Mariana backarc
basin increased the radius of curvature of the arc-trench system [Wessel et al., 1994;
Stern and Smoot, 1998; Martinez et al., 2000]. The origin of an orthogonal set of NE-
and NW-trending high-angle faults in the central forearc is less clear.

Numerous serpentinite seamounts are situated on the rugged outer Mariana
forearc, 50-120 km from the trench axis (Figure 3.1). Fryer et al. [1995; 2000] proposed
that seamount location is related to the distribution of faults in the supra-subduction zone,
the area above the subducting slab, which is in turn governed by the composition and
rheology of the forearc wedge. They hypothesized that the brittle outer wedge undergoes
vertical tectonism in response to the subduction of Pacific Plate seamounts, creating
and/or remobilizing deep-penetrating faults through which hydrated serpentinite muds
can reach the seafloor. Alternatively, or in addition, an arcward decrease in the degree of
serpentinization of the sub-forearc mantle may restrict serpentinite seamounts to the outer
portion of the forearc [Stern and Smoot, 1998; Fryer et al., 2000].

The seamounts form as isolated edifices in the south but, for unknown reasons,
they are more commonly clustered north of 18°N (Figure 3.1). Composite edifices reach
heights of 2.4 km and diameters of 40 km; but typical individual seamount dimensions
are 1-2 km and 15-25 km, respectively. ODP Leg 125 (Sites 778-786) drilled serpentinite
seamounts Conical and Torishima as well as sedimented basement on the IBM forearc
[Fryer and Pearce, 1992]. Dredging and coring have shown serpentinite seamounts to be
composed of a matrix of serpentinite mud and blocks of serpentinized mafic and
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ultramafic rocks [Fryer et al., 1985; Fryer et al., 1990; Horine et al., 1990; Fryer, 1992b;
Fryer and Mottl, 1992; Fryer et al., 1995]. Results from ODP Leg 125 drilling on
Conical Seamount, an active edifice located at ~19.5°N, reveal that the serpentinite
formed by hydration of supra-subduction, depleted mantle peridotite (harzburgite) under
high-pressure (5-7 kb), low-temperature (<150-250°C) conditions [Maekawa et al., 1992;
Maekawa et al., 1993; Maekawa et al., 1995]. Phipps and Ballotti [1992] determined that
serpentinite muds drilled from Conical Seamount are extremely weak, plastic solids
which, when hydrated, have a density of 1.7-1.8 g/cm’, imparting significant buoyancy
relative to the forearc igneous crust.

Material cored from the summit depression on Celestial Seamount is dark-blue,
serpentine-rich mud. The high acoustic reflectivity on sidescan images of the edifice,
combined with the lack of pelagic sediment cover, suggest that the seamount is currently,
or was recently active [Fryer et al., 2000]. In contrast, a core taken near the summit of
Turquoise Seamount contained 1.6 meters of foraminiferal sand with some volcanic ash
and 2 cm of green, oxidized serpentinite mud in the base of the core catcher [Fryer et al.,
2000]. From the core contents, along with the low acoustic reflectivity of the seamount
in side-scan sonar data, Fryer et al. [2000] concluded that Turquoise Seamount is
inactive. Young, active edifices have high-backscatter intensities, whereas older or less
active mud volcanoes have a more uniform backscatter character, presumably because of
sediment cover. Cores taken at the summit of Big Blue Seamount in 2003 contained
fresh serpentinite muds that had not yet been altered by seawater or topped with pelagic

sediments, suggesting that the seamount is actively growing [Gharib, 2006].
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Although nearly vertical below the active Mariana volcanic arc [Katsumata and
Sykes, 1969; Chiu et al., 1991; Engdahl et al., 1998; Stern et al., 2003], the Pacific Plate
descends beneath the outer forearc at shallow angles of ~7-10°, calculated from depth
sections of our MCS lines that cross the trench [Oakley et al., 2005]. At shallow depths
(<40 km), free water is released from the down-going slab by compaction processes
[Peacock, 1990; Mottl, 1992; Rupke et al., 2004]. Deeper (down to 200 km)
metamorphic dehydration of hydrous slab minerals takes place, producing more fluid
[Mottl, 1992; Schmidt and Poli, 1998; Hyndman and Peacock, 2003; Rupke et al., 2004].
Fluids released beneath the forearc ultimately hydrate the mantle wedge (Figure 3.2).
The stability of serpentine minerals formed by the hydration of mantle peridotite has been
correlated with the regional temperature of the subduction zone. Hydrous minerals are
stable over a broad cross-sectional area in cool forearcs (subducting old, cold lithosphere)
like that of the IBM system where temperatures in the mantle wedge may be as low as
100-150°C at 15-20 km depth [UImer and Trommsdorff, 1995; Hyndman and Peacock,
2003].

Hyndman and Peacock [2003], as well as Fryer and Fryer [1987], proposed that
early in the history of IBM subduction, sufficient water was released from subducting
oceanic crust and sediments to hydrate, and possibly serpentinize the entire forearc
mantle. Fryer et al. [1996; 2000], however, infer that a high degree of serpentinization is
inconsistent with the fact that many ultramafic samples recovered from serpentinite
seamounts on ODP Leg 125 drilling were only 10% serpentinized. These samples
provide evidence that even along the conduit of mud volcanoes, the mantle of the

overriding plate is not completely serpentinized. Furthermore, preliminary results from
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an OBS refraction study show sub-Moho velocities 140 km from the trench axis of ~7.8
km/s, high enough to argue against pervasive mantle serpentinization beneath the inner
forearc [Kerr et al., 2002].

Serpentinization is likely to be fracture-controlled, with extensional fault planes
serving as conduits for slab-derived fluids in the Mariana forearc [Fryer and Hussong,
1981; Bloomer and Hawkins, 1983]. If so, then the forearc mantle between individual
faults may not be greatly affected by serpentinization processes. Although the entire
supra-subduction zone mantle may not be uniformly hydrated [Fryer et al., 2000], we
anticipate that the greatest degree of serpentinization in the forearc region is likely

immediately above the slab and near fault surfaces.

Giant Mud Volcanoes

In the late 1980’s, following Alvin submersible investigations, scientists proposed
that IBM forearc serpentinite seamounts are giant mud volcanoes [Fryer and Fryer,
1987; Haggerty, 1987; Fryer et al., 1990], analogous to those formed by the
remobilization of sedimentary sequences in accretionary prisms, although different in
size, lithology and geochemistry. In the giant mud volcano model [Fryer, 1992a; Fryer
and Mottl, 1992; Fryer et al., 1995; Fryer, 1996; Fryer et al., 1999; Fryer et al., 2000],
buoyant, hydrated serpentinite muds travel to the surface along forearc faults (Figure
3.2). Fryer et al. [2000] hypothesized that central conduits may develop at the
intersection of fault planes, however, although the seamounts often lie along the trace of
major scarps, neither the faults nor the conduits have been directly imaged beneath any of

the seamounts in this study. Weak mud flows protrude mainly as a viscous paste flowing
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over preexisting forearc crust and sediments, eventually forming a wide, low relief
edifice similar in morphology to a shield volcano. Young mud flows, identified in side-
scan sonar images, extend as far as 18 km from the summit area of Conical Seamount
[Hussong and Fryer, 1985; Fryer et al., 1990]. The geometry of the flank flows seen in
the acoustic imagery, as well as variations in backscatter intensities proportional to
sediment cover, led Fryer et al. [2000] to infer that the seamounts are formed by the
episodic upwelling of serpentinite mud. Side-scan sonar images also contain evidence
for slope instability on the summit and flanks of the seamounts, such as concentric faults,
slumps and debris flows.

The mud volcano model posits that there is a central area of protrusion, although
the conduit may migrate over time, possibly along a fault. A rheological study of muds
from Conical Seamount suggests that the ultimate strength of the mud is capable of
upward transport of serpentinized peridotite blocks as large as 20 m; however, the blocks
would sink back into the conduit if the mud ceased upwelling [Phipps and Ballotti,
1992]. Based on their studies of material drilled from Conical Seamount, Phipps and
Ballotti also state that serpentinite muds get stronger and more brittle as they age [1992].
Freshly erupted serpentinite mud is unconsolidated and shows yielding and plastic
behavior once deviatoric stresses are applied. More consolidated muds that have been
buried and dewatered exhibit some elastic behavior and have higher yield and ultimate
strengths [Phipps and Ballotti, 1992]. Serpentinite seamounts, like magmatic volcanoes,
may be expected to undergo gravitational deformation resulting in summit subsidence,

lateral growth, and slope failure [Morgan and McGovern, 2005a].
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Data acquisition and processing

In February and March of 2002 we conducted a multichannel seismic (MCS)
survey of the central Mariana arc system using the R/V Maurice Ewing towing a 6-km,
480-channel streamer cable. Shots were fired every 50 meters from a tuned, 6817 inch’
array of 20 airguns. The data were recorded in SEG-D format, with a sampling interval
of 2 ms. At sea, resampling to 4 ms, application of geometry, trace editing, velocity
analysis, inside and outside mutes, stacking and time migration were completed.
Additional shore-based processing designed to enhance reflections and remove multiples
included methods such as Radon velocity filtering, F-K filtering, and Deconvolution.
The data were deconvolved prior to stacking in order to remove false, seafloor parallel
reflections created by the airgun bubble pulse. This technique, although successful, had
the undesirable effect of partially suppressing the real reflections resulting in a low-
amplitude band just below the seafloor. The PROMAX 2D processing sequence applied
to all lines is listed in Appendix Table 3.1.

The seismic lines presented in this paper were time-migrated after muting the
seafloor multiple and then converted to depth (except for Line 67-68). Most of the
seismic data are displayed in depth with 3x vertical exaggeration. Interval velocities used
in these conversions were based upon data from drill sites in the forearc region (Sites
783, Hole A and 779), refraction data, and corrections for velocity “pullup.” Details of
the depth conversions can be found in Appendix 3.1.

The bathymetric maps used in this study contain Hydrosweep data from the
EW0202/03 cruises, Simrad EM300 from a 2003 R/V Thompson cruise, 1997 HAWAII
MR-1 data, and data from a composite of regional studies conducted on ships from the
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Japan Center for Marine Earth Science and Technology (JAMSTEC) (N. Seama and M.
Nakanishi, private communications, 2002). The bathymetric images are illuminated from
the east to highlight relief. Lineations sub-parallel to ship tracks are data artifacts at the
edges of bathymetry swaths resulting from different sound speed profiles used for

adjacent data.

Serpentinite Seamount Description

Observations from MCS, bathymetric and side-scan sonar data reveal key
processes in serpentinite seamount emplacement, growth and gravitational deformation.
In this section we describe the structure, reflectivity and morphology of three seamounts,
including details that allow us to infer some material properties and formation processes.
In subsequent sections we will use these descriptions to compare with results from DEM

modeling to further develop our interpretation of seamount growth and deformation.

Big Blue Seamount

Big Blue Seamount, located between 18°N and 18°20°N, centered ~70 km west of
the trench axis, is the largest serpentinite seamount in the Mariana Forearc. It is the
southernmost edifice in a dense cluster of serpentinite seamounts (Figure 3.1). It has an
approximate diameter of 40 km, covers an area of roughly 2000 km?” and reaches a height
of 2.4 km above seafloor at its summit. Big Blue is an ovoid composite volcano with an
irregular surface expression and slope angles ranging from 6.5-13° (Figure 3.3). MCS
Line 38-39 crosses over the top of Big Blue Seamount which has a more conical portion

to the southwest and an irregular-shaped portion with multiple summits and a NE-
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trending ridge to the northeast (Figure 3.3). Although the name Big Blue has
traditionally been applied to the entire composite volcano, for the purposes of this paper,
Big Blue Seamount will be defined only as the conical portion of the larger edifice, lying
primarily to the SW of Line 38-39. The boundaries of Big Blue Seamount and
surrounding edifices, Baby Blue Seamount to the north and Grandma Blue Seamount to
the east, are interpreted in orange on Figure 3.3 and indicated with blue arrows on the
following seismic images (Figures 3.4 and 3.5).

Bathymetric data show a 2 km wide, 3 km long, oval-shaped, NE-trending
depression at the apex of Big Blue Seamount (Figure 3.3). This feature is partially filled
in by a dome and is bounded by normal faults. Line 42-44 images the floor of this
summit depression as a strong v-shaped reflection beneath seismically transparent
material (dashed line on Figure 3.4). Detailed bathymetric surveys using a 30 kHz
system have identified distinct, lobate flows on the flanks of the mud volcano (interpreted
in orange, Figure 3.3). These flows are offset by numerous faults. The sense of motion
along these faults is determined on the basis of seafloor offset in seismic data and fault
scarp geometry in the bathymetry.

Line 42-44 crosses a series of nested, arcuate, convex-downbhill fractures that
deform the southern slope of Big Blue Seamount (Figure 3.3). The high-angle normal
faults imaged on the flank bathymetry offset seafloor where they are crossed by MCS
lines, but are not visible below the seafloor (Figure 3.4). The lack of coherent, sub-
surface reflections within the serpentinite seamounts makes it impossible to determine the
extent of displacement caused by these faults. Where sub-seafloor reflections are present

they are primarily low-angle, discrete segments. The dipping reflection near SP 940 may
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be related to the normal fault crossed obliquely by Line 42-44. The origins of other
dipping reflections imaged in this profile are less clear. Line 42-44 crosses the boundary
of a flank mud flow, as indicated by orange lines on Figure 3.3 and the blue arrow on
Figure 3.4 (~ SP 900). The boundaries of mud flow units are oval-shaped in map view,
indicating directional flow. They do not encircle the summit, and are therefore
distinguishable from changes in slope or flank undulations. The flow boundary is
represented in the seismic data by a nearly horizontal, normal polarity (same as the
seafloor) reflection. At approximately SP 1060, Line 42-44 crosses the distal southern
flank of Big Blue Seamount. To the north, the MCS data image a channel that forms the
boundary between Big Blue and the more irregular Grandma Blue Seamount to the
northeast.

The forearc sediment in this area, overlying a strong basement reflection, is
typically less than 0.5 km thick. A reverse polarity (opposite to the seafloor) reflection
beneath the southern flanks of Big Blue Seamount represents the top of preexisting
forearc sediments (Figures 3.4 and 3.5). The reverse polarity of this reflection indicates
that forearc sediments under the distal flanks of the seamount have a lower velocity
and/or density than the overlying serpentinite mud. Forearc sediment layers beneath the
flank are mostly structurally undisturbed by seamount growth. The extent to which the
interface between forearc sediments and serpentinite mud can be traced toward the center
of the seamount on seismic sections is indicated with blue T-symbols on Figure 3.3.
Layered sediments are not imaged beneath the summit or the N/NW flanks where Big

Blue merges with other seamounts (Figures 3.3, 3.4 and 3.5).
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Line 38-39 crosses portions of three seamounts that display complex nesting
relationships (Figures 3.3 and 3.5). Big Blue Seamount overlaps the SW flank of
Grandma Blue and both edifices merge with Baby Blue Seamount to the north. To the
NW, the seismic line images a channel separating Big Blue Seamount from the northern
edifices. Upslope from the channel, the NE-trending boundary between Grandma Blue
and Baby Blue Seamounts is interpreted as a thrust fault on Figure 3.3. This fault offsets
seafloor and creates an inward-dipping reflection at SP 1282 (Figure 3.5). On the SE
flank, ~SP 950, a bench, visible in the bathymetry, has formed above a mid-flank
reflection that we infer to be a thrust fault based on analogies with DEM simulations (see
Section 6). The southeastern boundary of Big Blue Seamount forms an inward dipping
reflection at the base of this bench (dashed in Figure 3.5). Other dipping reflections are
visible further downslope. At the base of Grandma Blue Seamount , beneath a reverse
polarity reflection, flat-lying forearc sediment layers are truncated along inward-dipping

thrust planes that offset the seafloor.

Celestial Seamount

Celestial Seamount is located ~60 km west of the trench at 16°32° N (Figures 3.1,
3.6 and 3.7). Of the three seamounts described herein, Celestial is most similar in
morphology to a single magmatic volcano. It is nearly circular with flank slopes ranging
from 6.5-18°. Celestial Seamount has a diameter of ~ 20 km and is topped by a 5 km
long, 3.5 km wide, u-shaped summit depression. Celestial sits on the northern edge of a
NW-trending basement high and is buttressed to the NE by a ridge/seamount that is
thrusting to the NW (Figures 3.6 and 3.7). Normal faults drop the summit of Celestial
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Seamount down to the north, and nested fractures deform the northern flank near SP 4100
on Line 42-44. The western flank of Celestial is steeper and more irregular at its base
than the rest of the seamount. The irregular sector of the seamount is bounded to the
south by a north-dipping normal fault that extends down the flank of the seamount to its
base. Angular blocks outlined in orange (Figure 3.6) west of Celestial Seamount are
likely debris from the collapse of this flank, whereas more circular features may represent
small mud mounds (Figures 3.6 and 3.7).

Line 67-68 crosses NW-SE over the summit of Celestial Seamount (Figure 3.8).
The surrounding forearc sediments, ~0.6- 0.7 seconds thick, are moderately well
stratified and are overlain by small mud mounds to the NW (Figure 3.8). At~ SP 612, a
SE-dipping normal fault offsets sediments and basement beneath a mud mound.
Reflections dipping toward the center of the seamount are imaged on both flanks. The
reflection at ~SP 750 occurs at a break in slope that forms a small bench like that seen on
Big Blue Seamount. Above the bench, the NW flank of Celestial Seamount is concave
up. At ~Shot Point 980 there is a change in slope of the SE flank of the seamount visible
in the bathymetry (Figure 3.6). At the base of the section, strong, low frequency mid-
crustal reflections are visible ~1.25 seconds below basement.

Line 42-44 extends north from Celestial Seamount, across a forearc basin and
over the center of Turquoise Seamount (Figures 3.9 and 3.10). This pre-seamount
sedimentary basin is a long-lived feature, overlying Eocene basement, with typical
sediment thicknesses of 0.7-1.2 km. Basement deepens toward Turquoise Seamount to
the north, offset by a series of N-dipping normal faults (Figure 3.9). Forearc sediments
imaged beneath the southern flank of Celestial Seamount on Line 42-44 onlap southward-
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shoaling basement, indicating that the seamount protruded through the edge of the
sedimentary basin (Figures 3.9 and 3.10). Flat-lying, coherent sediment reflections
visible under the lower flanks of the seamount are not imaged beneath its upper flanks
and summit (Figure 3.6). This may be due to difficulties in imaging through thick
serpentinite mud; however, it is also likely that beneath the central portion of the
seamount, sediment layers are disturbed by seamount growth processes, reducing their
coherence and visibility in MCS sections. To the south, near a change in flank slope
(~SP 4350), the sediment horizons gradually become indistinguishable from the chaotic
internal structure of the seamount (Figure 3.10). Beneath the northern flank of Celestial
Seamount, strong, flat-lying sediment horizons terminate abruptly at a series of low
frequency, south-dipping reflections between 4 and 5 km depth. The southern slopes of
Celestial Seamount are concave up and bi-linear with an 8° difference between the upper
flank slope (15°) and the lower flank slope (7°) (Figure 3.10).

A reverse polarity reflection beneath the flanks of Celestial Seamount represents
the top of preexisting forearc sediments (Figures 3.8-3.10). Changes in the slope of this
reflection on time sections correlate with changes in seafloor slope and are caused by
velocity pullup under the seamount flanks (Figure 3.9). We calculated the minimum
velocities for the distal flanks of the seamount that correct for this pullup and restore the
forearc sediments to the regional gradient. These velocities were used for the depth
conversion in Figure 3.10. The average velocities for the wedge above the reverse
polarity reflection range from ~1850-2050 m/s for the lower slope and increase to ~2500

m/s under the center of the seamount (as modeled in Appendix Fig. 3.1).
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On Line 42-44 (Figure 3.9), between Turquoise and Celestial Seamounts, at the
base of the section, below 10 seconds TWTT, there is a prominent, low frequency
horizon that we correlate with reflections from the top of the subducting Pacific Plate
seen on dip lines [Oakley et al., 2005]. The downgoing slab is located ~3.5-4 seconds
TWTT below basement between Turquoise and Celestial Seamounts. On crossing lines
(not shown) the slab dips an average of 7-10° and reaches depths of 18-22 km bsl near the

serpentinite seamounts (for a range of inferred basement velocities of 5-6.5 km/s).

Turquoise Seamount

Turquoise Seamount, at 17°N, is centered approximately 70 km west of the trench
axis within a forearc low (Figures 3.1, 3.6 and 3.7). It is an oval-shaped seamount, ~30
km in diameter from N-S, and ~45 km E-W. It has gently (5-10°) sloping flanks and no
obvious summit depression, although the region is offset by normal faults. The eastern
portion of the seamount is deformed by parallel, NE-trending normal faults that form a
horst and graben. The resulting ridges and valleys fall in line with a 25 km long normal
fault and sub-parallel strike-slip fault (indicated by a flower structure in MCS data) to the
southwest of the seamount (Figures 3.6 and 3.7). Both faults are currently active as they
offset seafloor in seismic, side-scan sonar, and bathymetric data. South of Turquoise
Seamount a series of seafloor lineations visible on side-scan sonar images (Figure 3.7)
primarily trend NW-SE, nearly orthogonal to the large faults discussed above. Where the
sense of offset on these lineations is clear on crossing seismic lines, we have indicated the
style of faulting (mainly normal faults) on Figure 3.6. Some of these lineations extend

into and offset seafloor on the southern flank of Turquoise Seamount (Figures 3.6 and
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3.7). Lineations on Turquoise between SP 3100 and 3200 correspond to undulations on
the flanks of the seamount visible in MCS data (Figure 3.11).

Seismic line 42-44 crosses N-S over Turquoise Seamount (Figures 3.9, 3.11 and
3.12). The basement reflection on Line 42-44 is prominent on the flanks and, although it
diminishes in amplitude, is still traceable beneath the center of the seamount (Figure
3.11). The thinning of the pre-existing forearc sediment package beneath Turquoise
Seamount is a result of onlap onto a shoaling basement (from 5.7 to 4.7 km depth, Figure
3.11) that forms the northern edge of a forearc reentrant and basin, discussed above for
Celestial Seamount. Just south of SP 3500, Line 42-44 crosses a possible flow lobe
boundary visible on side-scan sonar data.

Beneath the distal flanks of Turquoise Seamount, a large thrust fault, terminating
at basement, separates inward-tilted reflections in the hanging wall from primarily flat-
lying to gently folded sediments in the foot wall (Figures 3.11 and 3.12). We interpret
the hanging wall reflections to be a thrust package of forearc sediments because mud
volcanoes elsewhere, both serpentinite and those found in accretionary systems, do not
display parallel, coherent internal reflections (e.g. [Limonov et al., 1997; Depreiter et al.,
2005]). The reflection at the base of the deformed sediment package on the southern
flank of the seamount appears to be reverse polarity (Figures 3.11 and 3.12). No clear
décollement is formed beneath the northern flank. The thrust fault approaches but does
not offset seafloor on either flank, and erosion has created a seafloor low at the top of the
deformed sediments on the southern flank.

The displacement of forearc sediments at the toe of Turquoise Seamount forms a
steep basal slope 100-200 meters high (Figure 3.12). This slope can be traced around the
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base on the northern, western and southern portions of the seamount (Figures 3.6 and

3.7). The flank on the eastern part of Turquoise Seamount has the lowest slope (5°).

Numerical Simulations of Seamount Gravitational Deformation

Evidence for Gravitational Deformation

The presence of thrust faulting at the base of Turquoise and Big Blue/Grandma
Blue Seamounts, along with the low surface slopes of all the seamounts studied, lead us
to infer that lateral spreading is occurring within the seamounts and that these edifices are
subject to gravitational deformation as they grow. We used discrete element method
(DEM) simulations to model this deformation in the serpentinite seamounts.

Two-dimensional (2D) DEM simulations of granular piles subject to Coulomb
failure provide a first-order look at the deformation modes and deformational geometries
that may develop during progressive seamount growth. This method and its application
to gravitational spreading are described in detail by Morgan and McGovern [2005a;
2005b], who showed that under uniform basal and internal strength conditions, the
granular piles grow self-similarly, developing distinctive stratigraphic relationships,
morphologies, and structures dependent upon these rheological conditions. Here we
expand the application of this method to explore lower strength conditions thought to be
representative of serpentinite seamounts, as well as a variety of boundary conditions
including seamount growth upon deformable substrates modeled after forearc sediments.
We use more numerous particle assemblages in order to yield higher resolution

deformation structures.
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Internal and Basal Strengths of the Seamounts

The previous DEM simulations conducted by Morgan and McGovern [2005a;
2005b] demonstrated that surface slopes of granular piles are strongly dependent on basal
friction conditions, and are also good predictors of the mode of gravitational deformation
they experience. For example, piles constructed on a strong, cohesive substrate exhibit
particle avalanching, outward dipping layers and steep slopes, quite unlike those of the
serpentinite seamounts (see Figure 3 in: Morgan and McGovern 2005a). Therefore, in
order to simulate gravitational deformation of serpentinite seamounts, we needed
preliminary estimates of their coefficients of internal and basal friction. Critical
Coulomb wedge theory defines a relationship between the sum of surface slope (o) and
basal slope (B),1.¢e., the critical taper angle, and the basal and internal friction coefficients
[Davis et al., 1983]. The serpentinite seamounts have consistently low surface slopes of
5-18°, although the slopes along an individual flank are not constant. Based on the
seismic depth conversions, we obtain basal slopes of 0-2°. Assuming average densities of
1000 g/cm’ and 2200 g/cm’ for water and mud respectively, no overpressure, an internal
friction coefficient of 0.30, and our measured o and 3 values, we iteratively calculated
basal friction coefficients using the exact solution by Dahlen [1984]. Based on these
assumptions, we determined that the low surface slopes on serpentinite seamounts imply
very low basal friction coefficients (i.e., Upas <= 0.1). Models employing low coefficients
of basal and internal friction reproduce the overall morphology of the serpentinite

seamounts.
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Discrete Element Simulations

The DEM assemblages are composed of homogeneous particles of two different
sizes, with radii equivalent to 160 and 120 m, within a domain measuring 50 km across
(Figures 3.13 and 3.14). Up to ~12,000 particles are generated in increments of 225, and
allowed to settle under gravity to build a granular pile. Particle colors are cycled every
four increments to show the stratigraphy. The elastic particles are subject to frictional
sliding and, in aggregate, reproduce Coulomb rheology, developing displacement
discontinuities that correspond to faults within the pile [Morgan and McGovern, 2005a].
Basal and internal friction coefficients in these simulations varied from ~.10-.30 and
~.15-.60 respectively, with low-strength serpentinite muds and their interfaces with
forearc sediments falling into the lower ranges of these values [Moore et al., 2004]. Two
basal boundary configurations were used: in the first, granular piles were constructed
upon a rigid planar base, assuming no seamount interaction with the substrate (Figure
3.13); in the second, piles were constructed upon a pre-existing layer of particles (Figure
3.14), to simulate the growth of serpentinite seamounts upon pre-existing forearc
sediments.

Two sets of DEM simulations are presented here. Pile growth with an internal
friction coefficient of 0.46, constructed upon a rigid, non-cohesive base with a basal
friction coefficient of 0.09, develops low surface slopes with concave up morphologies
(Figure 3.13a). Colored layers dip outward beneath the summit and are rotated to inward
dips beneath the outer flanks. Deep-seated faults extend from the axis of the pile to the
basal surface and activate outward sliding of the flanks along a basal décollement (Figure

3.13b). Resistance to sliding leads to transient toe thrusts, and local over-steepening of
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the distal flanks (Stage 12, Figure 3.13). Coulomb wedge theory predicts that the
seamount will deform until the flank reaches a critical taper at which time it will slide
stably. In Stage 13 (not shown), the distal toe of the pile is underlain by a strong
décollement and is no longer oversteepened. The cycle is repeated as the shear stress
along the base of the pile episodically overcomes basal resistance to sliding, leading to
lateral gravitational spreading of the seamount.

The concave up morphologies of the piles are best characterized as bi-linear in
form (Figure 3.13a). The steeper upper slopes are underlain by active normal faults
(Figure 3.13b), and have been shown previously [Morgan and McGovern, 2005a] to be
consistent with critical Coulomb wedges undergoing extension [i.e., limiting slopes of
Dahlen [1984]]. The lower flanks, in contrast, define stable geometries in which the
flank cores slide outward with little additional internal deformation [Morgan and
McGovern, 2005a]. The DEM simulations show undulations on the flanks of the
seamount that in 3-D would presumably be circumferential. These undulations, or
“wrinkles,” on the surface are related to the internal deformation and lateral spreading of
the volcano (i.e. Stage 14, Figure 3.13).

Pile growth upon a pre-existing, deformable granular substrate, with internal
friction coefficients of 0.3, results in significant substrate thinning beneath the pile, and
substrate deformation beneath the distal flanks (Figure 3.14a). No single décollement
surface is activated in these models. Instead, the high-angle normal faults beneath the
summit extend into the underlying strata, rotating to progressively lower angles with
distance from the pile axis, forming thrust faults that emerge near the toe of the pile
(Figure 3.14b). In this way, thrust slices of the underlying material (red and gray) are
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accreted to the seamount. The thrust packages at the edge of the simulated seamount are
subsequently buried by younger deposits that avalanche down the pile slopes (Figure
3.14a).

The surface slope angles in both simulations range from 8° to 17° consistent with
those measured for all of the serpentinite seamounts. All modeled simulations are
characterized by mid-flank detachments emergent near the change in flank slope.

The DEM simulations presented here are carried out by raining particles from
above in 2-D and consequently they do not simulate all of the processes active within
growing and deforming serpentinite seamounts. For example, these simulations ignore
central conduit intrusion or withdrawal, as well as growth upon a dipping substrate and
do not model deformation in the third dimension. Additionally, the modeled particles are
homogeneous throughout the granular pile, or within the substrate, and do not reflect
temporal and spatial variations in properties that might influence seamount deformation.
However, even with these limitations, the simulations provide significant general insight
into the characteristics of serpentinite seamount growth and deformation and the
interactions of the serpentinite muds and forearc sediments, which are considered in more
detail below. Comparison of numerical models to observations enables us to predict the
origin of some of the features seen in MCS profiles and to supplement our understanding

in areas where data interpretation may otherwise be ambiguous.
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Discussion
Growth and Deformation of Serpentinite Seamounts

The DEM simulations successfully reproduced the overall morphology of
serpentinite mud volcanoes as well as many of the features observed in the data such as
basal thrusts, inward-dipping reflections and mid-flank benches. For example, the
simulations suggest that bench features like those on the slopes of Big Blue and Celestial
Seamounts (Figures 3.5 and 3.8) are caused by mid-flank thrusting related to lateral
seamount spreading (Figure 3.14, Stage 23). In order to provide the best match to the
morphology of the serpentinite seamounts, including their low surface slopes of 5-18°,
DEM models require distinctly low basal and internal friction coefficients. Under these
conditions, the bi-linear slopes of the modeled piles (Figure 3.13) are consistent with the
change in slope angle seen on Celestial Seamount (Figures 3.8-3.11). In the simulations,
such slope changes coincide with the locations of internal detachment faults.

The DEM simulations serve as guides in predicting the interaction between
serpentinite material and the forearc substrate, processes that cannot always be directly
interpreted from the seismic images. Based on the large thrust packages at the toe of
Turquoise Seamount, and the small-scale thrusting on the Big Blue/Grandma Blue
edifice, we propose that serpentinite mud volcanoes undergo volcano spreading (e.g.,
[Borgia, 1994]) and lateral accretion. The DEM simulations demonstrate the feasibility
of this process. Instead of sliding along a well-defined décollement at the top of forearc
sediments, Turquoise Seamount spreads by displacing pre-existing forearc sediments,
forming large thrusts at its base (Figures 3.11 and 3.12). Prior compaction and
dewatering of these sediments will have increased their strength, [Phipps and Ballotti,
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1992] allowing them to deform as a coherent package, maintaining the bedding planes we
see in the data (Figure 3.12). This conclusion is also consistent with the recovery of
siltstones (not unlithified sediments or serpentinite muds) in a dredge from the lower
western flank of Turquoise Seamount [Bloomer and Hawkins, 1983]. On Line 38-39
(Figure 3.5), thrust slices of forearc sediments are off-scraped and incorporated into the
SE flank of the Big Blue/Grandma Blue composite volcano. Again, siltstones were
recovered in a dredge from this locality [Bloomer and Hawkins, 1983]. DEM simulations
of pile growth above a deformable substrate show that deformation internal to the pile
extends into the substrate, adding thrust slices of the underlying material to the distal toes
of the edifice (Figure 3.14). In this simulation, there is no cohesion between the base of
the model and the substrate (i.e. basement and forearc sediments), therefore allowing for
the incorporation of substrate material into the base of the deforming edifice. The DEM
simulation predicts substrate deformation and thinning beneath the edifice by compaction
and lateral displacement along thrust faults (Figure 3.14, Stages 23 and 28), although
these processes are impossible to recognize beneath the chaotic seamount interiors.
When cohesion is added, coupling basement and substrate (not shown), the model favors
slip along the interface between the substrate sediments and the overlying growing
edifice and thinning occurs only by compaction. The DEM simulations, however, do not
explain why, when constructed upon the same substrate, one seamount will exhibit
thrusting and the other will slide stably as in the case of Turquoise and Celestial
Seamounts. The internally stratified sediment package beneath Celestial Seamount is
truncated by inward-dipping reflections on the northern flank (Figure 3.10). These

reflections may be related to faulting internal to the seamount, or may be caused by the
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displacement of forearc sediment layers, possibly a precursor to a thrust like that at the
base of Turquoise Seamount.

Another feature common to both observations and DEM simulations are
undulations, or “wrinkles,” on the flanks of the seamount. In the 2-D simulations, these
features are the surface expression of internal deformation caused by seamount settling
and lateral growth by thrust faulting (Figure 3.13). In 3-D, the undulations are concentric
about the flanks of the seamounts. Backscatter images from Conical Seamount provide a
good example of concentric ridges on the flanks of a serpentinite mud volcano (see
Figure 3.4 in [Fryer et al., 1990]). Subtle changes in slope are visible on the bathymetric
and side-scan data along the flanks of Celestial and Turquoise Seamounts (Figures 3.6
and 3.7). Elsewhere, features interpreted on the bathymetry are lobate, ovoid, and do not
circumvent the seamount, suggesting that they represent individual mud flows, and not
“wrinkles” or slope change in map view (Figure 3.3). The majority of such flows have
been identified on the SW flank of Big Blue Seamount. Based on bathymetry and side-
scan data, we recognized that mud flows forming serpentinite seamounts, unlike the
granular packages in DEM simulations, often spread out preferentially in one direction,
occasionally extending beyond the bounds of, and therefore covering, the older flows.
These flows originate from a central area of protrusion, with the most recent filling in the
depression at the summit, providing evidence for the episodic eruption of mud flow units.
The flanks of Big Blue Seamount are deformed by nested normal faults associated with
downslope slumping and sliding of young mud flows (Figures 3.3 and 3.4).

As an active seamount continues to grow and deform, over-steepening of its

flanks compared to its strength can cause mass wasting, both in the form of surficial
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avalanching (Figure 3.13b) and sector collapse. The channeling on the SW flank of
Celestial Seamount is likely caused by mass wasting, leading to the deposition of debris
piles imaged in the bathymetry and side-scan sonar (Figures 3.6 and 3.7). Some of the
mud mounds to the west of Celestial Seamount also show evidence of flank collapse.
The morphology and low surface slope of the eastern flank of Turquoise Seamount
suggest that it may be sliding/slumping downslope toward the Mariana Trench (Figure
3.6)

Big Blue Seamount is part of the largest, most complex seamount edifice on the
Mariana forearc. To the north and east, the seamount is buttressed by other edifices
(Baby Blue and Grandma Blue, respectively), and channels visible in bathymetry and
seismic images form boundaries between the seamounts (Figures 3.3-3.5). The
interaction between coalescing mud volcanoes has caused internal deformation (Figures
3.4 and 3.5). Although we have not modeled this type of interaction here, DEM
simulations of volcano interactions, applied to Mauna Loa and Kilauea volcanoes on the
Island of Hawaii, showed that growth of one volcano upon the flanks of another leads to
thinning and spreading of the underlying edifice [Morgan, 2006]. However, if volcanoes
buttress each other, the associated resistance to lateral spreading leads to horizontal
compression and formation of low-angle thrust faults at their intersections. Such thrust
faulting is visible in the MCS data and bathymetry where the seamounts coalesce
(Figures 3.3-3.5). Big Blue Seamount is built upon the SW flank of Grandma Blue
Seamount, likely causing deformation of that edifice. The normal fault on the lower SE
slope of Grandma Blue (~SP 860) may be related to flank subsidence, and the small-scale
thrusting at the base of the seamount indicates lateral spreading (Figure 3.5).
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Summit Depressions, Conduits and Faults

The depression at the summit of Big Blue Seamount, bounded by normal faults,
(Figures 3.3-3.5) is likely formed by the dewatering and degassing of serpentinite muds
and/or withdrawal of material from the summit of the volcano causing deflation and
collapse. The depression is partially in-filled by domes of serpentinite mud that were
cored in 1997 and 2003 [Fryer et al., 1999; Gharib, 2006]. The strong reflection at the
base of the summit depression may be caused by a difference in acoustic impedance
related to age and consolidation: fresh, hydrated, gaseous muds are less dense and lower
velocity than older, more compacted serpentinites. It is likely that the domes consist of
young serpentinite material as the seafloor is devoid of sediment and fresh serpentinite
muds cored at the summit were very little altered by seawater [Gharib, 2006]. This
feature provides evidence that serpentinite seamounts grow episodically.

There is active normal faulting in the summit depression at the apex of Celestial
Seamount (Figures 3.6 and 3.10). The slope of the summit of Celestial Seamount may be
caused by mass wasting to the north. In contrast to Big Blue Seamount, the summit
depression has not been filled in by continued mud protrusion. Again, the presence of
this depression may be related to the deflation of the summit region caused by degassing
of serpentinite muds or the withdrawal of material from a central conduit, indicating
either a dormant stage in the formation of Celestial Seamount, or a migration in the path
of erupting serpentinite muds depriving the summit region.

Line 67-68 crosses small mud mounds west of Celestial Seamount (Figure 3.8).
The mounds show variations in degree of backscatter, suggesting differences in degree of

sediment cover and therefore age [Fryer et al., 1999]. Some of these mud mounds have

106



been cored, revealing serpentinite material. The normal fault imaged beneath the mound
at ~SP 612 may be a conduit for the upwelling mud indicating that this satellite cone is in
the initial stages of mud volcano formation. This is the only place in our data where a
fault conduit is directly imaged beneath inferred serpentinite material. Confirmation of
the composition and structure of this small mound is necessary in order to determine if it
can be considered a serpentinite mud volcano. The strong, irregular boundary between
high and low backscatter on the seafloor west of Celestial Seamount is indicated by the
white line on the side-scan sonar image, Figure 3.7. The shape of the outline, its
proximity to both the serpentinite seamount and the small mud mounds suggest that the
high backscatter is caused by a recent flow.

The orthogonal fault sets interpreted on the bathymetry in Figure 3.6 and visible
in the side-scan sonar imagery (Figure 3.7) trending toward Turquoise Seamount, lend
indirect support to the concept that the conduits of serpentinite mud volcanoes form along
intersecting fault planes [Fryer et al., 2000]. The NE-trending faults to the east of the
Turquoise summit may be related to large regional faults of the same trend, although no
direct correlation can be made. Lineations extending into the southern flank of Turquoise
Seamount offset seafloor and suggest that faulting is actively occurring beneath the

edifice (Figures 3.6 and 3.7).

The role of fluids
Water may play an important role in the growth and deformation of serpentinite
mud volcanoes and their interaction with the underlying substrate. The interface between

the serpentinite seamount and forearc sediments is represented by a reverse polarity
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reflection at the base of Big Blue/Grandma Blue and Celestial Seamounts. We infer that
the sediments are under-compacted (and/or over-pressured) beneath the outer flanks of
the serpentinite seamounts [Moore et al., 1991; Moore and Vrolijk, 1992]. The sediments
in the outer forearc are primarily volcaniclastic turbidities, ash and pelagic muds
[Hussong et al., 1981]. Sedimentation rates are low (6-20 m/my), but vary through time
(DSDP Leg 60, Sites 458 and 459). Leg 126 ODP drilling results from the Bonin forearc
(Sites 787, 792 and 793) suggest that forearc sediments in the IBM have an average of
50% porosity from 500 to 700 m below seafloor [Taylor and Fujioka, 1990]. Water is
released into this system by serpentinite mud and fluids rising along the conduit of the
volcano, along with the compaction of forearc sediments beneath the center of the
seamount, where the velocity/density structure normally increases with depth. From
either source, fluids will travel along zones of high permeability, following a pressure
gradient. In addition to signifying zones where the underlying sediments cannot dewater
and are therefore over-pressured, reverse polarity reflections sometimes indicate
pathways of fluid migration, as seen in accretionary prisms (i.e. [Moore et al., 1991;
Moore and Vrolijk, 1992]). Some of the inward-dipping reflections internal to the
serpentinite seamounts, such as those beneath the northern flank of Celestial Seamount
(Figure 3.10), may represent pathways for fluid to escape from compacting mud.

The DEM simulation above an undeformable substrate (Figure 3.13) is consistent
with observations made at Celestial and Big Blue Seamounts, suggesting that they are
growing laterally by sliding along pronounced décollements at the bases of the
seamounts, leaving the underlying material little disturbed. These décollements may be

represented by the reverse polarity reflections evident at the top of forearc sediments. On
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Big Blue Line 42-44 (Figure 3.4) the southern flank of the seamount is underlain by a
reverse polarity reflection and the distal toe of the flank is oversteepened. This geometry
is modeled in DEM simulations that show that intermittent resistance to sliding leads to
transient toe thrusts, and local over-steepening of the distal flanks (Stage 12, Figure
3.13). The presence of the slip surface at the base of the seamounts may be explained by
the presence of high pore pressures in the underlying forearc sediments, caused by the
active upwelling of fluids, or introduced with fresh serpentinite muds that reduce the
shear strength of the material, decoupling seamount and substrate deformation. Either
explanation requires recent or active mud volcanism and fluid migration in the region.
Fluid seeps vent slab-derived fluids at the summits of Celestial and Big Blue Seamounts
[Mottl et al., 2003]. These fluids presumably reach the summit along a central conduit
through the edifice, and may also flow along the boundary between serpentinite mud and
sediments (Figure 3.15A). Therefore, we may expect to find chimneys and seeps at the
base of the serpentinite seamounts, although, to date these regions have not been
explored. Although we only have direct evidence for these two pathways for rising fluid
and mud within the seamounts, we can not rule out the presence of other conduits, sills
and intrusions that contribute to the formation of serpentinite mud volcanoes.

Turquoise Seamount is unique in this region in terms of edifice deformation and
interaction with underlying forearc sediments. The fact that Turquoise Seamount, located
in a trough, is spreading uphill, whereas Celestial Seamount has formed on a forearc
high, may account for their differing interaction with the underlying forearc sediments.
This indicates that basal slope, a factor not addressed in the DEM simulations, plays a

role in seamount-substrate interactions. Turquoise has the lowest surface slopes of the
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serpentinite seamounts studied, and the most undulations on its flanks. The overall
morphology of Turquoise Seamount, as modeled by DEM simulations, suggests more
gravitational spreading compared to Big Blue and Celestial Seamounts. In contrast to the
other seamounts, there is no reverse polarity reflection at the top of forearc sediments
underlying Turquoise Seamount (Figures 3.11 and 3.12). However, the reflection at the
base of the deformed sediment package beneath the southern flank appears to be reverse
polarity. Backscatter imagery suggests no recent summit eruptions [Fryer et al., 2000].
Based on seismic and morphologic comparisons with Big Blue and Celestial Seamounts,
and the fact that there are no fluid seeps or fresh serpentinite muds at its summit, we
conclude that Turquoise Seamount is not actively growing but is laterally spreading
(Figure 3.15B). The deformation at the base of Turquoise Seamount is consistent with a
fault-bend-fold (e.g. [Suppe, 1983]), the top of which has been partially eroded (Figure
3.15B). If Turquoise is inactive, no fresh muds or fluids are flowing through the
seamount and substrate; therefore there are no over-pressured sediments or zones of fluid
migration along which to slip. In order to grow laterally, Turquoise Seamount displaces

the sediments in its path.

Seamount Composition

The velocities needed to un-kink the reflection at the base of the serpentinite
seamounts in depth conversions range from an average of 2000 m/s above the reverse
polarity reflection to ~2500 m/s near the center of the seamount. Where sampled by
drilling and observed in outcrops, serpentinite seamounts are highly heterogeneous,

comprised of solid blocks of serpentinite suspended in a mud matrix. Cobbles have been
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observed in fault scarps [Fryer et al., 1985; Fryer et al., 1990; Fryer, 1992b; Fryer and
Mottl, 1992; Fryer et al., 1995]. The core of the volcano may incorporate more
blocks/clasts in the mud matrix with an average density higher than that seen at the distal
edges. Higher velocities under the center of the seamount are consistent with a greater
proportion of ultramafic blocks there, but may also be related to higher degrees of

compaction and deformation of serpentinite material in the core of the volcano.

Conclusions

Our data support the interpretation [Fryer, 1992a] that serpentinite seamounts in
the Mariana forearc are formed by the episodic eruption of mudflows from a central
conduit. The strong reflection beneath the summit of Big Blue Seamount represents a
depression that has been partially in-filled by younger muds, supporting the idea that
serpentinite seamount growth is episodic. Summit deflation and depression formation
may occur when material withdraws from the conduit during inactive periods, and/or by
dewatering and degassing of fresh muds. The boundaries of distinct mudflow units on
Big Blue Seamount are visible in both bathymetric and seismic data. Big Blue Seamount
displays complex nesting relationships as it overlaps with other seamounts to form a
large, composite edifice.

Serpentinite seamounts rest on faulted and sedimented Mariana forearc basement.
Although located within the same region of the forearc, and formed above sediments of
similar age and composition, the serpentinite mud volcanoes differ in their interaction
with the forearc substrate. Big Blue and Celestial Seamounts slide over the top of the

pre-existing sediment package, leaving the underlying material largely undisturbed,
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whereas Turquoise Seamount displaces forearc sediments forming large thrusts at its
base. The DEM simulations show that extension of detachment faults into a deformable
substrate beneath the growing seamounts provides a mechanism for incorporating thrust
slices of the underlying material into the distal toes of the seamount, as interpreted for
Turquoise Seamount and the SW flank of Big Blue/Grandma Blue composite

seamount. Where this substrate is less deformable, and/or greater fluid pressures enable a
pronounced décollement to form, stable sliding occurs. Such is the case beneath the outer
flanks of Celestial and Big Blue Seamounts where the reflection at the top of the forearc
sediments is reverse polarity. Stable sliding may be explained by the presence of high
pore pressures that reduce shear strength along the interface between serpentinite muds
and forearc sediments, lowering basal friction and decoupling seamount and substrate
deformation. Serpentinite mud and fluids travel to the summit along the conduit of the
volcano and may also flow along the interface between serpentinite muds and forearc
sediments.

Turquoise is the only seamount imaged in this region of the Mariana forearc that
grows laterally, not by sliding stably on top of forearc sediments, but by incorporating
them into large thrusts at its base. Turquoise Seamount formed in a trough causing it to
“dig into” the sediments at its base as it impinges on the surrounding slopes during lateral
growth. From the low slopes of the seamount and its extensive basal deformation we
infer, based on DEM simulations, that Turquoise Seamount has undergone more
gravitational spreading than Big Blue and Celestial Seamounts. There are no fresh

serpentinite muds or fluids found at the summit of Turquoise and bathymetric, seismic,
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and side-scan data do not show evidence for recent mud flows, therefore, it is likely that
Turquoise Seamount is not volcanically active.

The recent flows infilling the depression at the summit of Big Blue Seamount,
along with the presence of actively venting fluid seeps, suggest that this seamount is
currently active. The small mud mound to the west of Celestial Seamount, underlain by a

normal fault, may represent a serpentinite mud volcano in the initial stages of formation.
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Appendix: MCS Processing and Depth Conversions

Table 3.1: PROMAX 2D Processing Sequence

Resample to 4 ms

Edit Bad Traces

Geometry

Sort to Common Mid-Point Gathers (CMP)
Bandpass Filter (4-6-60-70 Hz)
Form Supergathers

Velocity Analysis

Correct Normal Moveout

Top Mute

Bottom Mute

Pre-stack Deconvolution

CMP ensemble stack

Bottom mute for migration

Stolt F-K time migration

F-K filter

Automatic Gain Control

Post migration depth conversion
Top mute for display

Forearc sediment and basement reflections are “pulled-up” in time profiles

beneath the serpentinite seamounts. The velocities chosen for depth conversion correct

for pullup by making the minimum velocity correction that restored the forearc sediment

reflections beneath the flanks of the seamount to a regional gradient. The velocity model

used to convert time to depth for Celestial Seamount is shown in Appendix Figure 3.3.

We used a similar model to produce MCS depth sections for Big Blue Seamount.

Beneath a 1500 m/s velocity for the water column, we used velocities of 1600 m/s plus a

gradient of 1500 m/s/s in order to have an average velocity of ~2000 m/s in the forearc

sediments, a value supported by an OBS refraction survey across the Mariana Forearc

[Takahashi, 2003]. The refraction line of Takahashi et al. follows an ESE-trending MCS
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line that crosses the northern flank of Celestial Seamount, with modeled average
velocities within the seamount of 3000-3500 m/s. In order to model these values, we
applied a starting velocity of 1600 m/s plus a gradient of 1500 m/s/s to the serpentinite
seamounts. In addition to this vertical gradient, we added a horizontal gradient of 0.5
m/s/CDP (0.08 km/s/km) to increase the velocity in the central portion of the edifice. The
horizontal gradient starts at the inflection point of the reflection representing the top of
forearc sediments under both flanks of the seamount (labeled in Appendix Figure 3.1 and
seen time sections on Figures 8 and 9) and successfully un-kinks the horizon in depth
sections. This model results in a velocity inversion between serpentinite material and
forearc sediments beneath the seamount. The presence of a reverse polarity reflection
(defined as having polarity opposite to the seafloor reflection) at the top of forearc
sediments beneath the flanks of the seamounts also suggests that there is an impedance (=
velocity x density) inversion at this boundary. We applied a 4.0 km/s velocity to the
basement horizon with a vertical gradient of 2.5 km/s/s for 0.8 seconds. At basement +
0.8 seconds, a velocity of 6.0 km/s was applied with a gradient of 0.8 km/s/s down to the
bottom of the profile. The velocities below basement result in an average crustal velocity
in the outer forearc of 6.0-6.5 km/s, a value supported by various forearc velocity models
[LaTraille and Hussong, 1980; Takahashi, 2003].

Pre-stack depth migrations (PSDM) require precise knowledge of the velocity
structure in a region in order to create an accurate representation of the seismic data in
depth. With no drill well ties for this data set, it was difficult to constrain a velocity
model beyond what is geologically reasonable based on known material properties,

velocity pullup relationships, and extrapolation from dill sites in the forearc region. In an
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attempt to create the most geologically accurate image we applied PROMAX 2D Pre-
stack Kirchhoff Depth Migration to the south flank of Turquoise Seamount (Line 42-44).
Ultimately, we found that for the thrust at the base of the seamount, post-stack time
migrations converted into depth did a better job of imaging structures in the data than
PSDM. Our lack of success with PSDM is likely related to poor velocity constraints in
this region. However, velocity model results from iterations performed during the PSDM
process allowed us to improve upon the time-migration velocity model used for all of the
other seamounts (1.5 km/s plus a gradient of 0.5 km/s/s). For example, in the Turquoise
post-stack time migration model we applied a 4 km/s velocity to the basement horizon to
correct for a bow-tie structure beneath this reflection. We also added a horizontal
gradient of 0.2 m/s/CDP (0.032 km/s/km) to increase the velocities in the thrust packages
and the center of the seamount. For the depth conversion of Turquoise Seamount, we
applied a vertical gradient of 1.6 km/s + 1.2 km/s/s within the seamount and sediments,
calculated to reach approximately 4 km/s at the basement horizon beneath the seamount.
The velocities and gradients applied below basement are consistent with Appendix Figure
3.1. The geometry of the flanks of Turquoise Seamount differs from that of Big Blue and
Celestial Seamounts in that there is no reverse polarity reflection at the top of forearc
sediments that experiences velocity pullup. Since we did not have this constraint for our
depth conversion, we did not include the horizontal gradient in depth employed for the

other seamounts in order to un-kink this horizon.
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Figure 3.2: A. Schematic diagram of the major features of the forearc of an intra-
oceanic subduction system. B. Diagram of the emplacement of serpentinite mud
volcanoes on the outer Mariana Forearc. Modified from Fryer et al. [2000]; no

vertical exaggeration.
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Figure 3.3: Map of Big Blue Seamount showing locations of seismic lines with
shot numbers on interpreted bathymetry (Hydrosweep, MR-1, Simrad EM300 and
regional surveys). Interpreted EW0202 lines are shown in red. Contour interval=
200m. Contour labels in km. A blue T-symbol on the track lines indicates the
summit-ward extent to which the interface between forearc sediments and
serpentinite can be traced beneath the seamounts.
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Figure 3.4: Seismic Line 42-44 (depth converted) over Big Blue Seamount.
Normal faulting on the SW flank is related to near surface deformation associated
with downhill movement of this sector of the seamount. The reflection at the top
of forearc sediments is reverse polarity beneath the southern flank of the
seamount. Blue arrows mark flow lobe/seamount boundaries visible in the
bathymetry and interpreted on Figure 3.3. Black arrows indicate seafloor offset
and displacement direction. Location on Figure 3.3.
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Figure 3.6: Map of Celestial and Turquoise Seamounts showing locations of
seismic lines with shot numbers on interpreted bathymetry (Hydrosweep, MR1,
Simrad EM300 and regional surveys). Interpreted seismic lines are shown in red,
other MCS tracks from EW0202 are indicated by solid black lines, and 6-channel
seismic data collected along MR-1 side-scan tracks are represented by dashed
black lines. Track sub-parallel bathymetry lineations are data artifacts. Contour
interval= 200m. Contour labels in km. A blue T-symbol on the track lines
indicates the summit-ward extent to which the interface between forearc
sediments and serpentinite can be traced beneath the seamounts.
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Figure 3.7: MR-1 side-scan sonar image of Celestial and Turquoise seamounts
with seismic lines. Interpreted seismic lines are shown in red, other MCS tracks
from EW0202 are indicated by solid blue lines, and 6-channel seismic data
collected during the MR-1 survey are represented by dashed blue lines. Contour

interval= 1000 m. Contour labels in km.
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Figure 3.8: Time section of MCS Line 67-68 across Celestial Seamount. Small
mud mounds sit on top of forearc sediments. The NW flank of Celestial is convex
upward. The summit of the seamount is deformed by high angle normal faults.
Location on Figure 3.6.
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Figure 3.10: MCS Line 42-44 (depth converted) over Celestial Seamount. Basin
onlap is shown on the southern flank. The reverse polarity reflection at the top of
forearc sediments is a surface along which the seamount slips. Strong, low
frequency, mid-crustal reflections are visible between 7.5 and 8.0 km depth. Line
42-44 intersects with Line 67-68 within the depression at the summit of Celestial.

Location on Figure 3.6.
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Figure 3.15: Serpentinite Mud Volcanoes. A. The seamount is built in a
sedimented forearc basin by a series of individual flows fed through a central
conduit. A depression at the summit of the seamount is partially infilled by recent
mud flows. Carbonate and Mg-silicate chimneys and fluid seeps vent slab-
derived fluids at the summit of the seamount. Water produced both by the
upwelling of serpentinite mud and fluids, and from the compaction of underlying
substrate, may flow along the boundary between serpentinite mud and sediments,
reducing shear strength and enabling the seamount to slide laterally. If the
underlying sediments are unable to dewater, they will be over-pressured and the
high pore pressures at the boundary will decouple seamount and substrate
deformation. B. An inactive mud volcano in which all fluid upwelling has ceased.
Active fluid seeps and chimneys are not found at the summit and a large basal
thrust, the top of which has been eroded, displaces the entire forearc sediment
package and accommodates seamount spreading.
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Appendix Figure 3.1: Velocity model for Celestial Seamount depth conversion.
In addition to a vertical gradient, we added a horizontal gradient of 0.5 m/s/CDP
(0.08 kml/s/s) to increase the velocity in the central portion of the seamount above
the preexisting forearc strata. The horizontal gradient starts in time at the
inflection point of the reflection representing the top of forearc sediments under
both flanks of the seamount (e.g. Figure 9). When converted to depth, this
reflection is flattened (e.g. Figure 3.11). Similar velocity models were used to
depth convert Big Blue and Turquoise Seamounts.
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Chapter 4: Sedimentary, volcanic and tectonic processes of the central
Mariana arc: Part 1. Mariana Trough backarc basin formation and the
West Mariana Ridge

Abstract

We present new multi-channel seismic (MCS) profiles and bathymetric data from
the central Marianas that image the West Mariana Ridge (WMR) remnant arc, both
margins of the Mariana Trough backarc basin, the modern arc and Eocene frontal arc
high (FAH). These data reveal structure and stratigraphy related to three periods of arc
volcanism and two periods of arc rifting. We interpret the boundary between accreted
backarc basin and rifted arc crust along the Mariana Trough and support these findings
with drilling results and recent seismic refraction and gravity studies. We show that with
the exception of a few cross-chain volcanoes that straddle the boundary between crustal
types, the modern Mariana Arc is built entirely on rifted arc crust between 14° and 19° N.
Our data indicate that there is more accreted backarc seafloor to the west of the Mariana
Trough spreading axis than to the east, confirming previous evidence for an asymmetric
basin. The rifted margin of the WMR remnant arc forms a stepped pattern along the
western boundary of the Mariana Trough, between 15°30” and 19°N. In this region,
linear volcanic cross-chains behind the WMR are aligned with the trend of Mariana
Trough spreading segments and the WMR ridges extend into the backarc basin along the
same strike. These ridges are magmatic accommodation zones which, to the north along
the Izu-Bonin Arc, punctuate tectonic extension. For the WMR we hypothesize that rift
basins are more commonly the sites where spreading segment offsets nucleate, whereas

magmatic centers of spreading segments are sites where magmatism continues from arc
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volcanism, through rifting to backarc spreading. The Mariana Trough is opening non-
rigidly and is characterized by two predominant abyssal hill trends, NNW-SSE in the
north, and N-S in the south. Between the only two basin-crossing fracture zones at

~15.5° and 17.5°, N-S axes propagated north at the expense of NNW axes.

Introduction

One of the enigmas of convergent margin evolution is the existence of periodic
phases of extension that result in arc rifting and backarc basin formation. The processes
associated with the rifting and subsequent separation of continental lithosphere have been
a major research focus and drilling objective (e.g. [Ruppel, 1995; Peron-Pinvidic and
Manatschal, 2008]). Similar processes and questions are involved in the rifting of arc
lithosphere prior to backarc spreading (e.g., the extent and nature of crustal stretching, the
duration of rifting, and the interaction between vertical tectonics, rift sedimentation, and
volcanism). Studies of lithospheric rheology suggest that the thick crust and high heat
flow of the volcanic line constitute a rheological weak zone that focuses rifting in its
vicinity [Molnar and Atwater, 1978; Kusznir and Park, 1987]. However, the exact
location of arc rupture can vary with respect to this line. Rifting of the arc can occur
along, in front of, or behind the volcanic front and continues until the lithosphere is
sufficiently thinned for seafloor spreading to occur [Hawkins et al., 1984; Taylor, 1992;
Martinez and Taylor, 2006].

The boundary between rifted arc and accreted backarc basin crust in island-arc

settings is poorly constrained, partially because of the lack of well studied examples, and
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also because of the presence of thick volcaniclastic sediments that conceal basement
topography. Knowing this boundary allows us to evaluate the symmetry of oceanic
accretion in backarc basins and determine the substrate upon which modern arc volcanoes
are built. It is necessary to know what underlies arc volcanoes in order to understand the
outputs of the so-called “subduction factory” and, ultimately, the formation of felsic
continental crust.

The Mariana system, at the southern end of the Izu-Bonin-Mariana (IBM)
subduction system, is an intra-oceanic convergent margin undergoing extension (Figure
4.1). The basic tectonic framework for the history of the Mariana system has been in
place since the early work of Karig (i.e. [Karig, 1970; Karig, 1971b; Karig et al., 1978]).
The IBM arc began with Middle Eocene suprasubduction-zone magmatism (boninites
and island arc tholeiites), similar to that observed in many ophiolites [Stern and Bloomer,
1992; Taylor, 1992; Bloomer et al., 1995]. The IBM island arc volcanic front was fully
developed by the Late Middle Eocene (44 Ma) [Ishizuka et al., 2006]. Since then, the arc
was episodically rifted, and successive backarc spreading in the Parece Vela Basin and
Mariana Trough isolated the remnant arcs (Palau-Kyushu Ridge and West Mariana Ridge
(WMR)) up to 1,300 km from the present IBM trench (Figure 4.1). Although the 50 Ma
tectonic and magmatic history of the IBM arc is well known, the nature of the rifting and
spreading that formed the Mariana Trough and the boundaries between rifted arc and
accreted backarc basin crust are poorly constrained. Thick volcaniclastic sediments shed
from the active arc mask basement topography on the eastern margin of the Mariana
Trough, and there are no published detailed magnetic surveys from the central backarc
basin (14-19°N), making a determination of spreading history difficult.

151



Multi-channel seismic (MCS) profiles collected in 2002 offer the best and most
complete seismic reflection images of the central Mariana convergent margin; previously
surveyed in 1976 [Mrozowski and Hayes, 1980]. In this paper we present the results of
recent surveys over the central Mariana Arc, frontal-arc high, backarc basin, and remnant
arc from 13° to 19° 15°N (Figure 4.2). We use MCS reflection and swath bathymetry
data, combined with the results of previous drilling, seismic reflection and refraction
studies to define the boundary between rifted arc and accreted backarc basin crust on both
sides of the Mariana Trough and determine the substrate upon which the modern arc
volcanoes are built. In addition, we present new, high-resolution bathymetry over the
WMR, Mariana Trough and Mariana Arc that reveal the morphology and active
deformation of the modern and remnant arc volcanoes along with backarc basin fabric.
Using swath bathymetry data, combined with MCS profiles, we propose a spreading
history for the Mariana Trough near 17°N. Our data reveal fundamental attributes of this
archetypal intra-oceanic arc system that allow for improved comparisons with other

extensional margins.

Background

Tectonics, Volcanism and Sedimentation

Subduction began in the Mariana convergent margin circa 50 Ma [Taylor, 1992;
Bloomer et al., 1995; Cosca et al., 1998]. Three stages of arc growth and two episodes of
arc rifting are known from studies of island outcrops and drill cores from the Mariana
subduction zone (DSDP and ODP legs: 59, 60,125, 126). Initial suprasubduction-zone

magmatism generated a broad zone of boninitic crust ~300 km wide before the onset of
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focused, calc-alkaline volcanism [Meiger, 1980; Taylor, 1992; Bloomer et al., 1995]. A
volcanic island arc formed by the Late Middle Eocene (~44 Ma) at the location of the
present day frontal-arc high (FAH) [Ishizuka et al., 2006]. The Eocene arc rifted in the
Late Eocene to Early Oligocene prior to seafloor spreading in the Parece Vela backarc
basin, which separated the FAH from the Palau-Kyushu Ridge remnant arc (Figure 4.1).
Drill cores from DSDP Legs 59 and 60 show that explosive Oligocene volcanism on the
FAH continued during rifting until ~29-31 Ma [Shipboard Scientific Party, 1978b;
1978a; Scott et al., 1980]. This rifting and subsequent spreading, from 29 Ma to 15 Ma,
propagated north and south creating the characteristic bow-shape of the Mariana
subduction zone [Mrozowski and Hayes, 1979; Taylor, 1992; Okino et al., 1998].

Volcanism may have slowed or ceased until ~20 Ma, when the Mio-Pliocene
volcanic arc built up west of the rifted Eo-Oligocene arc [Hussong and Uyeda, 1981b;
Meijer et al., 1983; Taylor, 1992]. DSDP Leg 60 drilling in the Mariana forearc shows
an increase in volcanism until 9 Ma [Shipboard Scientific Party, 1978c; 1978d]. The
Mio-Pliocene arc was then rifted, and seafloor spreading in the Mariana Trough backarc
basin, beginning at ~5 Ma, rafted away the WMR remnant arc [Hussong and Uyeda,
1981b; Seama and Fujiwara, 1993]. Rifting and spreading propagated north, further
increasing the curvature of the Mariana island arc system [Martinez et al., 1995].

A third period of explosive volcanism is ongoing along the modern Mariana arc,
which is building west of the Eocene FAH [Hilton et al., 2005]. From 16°N-20.5°N most
of the active arc volcanoes are subaerial; south of 16°N they are all submarine [Stern et

al., 1984] (Figures 1 and 2).
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Arc volcanoes, because of their thicker crust and higher heat flow than
surrounding oceanic crust, create a linear zone of lithospheric weakness that controls the
location of arc rifting, but the location of volcanic centers and rift boundaries may vary
both along-strike of an arc and over time. Along the Izu-Bonin arc, Taylor [1992] found
that the large relict Oligocene rift structures do not control the Quaternary rifts. In
addition, rifts are wider and deeper between, rather than adjacent to, arc volcanoes
suggesting that arc magmatism accommodates some of the extension with intrusions
rather than faulting taking up the strain near the arc volcanoes [Taylor et al., 1991].

Rifted volcanic margins evolve by a combination of extrusive volcanism,
intrusive magmatism, extension, uplift, and erosion (e.g. [Menzies et al., 2002]).
Extension results in normal faulting, subsidence, and thinning of the crust. Active
faulting provides conduits for the emplacement of dikes, sills, and lava flows of both arc
and backarc basin basalt composition. Over time the active zone of extension shifts
laterally away from the arc. Eventually, true seafloor spreading begins and newly

accreted oceanic crust is produced [Martinez et al., 2000].

Mariana Trough

The Mariana Trough is an active backarc basin which, south of 23.5 °N, separates
the modern Mariana volcanic arc from the remnant WMR [Karig, 1971b] (Figure 4.1).
The Mariana Trough is a geologically young feature formed since ~8 Ma [Seama and
Fujiwara, 1993]. The spreading axis, like the WMR and modern arc, has a bow shape
with ridge segments of varying length (20-50 km), which are separated by both right- and
left-lateral non-transform offsets and transform faults [Sinton and Hussong, 1983; StUben
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etal., 1998] (Figure 4.1). The Pagan Fracture Zone (PFZ) [Fryer and Hussong, 1981]
and another near 15.5°N are the only ridge offsets that cross the entire basin (Figure 4.2).

In the northern and central portions of the basin, the spreading axis has a
morphology similar to a slow-spreading mid-oceanic ridge with spreading rates of 30-40
mm/year [Bibee et al., 1980; Hussong and Uyeda, 1982; Honsho et al., 1997; Kato et al.,
2003]. However, some characteristics differ from typical mid-ocean ridge spreading.
First, axial and flank depths of the Mariana Trough are deeper than most mid-ocean
ridges of comparable age; second, the relief of the seafloor flanking the axis is typically
~1 km greater; and third, abyssal hill fabric trends are more variable [Karig et al., 1978;
Martinez et al., 2000].

The southern Mariana Trough (south of ‘~14° N) is morphologically different
from the central and northern basin, and more closely resembles fast-spreading or
magmatically robust (e.g. hotspot) ridges [Martinez et al., 2000]. It is characterized by
an axial high, rather than a trough and is spreading at a rate of 45 mm/yr near Guam
[Kato et al., 2003]. The southward-increasing Mariana backarc spreading rates are
associated with subduction rates along the Mariana Trench that increase from 40+5
mm/yr at 19°N to 65£10 mm/yr at 13.5°N [Kato et al., 2003].

Arc rifting and backarc basin formation are commonly thought to be caused by
extension induced by the seaward migration of the trench, termed “trench rollback™
[Elsasser, 1971; Moberly, 1972; Dewey, 1980]. However, this is disputed along the
central Mariana margin where the near vertical subducting plate [Katsumata and Sykes,
1969; Isacks and Barazangi, 1977; Chiu et al., 1991; Engdahl et al., 1998] acts as a “sea-

anchor” resisting lateral motion [Scholz and Campos, 1995; Stern et al., 2003]. Backarc
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basin spreading along this region of the Mariana system may be caused by the combined
effects of the sea-anchor force and convergence of the Philippine Sea and Eurasian
Plates. In contrast, the increase in spreading rate of the southern Mariana Trough may be
affected by trench rollback along the Challenger Deep segment of the Mariana Trench
[Martinez et al., 2000; Fryer et al., 2003; Gvirtzman and Stern, 2004]. Martinez et al.
[2000] propose that the region between the trench and the backarc spreading center or
“interplate zone” undergoes intense deformation in response to the changing morphology
of the trench and the increase in curvature of the Mariana Arc.

Rifting of the Mariana arc is suggested to have evolved through a two stage
process: 1) stretching of the arc to produce a block-faulted terrain and 2) transition to
seafloor spreading [Fryer and Hussong, 1981; Baker et al., 1996]. Based on early
bathymetric and magnetic surveys at 18° N, DSDP Leg 60 scientists proposed that
backarc spreading was essentially symmetric in the Mariana Trough, implying that
oceanic crust and abyssal hill fabric to the east were buried under thick volcaniclastic
sediments derived from the active arc [Bibee et al., 1980; Hussong and Uyeda, 1981b].
However, the extent of accreted backarc basin crust on the eastern margin of the basin,
proximal to the active volcanic arc, and the locations of paleo spreading axes are
unknown. With the refinement of the location of the modern spreading axis based on
higher-resolution bathymetric mapping and side-scan sonar imaging (e.g. [Deschamps
and Fujiwara, 2003; Yamazaki et al., 2003; Deschamps et al., 2005; Kitada et al., 2006])
and its proximity to the eastern edge of the trough, the basin appears to have opened in a
highly asymmetric manner. In general, the spreading center is 40-50 km closer to the
Mariana Arc than the WMR [Fryer, 1995] (Figures 4.1 and 4.2), suggesting asymmetrical
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crustal accretion or, alternatively, that the active arc is constructed primarily on accreted
lithosphere [Hussong and Uyeda, 1981b]. Some studies, interpret magmatic accretion to
be asymmetric [Fryer, 1995; StUben et al., 1998; Deschamps and Fujiwara, 2003].
Deschamps and Fujiwara [2003] found that half spreading rates along segments of the
central Mariana Trough axis near 18°N were 2-3 times higher on the western side of the
basin than the eastern during the Brunhes-Matuyama period [Asada et al., 2007].
Asymmetric spreading (though less extreme) is common along the axis of slow spreading
ridges such as the Mid Atlantic Ridge; and asymmetric backarc basin formation is seen in
the northern and southern Mariana Trough, Okinawa Trough and Lau-Havre-Taupo basin
[Tucholke and Lin, 1994; Martinez et al., 1995; Baker et al., 1996, Parson and Wright,
1996; Yamazaki and Murakami, 1998; Martinez and Taylor, 2002]. In their recent work,
Asada et al. [2007] suggest that the asymmetry of the Mariana Trough is caused by
repetitive, small-scale ridge jumps to the east. In this model, seafloor accretion along
individual spreading segments would primarily be symmetric, but the ridge jumps would

result in an overall asymmetric basin.

Description

Bathymetry

The bathymetric maps used in this study include swath multibeam data from the
EW0202/03 cruises, data over the Mariana Arc and FAH provided by NOAA Pacific
Islands Fisheries Science Center and NOAA Vents Program, Pacific Marine
Environmental Laboratory, 2006-2007 data over the WMR courtesy of James Gardner at
the Center for Coastal & Ocean Mapping, University of New Hampshire, data from a
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composite of regional studies conducted on ships from the Japan Center for Marine Earth
Science and Technology (JAMSTEC) supplied by Nobu Seama [Kitada et al., 2006], as
well as 1997 HAWAII MR-1 data (Figure 4.1C). We interpreted the bathymetry based
on maps with several different illuminations to minimize artifacts. Sense of motion along
faults was determined on the basis of seafloor offset in seismic data and fault scarp
geometry in the bathymetry.

New multibeam bathymetry data over the WMR show numerous well-developed
canyons and dendritic drainage patterns emptying into the Parece Vela Basin that have
formed large depositional aprons (Figures 4.2 and 4.3) (Gardner et. al, In Prep). There
are many inactive volcanoes bordering the Parece Vela Basin. North of 16°N, these
volcanoes form linear cross-chains (~45-60° to the ridge) that appear to align with the
centers of Mariana Trough spreading segments, suggesting magmatic segmentation.
North of 15.5°N, WMR ridges extend eastward into the backarc along these same NE-
SW trends. Although individual peaks reach nearly to sea level, the majority of the WMR
remnant arc is at depths of 2-3 km below sea level (Figure 4.2). In general, the eastern
slopes of the WMR are steeper than the western slopes, because of normal faulting (as
shown later in the MCS data). This is especially true south of 15° N where the remnant
arc is narrower.

The average depth of the central Mariana Trough (14-19°N) is ~ 4 km (Figure
4.2). The basin floor consists of a series of NNW-SSE to N-S trending, linear ridges and
valleys, which are characteristic of abyssal hill fabric found at a slow-spreading mid-
ocean ridge [Fryer and Hussong, 1981]. The spreading ridge segmentation boundaries
and spreading axis in the Mariana Trough were interpreted based on bathymetry, acoustic
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imagery and MCS data, and differ somewhat from previously published locations (e.g.
[Kitada et al., 2006]) (Figure 4.2). Several MCS lines cross the axial ridge and rift valley
of the spreading axis [Hawkins et al., 1990], allowing us to refine its location, and, using
the new bathymetry, we based our segmentation boundaries on spreading ridge offsets
and abyssal hill fabric (e.g. changes in fabric trends, inside corner highs, etc.). The
segmentation boundaries indicate transform and non-transform offsets, including ridge
propagation.

The trend of the abyssal hill fabric varies across the basin and along-strike. North
of the Pagan Fracture Zone (PFZ) the trend is primarily NNW-SSE. South to ~15.5°N,
the fabric changes across the basin, rotating from NNW-SSE to nearly N-S near 144°
15’E. The different trends are separated by a propagator and the eastern portion of the
PFZ (solid, green line Figure 4.4). South of the PFZ, a NNW-trending, large-relief
abyssal hill on the eastern margin of the basin (crossed by MCS Line 50), is discordant
with the abyssal fabric and the trend of the spreading center in this region; however, it
conforms to the trend of the abyssal hills on the western margin of the Mariana Trough.
Few other abyssal hills rise above the volcaniclastic sediment apron that covers the
eastern basin north of 15°N. South of 15°N, the spreading axis trends NNE and the off-
axis fabric generally parallels it, except near 14.5°N where it trends slightly west of
north.

Submarine channels/canyons and concentric ridges are common on the western
flanks of the modern arc volcanoes and in the backarc (Figures 4.2 and 4.3) [Hussong
and Fryer, 1983]. Submarine canyons transport sediments from the arc to the backarc
basin [Draut and Clift, 2006]. One large (~ 56 km long) canyon extends from West
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Pagan Volcano into the backarc basin. It appears to follow/empty into the PFZ (Figure
4.2). Concentric ridges on the outer flanks of volcanoes along the Kermadec arc are
interpreted as mega-bedforms associated with pyroclastic density flows and edifice
foundering [Wright et al., 2006]. Excellent examples of these features are also seen in
the Lau Basin (F. Martinez, unpublished data) and along the Izu-Bonin arc [Tani et al.,
2008].

The modern arc along the central Mariana convergent margin consists of large,
individual volcanoes (e.g. Pagan, Agrigan) to the north and smaller, submarine volcanoes
to the south (Figures 4.2-4.4) [Stern et al., 1984]. The relief of the frontal-arc high
(FAH) is roughly the inverse of this: subariel from 13°-16°N, submarine from 16°-18°N
and apparently absent between 18°-19°N. The size of the WMR compliments that of the
FAH: wide north of 15.5°N and narrow to the south (Figure 4.4).

Several cross-chain, backarc volcanoes are associated with the modern Mariana
Arc [Hussong and Fryer, 1983] (Figures 4.2 and 4.4). The longest cross-chains include
three volcanoes. We imaged numerous volcanic intrusions along and across the active
arc (Figure 4.4). Some are located within intra-arc basins and some on the Eocene
platform. Many of these intrusions are associated with active or recently active normal
faults that offset the seafloor. West of Guguan Volcano at 17°20°N, a small volcano is
located between two N-NNW-trending lineations interpreted to be abyssal hills (Figures
4.3B and 4.4). Not knowing the composition (arc vs. backarc) of this volcano, we have

colored it green on Figure 4.4.

160



Seismic Interpretation
The West Mariana Ridge (WMR)

MCS Lines 124-125, 119-121, 113-116, 130-131 and Conrad Line 55 cross the
WMR remnant arc and western margin of the Mariana Trough backarc basin between 17°
10’ and 18.5°N (Figures 4.3A, 4.5 and 4.6). These lines show the thick volcaniclastic
cover of the western flank and summit of the WMR, the variable morphology of its
eastern flank, and the boundary between rifted arc and accreted backarc basin crust.

The western flank of the WMR 1is characterized by numerous cross-chain
volcanoes and submarine channels and canyons (Figures 4.3A and 4.5). MCS Line 113-
116, which crosses E-W over the WMR at 17° 54’N (Figure 4.5C), reveals an apron of
volcaniclastic sediments that thickens westward to 2 s TWTT into the Parece Vela
backarc basin. The seafloor is marked by large distributary channels and dendritic
drainage pathways (Figure 4.3A). The cross-chain volcano on the western flank of the
WMR imaged on both Lines 113-116 (SP 6400) and 119-121 (SP 1000) appears to be
undeformed by the rifting of the Miocene arc (Figure 4.5B,C).

The morphology of the summit and eastern flank of the WMR varies along-strike.
In the north, along Line 124-125 (Figure 4.5A), the eastern flank of the WMR consists of
numerous down-dropped and west-tilted fault blocks bounded by east-dipping normal
faults. These blocks are covered by a uniform layer of nearly flat-lying sediments. The

flank of the WMR basement deepens eastward from ~3.5-6 s TWTT. At the base of the
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flank, a basin (SP 375-600) is filled with flat-lying, sedimentary layers that onlap the
edges, suggesting that they were formed by the deposition of turbidites.

To the south, between Lines 55 and 130-131, the summit of the WMR forms an
elongate, thickly (1.5 to >2 s TWTT) sedimented ridge, roughly 40-km-long by 15-km-
wide (Figure 4.3A). Sediment thickness increases north along the ridge, thickening into
the basin formed between Lines 119-121 and 124-125 (Figures 4.2 and 4.3A, Line 126-
127 not shown). MCS Line 119-121 crosses the northern tip of this ridge (Figure 4.5B).
The summit of the WMR is eroded by dendritic drainage channels (Figure 4.3A).
Between SP 1050 and 1400 the seafloor is hummocky, likely because of erosion from
numerous channels (Figure 4.5A). East- and west-dipping normal faults deform
sediments probably shed from the surrounding volcanoes, forming a rift basin infilled by
younger sediments (~SP 1080-1200). Near DSDP Site 451 there is a package of east-
dipping, parallel volcaniclastic sediment horizons offset by normal faults that dip west at
~60-65° (assuming average sediment velocity of 2 km/s). This thick package of
sediments is separated from more recent, seafloor sub-parallel reflections by an
unconformity (black line on Figure 4.5B). These upper sediments are primarily deposited
in a basin between ~SP 1430 and 1900. East-dipping normal faults that offset the
seafloor deform the upper sediment package between SP 1650-1700. Near SP 1800, the
deeper sediment horizons change dip from east to west and are offset by east-dipping
normal faults. The blue, dashed line roughly marks the base of the dipping volcaniclastic
sediments. The sediment package is thickest in the basin near SP 1700.

To the east, Line 119-121 images a robust magmatic section of the WMR trending
NE (Figures 4.3A and 4.5B). This portion of the WMR extends a linear ridge, deformed
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by both west- and east-dipping normal faults, into the Mariana Trough along a flow line,
revealing a zone of rifting up to 70 km in width (Figures 4.2 and 4.5B). Here, rifted fault
blocks and abyssal hills have similar strike and morphology.

Near 18° N, Line 55 from an R/V Robert Conrad seismic reflection survey in
1976 crosses E-W over DSDP drill Site 451 (Figures 4.2, 4.3A and 4.6A). The rollover
morphology of the WMR summit and eastern flank is similar to what is described for
Lines 119-121 above and 113-116 below. Near SP 3650 fault dips switch from west to
east-dipping. A large rifted fault block near SP 3400 forms a prominent ridge in the
bathymetry.

Line 113-116 crosses over the summit of the elongate ridge which is faulted and
flexed down from ~2 to 6 s TWTT (Figure 4.5C). As along Line 119-121, the faults on
top of the bathymetric high dip to the west offsetting sediment horizons that dip to the
east; however we do not image a comparable package of seafloor conformable horizons
overlying the east-dipping sediments. In addition, there are no down-dropped fault
blocks on the eastern flank like those seen on MCS profiles to the north and south. Near
SP 5500 and 5300, flat-lying sediments are deposited in basins bounded by rifted fault
blocks.

MCS Line 130-131 (Figure 4.6B) parallels Line 119-121, ~60 km to the south.
Here, the WMR is deformed by west- and east-dipping normal faults, many of which
reach the seafloor. Thick packages of sediments dip west and east on either side of the
WMR. A dashed, blue line separates two distinct sediment packages. The lower
sediment package represents pre-rift deposition along the WMR. The upper section

includes syn-rift to recent sedimentation and correlates with the package of dipping
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horizons seen to the north on Line 119-121 (Figure 4.5B). West-dipping sediments in the
upper package thicken to the SW and are eroded by a large channel at SP 300. Near SP
750, sediments switch from west-dipping to east-dipping. On top of the package of east-
dipping reflections, between SP 1000-1200, a series of blocks are back-tilted on east-
dipping normal faults, forming small half-graben infilled by seafloor-parallel reflections.
Beneath these blocks, near SP 1120, clear reflections from the east-dipping sediment
horizons terminate abruptly.

To the east, Line 130-131 images an east-dipping, low-angle normal fault which
reaches the seafloor near ~SP 1270. The eastern extent of the fault marks the boundary
between rifted WMR crust and accreted backarc basin crust (Figure 4.6B). Depth
conversions using crustal velocities of 4.4-5.0 km/s below the sediments, determined
from the range of velocities in the refraction model of Takahashi et al., [2008], result in
angles for the lower segment of the fault of 17°-20°. The low-angle fault forms the
western boundary of a NNW-trending basin visible in the bathymetry (Figures 4.2 and
4.3A). An active normal fault near SP 1355 offsets flat-lying sediments and seafloor
within the basin.

To the north, along Conrad Line 55, a low-angle normal fault bounds a
bathymetric low with a similar trend to that seen along Line 130-131 (~SP 3030) (Figure
4.6A). Again, there is recently active normal faulting within the basin above the low-
angle fault (~SP 3055). We interpret the eastern side of the low-angle fault, where it
abuts basement with abyssal hill fabric, to be the arc-backarc boundary.

Based on the low-angle faults visible on Lines 130-131 and 55, drilling results
from DSDP drill Site 453 (discussed below) and abyssal hill fabric revealed in the swath
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bathymetry, we interpret the rifted arc- accreted backarc basin crust boundary to be
within NNW-trending graben at the eastern edge of the WMR on all of the MCS profiles
(Figures 4.2, 4.5 and 4.6). East of these graben, the seafloor topography is characterized
by rough, moderate-relief (~0.5 s TWTT) abyssal hill fabric draped by thin sediments
that are likely hemipelagic in origin. Backarc basin crust is mostly unreflective beneath

basement and lacks the deeper structures seen along the WMR.

The spreading axis and eastern margin of the Mariana Trough

Several MCS lines cross the eastern margin and abyssal hills of the Mariana
Trough and extend across the spreading axis. The data are presented here from north to
south (Figures 4.3B, and 4.7-4.9).

Line 113-116

The eastern portion of MCS Line 113-116 runs ENE across the modern arc
between Agrigan and Pagan Volcanoes (Figures 4.3B and 4.7A). Along this line, the
Mariana Trough spreading axis (indicated by a red arrow on Figure 4.7) is bounded on
both sides by NNW-SSE trending symmetric abyssal hills with high relief. Alvin
submersible dives in the Mariana Trough in 1987 showed that the spreading axis between
17°40°N and 18°30°N is an axial ridge within a 10-15 km wide rift valley (e.g. [Craig et
al., 1987; Hawkins et al., 1990]). There is little sediment within the rift valley. East of
the axis, sediments fill a basement low (~SP 2050) (Figure 4.7A). Abyssal hills are
buried by thick, flat-lying, volcaniclastic sediments within 35 km of the spreading axis.

Seafloor, corrugated by channels and possible sediment waves, shoals to the east between
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the arc volcanoes (Figure 4.3B). We interpret two basement ridges near SP 1550 and
2000 to be abyssal hills that are onlapped by and buried beneath volcaniclastic sediments
shed from the active arc, indicating that backarc basin crust (dashed blue line) extends at
least this far east. We do not image any coherent reflections within the backarc basin
crust. East of the abyssal hills, a reflection separates relatively flat-lying sediments from
unreflective basement (dashed black line). The character of both the sediments and the
“basement” changes at ~SP 1250 and to the east. Sediment horizons become increasingly
chaotic and are variably tilted. In addition, there are strong, discontinuous horizons
deeper in the section (~6.5-7 s TWTT) (Figure 4.7A). We interpret the change in seismic
character near ~SP 1250 to mark the transition from backarc basin accreted crust to rifted
and sedimented arc crust.

Line 10-13

MCS Line 10-13 crosses a spreading segment of the Mariana Trough and images
the modern arc south of Pagan Volcano (Figures 4.3B and 4.7B). The axis along 10-13 is
located within an ~15 km-wide rift valley, bounded by NNW-SSE-trending abyssal hills.
The backarc basin sediments are primarily flat-lying and increase in thickness toward the
active arc. A buried abyssal hill at ~SP 3900 is interpreted to be an extension of the ridge
visible in the bathymetry just south of Line 10-13 (Figures 4.2 and 4.3B) and imaged on
Line 16-19 (Figure 4.7C) and indicates that backarc basin crust extends at least this far to
the east. We interpret strong, flat-lying reflections in the sediment basin to the west of
West Pagan Seamount to be sills based on their seismic character, high amplitude, and
abrupt lateral termination. These reflections absorb a significant amount of seismic

energy and make identification of the underlying basement difficult. Strong sediment
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and basement (dashed blue line) horizons extend from the backarc basin to beneath the
seamount (Figure 4.7B). A thick package of recent sediments from Pagan Volcano
onlaps onto the eastern flank of West Pagan Seamount. Sediments horizons to the east of
the seamount are offset by normal faults and truncated by piercement structures.
Piercement structures, representing volcanic intrusions, occur near SP 3150, 3300 and on
the SE flank of West Pagan Seamount at 3400 (Figures 4.4 and 4.7B).

Line 16-19

MCS Line 16-19 trends E-W across the faulted northern flank of Alamagan
Volcano at 17° 45°N (Figures 4.3B and 4.7C). The spreading axis imaged on Line 16-19
lies within an asymmetric, ~11 km-wide axial valley with a depth of 5.4 s TWTT (~4170
m). The ridges to the east and west of the axis reach shoals of 4.25 s and 3.5 s TWTT,
respectively and trend NNW-SSE. Abyssal hill relief decreases to the east and there is a
buried ridge near SP 7200, also imaged on Line 10-13. This abyssal hill is onlapped by a
package of sediments that thins to the west, away from Alamagan Volcano. Low-relief
basement (dashed blue line, Figure 4.7C) deepens toward the arc. Backarc basin crust
extends at least as far as SP 7200; however, the rifted arc/backarc boundary cannot be
further constrained by structures in the MCS data. At ~SP 7400, Line 16-19 crosses a
narrow portion of the large channel in the backarc basin visible in the bathymetry (Figure
4.3B). Sediment horizons to the west of Alamagan are offset by normal faults (~SP
7850-7980). On the northern flank of the volcano, sediments and seafloor are deformed
by active normal faults. Sediments between SP 8320 and 8400 are back tilted to the west
indicating present-day motion on east-dipping normal faults (Figure 4.7C).

Line 53-54
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MCS Line 53-54 trends ESE-WNW across the inflated center of an “hourglass”
segment of the Mariana Trough spreading axis [Deschamps et al., 2005] and images the
arc north of Sarigan Volcano at 16° 50’ N (Figures 4.3B and 4.8). Along Line 53-54, the
spreading axis is shallower than to the north, ~4.5 s TWTT (<4 km) and has subdued
abyssal hill relief (~0.5 s TWTT). Abyssal hill fabric is sigmoidal trending roughly N-S
at the segment ends (Figure 4.3B). Primarily flat-lying sediments infill valleys between
the abyssal hills which extend east to SP 1050. Arcward of this, a relatively flat, strong,
continuous horizon (dashed blue line, Figure 4.8) underlies a coherent sediment package.
This reflection may represent the top of backarc basin crust; however, there are strong
reflections further down in the section that suggest a deeper basement. Further north,
along Line 10-13, sills obscure basement and form flat-lying reflections. There, we
interpret basement to be beneath the sills and reverberations near 6 s TWTT (Figure
4.7B). Velocities between the two dashed blue lines on Figure 4.8 are ~3-4 km/s
[Takahashi et al., 2008]; which suggests interbedding of sediments and basaltic
intrusions, supporting our interpretation of a true basement horizon near 6 s TWTT. At
~SP 1600, a rifted fault block on the western flank of the modern arc is onlapped by
backarc basin sediments and downlapped by volcaniclastics from the active arc. The
west-dipping normal fault that bounds the block forms a sloping boundary between rifted
arc and accreted backarc basin crust (Figure 4.8). Where the fault intersects the lower
basement horizon, material to the east of the fault is rifted arc crust, and material to the

west 1s backarc basin crust.

Line 87-88
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MCS Line 87-88 crosses the broad FAH platform between the islands of Saipan
and Tinian and extends over the smooth seafloor of the eastern Mariana Trough (Figures
4.3C and 4.9). In this region, the arc volcanoes and FAH trend NNE-SSW, and abyssal
hill fabric trends N-S (Figure 4.2). Seafloor between the arc volcanoes is hummocky and
the flanks of the volcanoes are deformed by concentric ridges and channels (Figure
4.3B). A large volcaniclastic sediment apron thins arcward and is eroded by channels
(Figure 4.9). The dashed blue horizon separates coherent, seafloor parallel horizons (>1 s
TWTT thick) from relatively non-reflective basement. Beneath basement, an east-
dipping reflection (~SP 40) is possibly a thrust fault which resulted in an asymmetric fold
in the sediments above. Alternatively, the deformation in the sediments could be caused
by a west-dipping, high-angle normal fault. The faulting is no longer active. Near SP
400, a west-dipping normal fault bounds a basement block onlapped by sediments. On
top of the block and to the east, we draw a black dashed line at the base of a package of
chaotic and discontinuous sediment horizons. Sediments dip both east and west and are
offset by west-dipping normal faults. The basement block may indicate the western
extent of rifted arc crust. Near SP 1050 a high which is probably a rifted fault block, is
onlapped by recent sediments shed from the active arc. The presence of rifted arc
material on the western flank of the FAH, in line with the modern volcanoes, suggests
that arc crust extends at least this far west. Between the basement block and the fault
block (~SP 400-1050), the MCS data is highly reflective and chaotic down to the seafloor
multiple, differing from the relatively non-reflective backarc basin crust imaged along the
eastern margin of the Mariana Trough (Figures 4.7-4.9). Coherence in the upper section
of the profile increases to the east. East of the fault block near SP 1050, the purple
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horizon separates a package of coherent, west-dipping horizons from older, deeper

sediments that parallel the flank of the FAH. Both packages are offset by normal faults.

Discussion
Remnant Arcs and the Location of Arc Rupture

The IBM backarc system includes two remnant arcs, the Palau-Kyushu Ridge
(PKR) and the West Mariana Ridge (WMR) (Figure 4.1). Comparison of the two shows
that the location of arc rupture and the nature of rifting can vary over time within one
subduction system.

Detailed, recent swath bathymetry and MCS surveys show that most of the PKR
south of 25°N is a flexed West Philippine Basin rift-flank bounded by faults on the east
and with a few cross-chain volcanoes to the west [Okino et al., 1998; Okino et al., 1999;
Nishizawa et al., 2005]. This is significant because it implies that the split of the Eocene
arc occurred on the backarc side, leaving the Eo-Oligocene arc (FAH) and forearc to the
east of the Parece Vela Basin (Figure 4.1). In addition, a recent refraction study across
the PKR imaged an igneous crustal thickness of ~20 km at 20.5°N [Nishizawa et al.,
2007], similar to the FAH. However, Nishizawa et al. [2007] did not image a thick
middle crust with a velocity of ~6-6.5 km/s or a strong discontinuity at the mid/lower
crust boundary, both of which also characterize the Eocene arc [Takahashi et al., 2007;
Calvert et al., 2008]. Nishizawa et al. [2007] hypothesize that the thinner PKR middle
crust may be a result of its rifting from the edge of the volcanic arc where the arc crust

was not particularly thick.
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In contrast, the split of the Miocene Mariana arc north of 14° 40’ N appears to
have occurred primarily on the forearc side, with the majority of the Miocene volcanic
front now located in the WMR. The WMR forms a broad bathymetric high consisting of
discrete arc volcanoes and numerous backarc cross-chain volcanoes (Figure 4.2). The
summit is deformed by both east and west-dipping normal faults, and a thick, pre-rift
sediment package paralleling the flanks of the WMR along Line 130-131 (Figures 4.3A
and 4.6B) may represent volcaniclastic deposition on both sides of the Miocene arc.
North of 14° 40’ N there is no distinct, bathymetric scarp separating the WMR from the
Mariana Trough, in contrast to that which is seen between the PKR and Parece-Vela
Basin ([Okino et al., 1999; Nishizawa et al., 2005; , 2007]), suggesting that the break-up
of the Eocene arc was more localized.

The structural evolution of the WMR during rifting may be similar to that
proposed for the Sumisu Rift in the Izu-Bonin Arc to the north [Taylor et al., 1991].
During early rifting, a half graben formed with synthetically faulted structural rollovers
on the hanging wall of a west-dipping fault (see Figure 13 in [Taylor et al., 1991]. This
stage is indicated in the seismic data by east-dipping sediment horizons offset by west-
dipping normal faults (Figures 4.5 and 4.6). As rifting progressed, the basin became
more symmetric forming a full graben including antithetic (east-dipping) normal faults.
MCS data over the eastern flank of the WMR show rollover to the west and rifted fault
blocks to the east. Along Line 130-131, late-stage faulting reverses stratigraphic tilting
(SP 1050-1200). In some regions, such as along Line 119-121 (Figure 4.5B), the

secondary rifting stage forms ridges that extend into the Mariana Trough, suggesting
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protracted extension prior to break-up. South of 14° 40°’N however, the edge of the
WMR is sharper and the overall ridge is narrower (Figure 4.2).

The Miocene arc can not be simply reconstructed. The trace of the Pagan
Fracture Zone (PFZ), the abyssal hill fabric in the basin, and the residual GPS vectors
shown by Kato et al., [2003] are not consistent with opening of the backarc basin as a
rigid plate with a single Euler pole (Figure 4.4). Therefore, any rotation around a single
pole results in unreasonable reconstructions. The block of rifted arc crust along Line 53-
54 (Figure 4.8) provides one constraint on the eastern boundary of the WMR for basin
reconstruction, and suggests that the arc line during the Miocene was west of the modern

arc near 17°N.

The boundary between rifted arc and backarc basin crust

The Mariana Trough is comprised of two distinct crustal types: 1) rifted arc crust
and 2) accreted backarc basin crust. The arc crust on both conjugate margins was created
since the Eocene by active arc volcanism. It was subsequently faulted and rifted
resulting in extension and subsidence. The accreted backarc basin crust in the study area
is characterized by a series of linear ridges and valleys forming abyssal hills with large
relief typical of slow spreading. On the western margin of the Mariana Trough, we have
shown that it is difficult to distinguish between the two crustal types based on seafloor
morphology alone and on the eastern margin abyssal hill fabric is buried beneath
sediments derived from the active arc. MCS profiles across the eastern and western
margins of the Mariana Trough reveal subsurface basement topography and provide

structural constraints on the extent of rifted arc crust versus backarc basin crust.
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Although determination of the boundary between rifted arc crust and accreted backarc
basin crust is ambiguous based on seismic data alone, our interpretation of basement
morphology combined with results from drilling, seismic refraction, and bathymetry
surveys allow us to determine the nature of rifting and spreading in the central Mariana

system.

Results from DSDP Drilling across the central Mariana system

DSDP Site 451, located on the eastern side of the West Mariana Ridge, penetrated
930.5 m of primarily volcaniclastic sediments and sedimentary rocks [Kroenke et al.,
1981]. The hole likely terminated in a basalt flow or sill, and did not reach “true”
basement. Hole 451 is located at SP 1580 on Line 119-121 and penetrates a series of
east-dipping, faulted horizons (Figure 4.5 inset). Based on the ages of the deepest
sediment (Upper Miocene, ~11-13 Ma), Leg 59 scientists determined that arc volcanic
basement was constructed by 11 Ma. Following this, 850 m of volcaniclastic debris
accumulated rapidly (~400 m/Ma) during a period of intense volcanism [Kroenke et al.,
1981]. Faulting and tilting of the sediments occurred, followed by a decrease in
accumulation rate of volcanic ash. The most recent sediments are biogenic oozes that
drape the seafloor.

DSDP Site 453, on the western edge of the Mariana Trough, drilled 605 meters
into a sedimented basin near SP 4975 on Line 113-116 (Figure 4.5C). Leg 60 scientists
determined that Site 453 sampled crust from the WMR, and not backarc basin crust,
providing a constraint on the extent of rifted arc material on the western margin of the
Mariana Trough (Figures 4.2 and 4.4) [Hussong and Uyeda, 1981a]. The site is located
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on the southern edge of a ridge that extends NE from the WMR into the Mariana Trough
(Figure 4.2). The gabbros retrieved at the drill site belong to a group that
characteristically occurs in calc-alkaline island arcs and the metabasalts are chemically
related to rocks drilled on the WMR at Site 451 [Kroenke et al., 1981; Natland, 1981].
Based on hydrothermal alteration of the breccias at temperatures of 200-350°C, Natland
[1981] determined that magmas were likely extruded or intruded near Site 453 during the
initial stages of rifting of the Mariana Trough. Site 453 falls within a small, sedimented
basin imaged on Line 113-116, thereby constraining the arc-backarc boundary on the
seismic data (Figure 4.5 inset). Based on the seismic velocities reported for the recovered
sections of core, we created a drill section in time that is overlain on the MCS data
(Figure 4.5 inset). Unit 1, consisting of muds, silts and sands, corresponds to primarily
flat-lying horizons within the basin. The fill is derived from pelagic and hemipelagic
sediments, including air-fall tephra [Draut and Clift, 2006]. Compared with other drill
sites in the Mariana Trough, Hole 453 is characterized by a decreased volcanic
component likely because of its increase in distance from the active arc with the opening
of the backarc basin [Hussong and Uyeda, 1981a]. Beneath Unit 1, 114 m of breccia
were encountered. Leg 60 scientists determined that this unit was derived from mass
wasting from the surrounding ridges. The placement of the drill hole on the new, higher
resolution MCS data suggests that Hole 453 did encounter the top of basement, as also
shown by Gunther et al. [2006]. The presence of exposed arc gabbros beneath the
sediments is consistent with the removal of formerly overlying upper crustal rocks by

normal faulting during rifting.
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DSDP Dirill Site 454, ~20 km west of the Mariana Trough spreading axis ( ~10
km south of SP 3200 on Line 113-116), sampled fresh pillow basalts [Hussong and
Uyeda, 1981a] (Figures 4.2 and 4.3B). Site 456, ~30 km east of the axis near SP 4160 on
Line 10-13, was drilled into a small sediment pond perched on a bathymetric high
(Figures 4.3B and 4.7B). It penetrated hemipelagic and biogenic sediment (i.e., vitric
mudstone, tuff, nannofossil ooze and ash) overlying basement composed of
hydrothermally altered pillow basalts interbedded with sediments. To the east, Site 455
recovered ~100 m of volcanic muds, sand and ash as well as gravel, mudstone and tuff.

It collapsed and was abandoned before basement was reached, therefore drilling results at
this site can not be used to constrain the arc-backarc boundary. However, Conrad MCS
Lines 47 and 52 (not shown) image a NNW-trending abyssal ridge at 17°50° N, 145°20’E
(Figure 4.2) (profiles 5 and 6 in [Mrozowski et al., 1981]). Site 455 was drilled on the
NE edge of this feature suggesting that it does lie on accreted backarc basin crust.
Drilling at Site 457 on the northern flank of Alamagan volcano was unable to penetrate
recent pyroclastic sand and ash, and failed to sample the arc substrate [Hussong and

Uyeda, 1981a].

The rifted boundaries of the WMR remnant arc

Along Line 130-131 and Conrad Line 55 we see low-angle normal faults at the
boundary between the remnant arc and the Mariana Trough (Figure 4.6). To the north
and south of MCS Line 130-131, between 17° 24’ N and 17° 45’ N, the rifting-to-
spreading transition along the western margin of the Mariana Trough is marked in the
bathymetry by a NNW-trending low (black, solid line, Figure 4.2). Near 18° N, the low-
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angle normal fault on Line 55 bounds a bathymetric low with a similar trend. At~17°
55°N, the western extent of accreted backarc basin crust is known from drilling at Site
453. In regions where the boundary is well constrained by seismic and drilling results,
backarc basin crust is never shallower than 3 km (Figure 4.2). Using this knowledge,
along with remnant arc morphology and structure visible in the MCS data, abyssal hill
fabric and ridge segmentation, we drew the boundary between WMR rifted arc and
accreted backarc basin crust (see Figures 4.2 and 4.4). The width of the zone between the
dashed black lines indicates our uncertainty in the position of this boundary. Where the
line is solid, it is pinned by MCS data or drilling results. The boundary forms an overall,
right-stepping en echelon pattern and extends furthest east into the basin between 15°20°
and 18°15°N (Figures 4.2 and 4.4).

Near 17° 20°N, rifted arc crust on the WMR is constrained by the refraction
model of Takahashi et al. [2007]. A low-fold reflection profile collected during their
OBS refraction survey crosses the entire central basin (Figures 4.2 and 4.10) [Takahashi
etal., 2008]. The eastern portion of the line is coincident with MCS Line 53-54. This
profile allows us to tie the refraction model directly to the reflection data. Given the
seafloor fabric visible in plan view, segmentation along the PFZ, and crustal structure, we
determined that the most likely location for the eastern rifted arc/backarc boundary is
between OBS 41 and 42 where the PFZ intersects the WMR (Figures 4.2 and 4.10). This
is west of the pick by Takahashi et al. [2007] which falls near OBS 45. We draw our
boundary where the upper crust layer pinches out, whereas Takahashi et al. [2007] place
it at the distal edge of a thin wedge of middle crust. The arc-backarc boundary may be an
east-dipping interface within the crust, thus accounting for some of the discrepancy
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between the picks. The boundary between the WMR and the Parece Vela Basin occurs
between OBS 19 and 20, resulting in an ~118 km wide Miocene arc massif along the
WNW line of the refraction section.

The WMR narrows to the south and its eastern flank, south of 14° 40° N, is
steeper and more abrupt than seen to the north, thus more closely resembles the
morphology of the PKR between 17-19°N (Figure 4.1). The lack of high-resolution
bathymetry and MCS data across the western margin of the basin south of 14° 40’ N adds
uncertainty in determining the arc/backarc boundary (Figure 4.2). The boundary may
hug the 4 km contour at the base of the slope; however, it is possible that poorly resolved
bathymetric highs south of 14°N are part of the rifted remnant arc. It is also possible that
these highs represented rafted pieces of arc material within backarc basin crust.

The zero mGal contour of the mantle Bouguer anomaly for the Mariana Trough
[Kitada et al., 2006] is consistently west of our interpreted WMR/backarc basin boundary
where it is best determined between 17°-18° N (purple lines, Figure 4.4). This suggests

that in other areas the boundary is more likely towards the east of the dashed band.

The eastern margin of the Mariana Trough

MCS and bathymetry data provide some constraints on the boundary between
rifted arc and accreted backarc basin crust on the eastern margin of the Mariana Trough.
The eastern extent of abyssal hills imaged in the bathymetry and MCS data is indicated
by light blue lines in Figure 4.4. Dark blue lines denote the western extent of rifted arc

crust where identified in the MCS and/or refraction data. West of West Rota Volcano,
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the normal fault interpreted by Stern et al., [2008] to separate rifted arc crust from
accreted backarc basin crust is also shown in dark blue.

Overall, the rifted arc-backarc boundary on the eastern margin of the Mariana
Trough is less well-constrained than on the western margin and is only clearly defined in
one location, just south of 17°N, from Line 53-54 MCS data and 2- and 3-D refraction
models [Takahashi et al., 2007; Calvert et al., 2008] (Figures 4.8 and 4.10). Along MCS
Line 53-54 (Figures 4.3B and 4.8), a west-dipping normal fault (SP 1550) separates
shallow accreted backarc basin crust and sediments from rifted arc material. Although
there is ~30 km between the easternmost abyssal hill and the fault block on Line 53-54,
refraction data suggests that the material directly west of the block is accreted backarc
basin crust (Figures 4.8 and 4.10). Based on the refraction models, we interpret the
boundary at depth (red, dashed line on Figure 4.8) to be near OBS 70 which falls just east
of SP 1400. The red arrows on Figure 4.8 indicate the point where the fault plane that
forms the sloping boundary between crustal types intersects the top of backarc basin
crust.

Between ~16° and 18° N, Calvert et al. [2008] estimated the 7.4 km/s isovelocity
contour that approximates Moho using both the 2-D refraction model of Takahashi et al.
[2007] and their 3-D refraction model. The locations of Moho at 10 km below sea level
(bsl) and 12.5 km bsl are shown on Figure 4.4. Moho is resolved at 12.5 km along the
entire 3-D survey region; however, it is only defined at 10 km beneath the crustal block
on Line 53-54 [Calvert et al., 2008]. Based on this position, we drew a dashed line
parallel to the 12.5 km Moho to approximate a 10 km-depth Moho. Crustal thickness
beneath the block is ~7 km, increasing to ~9 km near the 12.5 km Moho. Typical
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backarc basin crust across the Mariana Trough is ~5-6 km thick and only increases to ~7
km thick beneath the spreading axis (Figure 4.10).

The contours representing the zero mGal mantle Bouguer anomaly on either side
of the Mariana Trough are shown in purple on Figure 4.4 [Kitada et al., 2006]. Based on
structural constraints from the MCS data, the work of Stern et al., [2008], gravity and
refraction data, we extrapolated the eastern boundary between arc crust and accreted
backarc basin crust along-strike of the central Mariana margin (dark blue dashed line on
Figure 4.4). All of the data converge at the rifted fault block along Line 53-54 allowing
us to precisely define the arc-backarc boundary at this location. The gravity data is
affected by local crustal thickening caused by volcanic edifices and thick volcaniclastic
aprons; therefore the zero mGal contour is sometimes further west than our interpretation.
We interpret the step in basement near SP 400 on Line 87-88 (Figure 4.9), which also
corresponds to the location of the zero mGal contour, to be the boundary between
accreted backarc and rifted arc crust. The rifted fault block imaged on Line 87-88 is ~30
km to the east, however, there is no additional data that would justify moving the

boundary so far arcward.

The substrate of the Mariana Arc

Our data allow us to determine if the active volcanoes of the central Mariana Arc
are built on/through rifted arc crust or accreted backarc basin crust. North of the central
Mariana margin, the Miocene arc volcanoes of the [zu-Bonin margin are built on
stretched Eo-Oligocene arc crust [Taylor, 1992]. Bloomer et al. [1989] postulated that
modern Mariana arc volcanoes are situated on or near the easternmost bounding faults of
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the backarc basin. A recent study determined that this is the case for West Rota Volcano
(WRYV) located in the southern Mariana system at ~14° 20” N (Figure 4.2) [Stern et al.,
2008]. WRYV was formed along a NNE-trending normal fault, to the east of a large
boundary fault (see Fig. 3 in [Stern et al., 2008]). Stern et al., [2008] interpret these
faults to separate rifted frontal arc crust to the east from thin, accreted backarc basin crust
to the west. They hypothesize that the felsic magmas erupted from WRYV are sourced
from the mid-crustal felsic layer beneath the modern arc and FAH (Figure 4.10),
implying that the volcano is build on rifted arc crust, along or just east of the arc-backarc
boundary.

In some regions, such as along Line 53-54 (Figure 4.8), we have strong evidence
that the modern arc is built on rifted arc crust. In contrast, Tracey Seamount, a submarine
arc volcano west of Guam [Dixon and Stern, 1983], straddles the arc-backarc boundary
(Figure 4.4). Based on the gravity data and bounding faults to the north, we hypothesize
that the arc volcano is built at least partially on accreted backarc basin crust; however, we
have no MCS data in this region to further support this claim. Arc volcanoes south of
13°N lie very close to the spreading axis and are likely built on accreted backarc basin
crust [Fryer et al., 1998; Martinez et al., 2000]. Several cross-chain volcanoes (e.g. West
Pagan, West Guguan) also lie near or along the boundary between the two crustal types
(Figure 4.4). The westernmost volcano imaged in the MCS data (17° 20°N, 145° 20’E) is
located between two linear ridges interpreted to be abyssal hills and is built entirely on
accreted backarc basin crust (Figures 4.2 and 4.4). This seamount, visible on MCS Line
50 (not shown), does not show the large volcaniclastic aprons on its flanks that are

common to cross-chain and arc volcanoes in this region (Figure 4.7), suggesting that it
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may be a small backarc volcano and not part of an arc cross-chain. Our data show that
the main volcanoes of the modern Mariana Arc, north of 14° N, are underlain by rifted
arc crust, and do not lie on accreted backarc basin material, implying asymmetry of the

central Mariana Trough spreading.

Mariana Trough asymmetry

Abyssal hill relief in the Mariana Trough decreases rapidly, within ~40 km east of
the axis (Figure 4.7). This decrease is more than can be accounted for by subsidence
caused by increase in seafloor age and sediment loading. Our data show that there is
more accreted backarc seafloor to the west of the Mariana Trough spreading axis than to
the east resulting in an asymmetric basin (Figure 4.4). Although the overall basin is
asymmetric, MCS profiles across different segments of the Mariana Trough spreading
axis show relatively symmetric axial walls and fault distribution; with the exception of
the axis along Line 16-19 (Figure 4.7C). This is inconsistent with the model of
asymmetric spreading determined for the slow-spreading Mid Atlantic Ridge [Allerton et
al., 2000]. Backarc basins are thought to evolve from highly asymmetric rifting to more
symmetric spreading (e.g. [Barker and Hill, 1980; Martinez et al., 1995]). Asada et al.
[2007] propose a model for Mariana Trough asymmetry where seafloor accretion along
individual spreading segments is primarily symmetric, but repetitive, small-scale ridge
jumps to the east results in an overall asymmetric basin. Our data is consistent with

progressive ridge jumps to the east.
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Mariana Trough spreading and segmentation

MCS profiles across the spreading axis of the Mariana Trough show the variations
in spreading center morphology and abyssal hill relief along strike of the basin (Figures
4.7 and 4.8). The depth of the spreading center shallows south of 14.5°N, and abyssal
hill fabric overall becomes less symmetric and more subdued. There is very little
sediment within 20-30 km of the axis. Spreading segments and abyssal hill fabrics along
the Mariana Trough are roughly perpendicular to the residual plate motion vectors
determined by Kato et al. [2003] (black arrows on Figure 4.4), however, there is some
degree of obliquity. Abyssal hill fabric is not uniform along-strike of the Mariana
Trough, suggesting changes in spreading center orientation and/or spreading direction.
Our interpretation of basin segmentation provides further evidence for non-co-polar
opening of the Mariana Trough. Between 15.5° N and 17.5° N, we divide the basin into
two regions dominated by NNW-SSE and N-S-trending abyssal hill fabric (green line on
Figure 4.4). The two predominant abyssal hill trends are separated by what we interpret
to be a propagator to the south and the PFZ to the north.

The Takahashi reflection line crosses the entire backarc basin and images abyssal
hill fabric across the boundary at ~144° 15°N that separates the two trends (black arrow
on Figure 4.10B). Based on the spreading fabric in this region of the basin and the
abyssal hill topography visible in the seismic data, we have interpreted a possible
spreading history for the Mariana Trough along the Takahashi profile (Figure 4.10C).
Since the magnetic ages in this region are not well known, we use the numbers 1-3 to
indicate relative ages, oldest to youngest, and E and W refer to seafloor created to the east

and west of the spreading axis. Spreading during time 1 created deep, smooth basement
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on the edges of the basin and during time 2, spreading created NNW-SSE-trending
abyssal hill fabric. A possible paleo-spreading axis during time 2 was characterized by
relatively symmetric spreading that propagated into existing time 1 crust and rafted 1E
east toward the modern arc. Subsequently the spreading center moved (jumped?)
arcward and reoriented. Spreading then began along the modern axis creating N-S-
trending fabric (time 3). Accretion along this segment further isolated 1E, and possibly a
portion of 2E, from their conjugates W and 2W along the WMR (Figure 4.10C). The
Takahashi profile crosses obliquely over two different spreading segments of the Mariana
Trough. Although the overall pattern of younger N-S- trending seafloor in between older
NNW-SSE- trending abyssal hills would remain the same, spreading along individual
segments would appear more symmetric if the profile was perpendicular to the fabric.

In support of this model, a NNW-trending abyssal hill imaged on Line 50 (not
shown) on the eastern margin of the Mariana Trough is discordant with the strike of the
modern spreading axis and conforms to the trend of the fabric near the WMR (Figures 4.2
and 4.4). The presence of this hill suggests that the conjugate of the NNW-trending
backarc basin crust along the WMR lies along the modern arc in this region (e.g. IW and
2W, Figure 4.10). Our interpretation suggests that between the fracture zones at ~15.5°N
and 17.5°N the modern spreading center propagated approximately N through pre-
existing backarc basin crust trending NNW-SSE. Currently, the N-S axis near 17°N
appears to be propagating to the south.

Many linear volcanic cross-chains, striking ~45-60° to the WMR, appear to be
aligned with the trends of Mariana Trough spreading segments suggesting magmatic
segmentation (Figure 4.2). Between 15° 20’ and 18°N, WMR ridges extend into the
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backarc basin. These ridges, such as the one imaged on Line 119-121 (Figure 4.5B),
represent a zone of extended and intruded arc crust that is indistinguishable from abyssal
hill fabric based on seafloor morphology alone (Figures 4.2 and 4.3A). By analogy to the
Izu-Bonin arc and rifts [Taylor et al., 1991] we infer that along these ridges, extension is
accommodated by arc magmatism rather than backarc spreading. Hydrothermal
alteration at DSDP Site 453, at the southern edge of NE-trending ridge (Figure 4.2), is
attributed to the extrusion or intrusion of magmas near the drill site during rifting
[Natland, 1981].

The western arc-backarc boundary forms an en echelon pattern, stepping to the
right across segment boundaries (Figure 4.2). To the north, along the Izu-Bonin arc, a
zigzag pattern of half-graben characterizes the Oligocene and Quaternary rifts [Taylor,
1992]. The Izu-Bonin backarc region has not yet progressed to seafloor spreading, and
may serve as a model for initial arc rifting along the Mariana Arc (Figure 4.11). In the
Izu-Bonin arc, the spacing of the arc volcanoes influences rift basin segmentation by
punctuating tectonic extension along strike by magmatic accommodation zones (MAZs)
[Taylor et al., 1991] (Figure 4.11A). It appears from the WMR that these MAZs, in turn,
transitioned into the magmatic centers of spreading segments (Figure 4.11B). In this,
perhaps counter-intuitive interpretation, rift basins are more commonly the sites where
spreading segment offsets nucleate, whereas spreading segment centers are sites where
magmatism continues from arc volcanism, through rifting to backarc spreading. This
correlation is likely dependent on where, along-strike, the arc rifts, which was just on the
forearc side of the volcanic front in the case of the WMR. The relationship between

MAZs and spreading segment centers is not evident in regions where arcs are less oblique
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(e.g. 18°S Lau, Northern Mariana). In the northern Marianas, not all linear cross-chains
along the WMR extend into the backarc basin; however, near 20°N a v-shaped wedge of

arc crust protrudes into the basin (see Figure 2 in [Yamazaki et al., 2003]).

Active deformation along the margins of the Mariana Trough

The flanks and summits of many of the arc volcanoes are deformed by normal
faults (e.g. Figures 4.2 and 4.7). This deformation may be caused by flank instability and
caldera collapse as well as ongoing extension. Between the volcanic front and the FAH,
normal faults trend sub-parallel to the arc (essentially N-S north of 16°N) indicating
stretching perpendicular to the arc (Figure 4.2). Active deformation contemporaneous
with the buildup of the modern arc is seen as west-dipping normal faults that offset the
seafloor on the western flank of both the active volcanic front and the FAH (Figure 4.2).
Extension provides pathways for volcanic intrusions (dikes, sills, piercement structures).
Indeed, several piercement structures visible in the MCS data along the active arc and
FAH are associated with seafloor offsets (Figures 4.2 and 4.4); and sills intrude sediment
basins on the eastern margin of Mariana Trough (Figure 4.7). Intrusive volcanism
(piercement structures and sills) occurs in a ~60 km-wide zone between the backarc and
FAH along Line 10-13 (Figures 4.4 and 4.7).

There are also active faults within sedimented graben along the western margin of
the Mariana Trough and the eastern flank of the WMR is deformed by east and west-
dipping normal faults that reach the seafloor (Figures 4.5 and 4.6). Active normal
faulting on both margins of the central Mariana backarc basin suggests that extensional

deformation is continuing despite the ongoing accretion at the spreading center, however
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the amount of strain accommodated by these faults is small compared with other

marginal basins (c.f. Woodlark, [Taylor et al., 1995]).

Conclusions

MCS reflection and swath bathymetry data, combined with DSDP drilling and
seismic refraction studies define the boundary between rifted arc and accreted backarc
basin crust on both sides of the Mariana Trough (Figure 4.4). The boundary is
structurally well-constrained on MCS Lines 130-131, 55 and 53-54 (Figures 4.6 and 4.8).
On Lines 130-131 and 55, low-angle (~17-20°) normal faults form on the eastern margin
of the West Mariana Ridge (WMR) where remnant arc crust bounds accreted backarc
basin crust. The western extent of backarc basin crust is also constrained by the presence
of arc-affinity basement at DSDP drill Site 453 and a recent seismic refraction study
across the central Mariana system [Takahashi et al., 2007] (Figure 4.2). Our
interpretation suggests that the WMR is ~118 km wide along the refraction line near 17°
15°N.

The rifted arc-backarc basin boundary forms an en echelon pattern along the
western margin of the Mariana Trough, particularly between 15°30” and 19°N. In this
region, linear volcanic cross-chains behind the WMR are aligned with the trend of
Mariana Trough segments and remnant arc ridges extend into the backarc basin. These
ridges, such as the one at 18°-18°15’N imaged on Line 119-121 (Figures 4.3 and 4.5B,
SP 1600-2600), represent a zone of extended and intruded arc crust. Along the Izu-Bonin
arc to the north, magmatic accommodation zones punctuate tectonic extension [Taylor et
al., 1991]. The morphology of the WMR suggests that rift basins are more commonly the
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sites where spreading segment offsets nucleate, whereas spreading segment centers are
sites where magmatism continues from arc volcanism, through rifting to backarc
spreading (Figure 4.11).

The summit and eastern flank of the WMR are deformed by both east and west-
dipping normal faults, many of which reach the seafloor. Thick, pre-rift sediment
packages paralleling the flanks of the remnant arc along Line 130-131 (Figure 4.6B) may
represent volcaniclastic deposition on both sides of the Miocene arc. Our data suggest
that the Miocene arc rifted slightly on its forearc side. The structural evolution of the
WMR during rifting is similar to what is proposed for the Sumisu Rift in the [zu-Bonin
Arc to the north [Taylor et al., 1991].

MCS Line 53-54 (Figure 4.8) and recent refraction studies image a rifted fault
block that marks the extent of accreted backarc basin crust on the eastern margin of the
Mariana Trough. Our interpretation of the arc-backarc boundary along-strike of the
central Mariana margin is constrained by MCS, gravity and refraction data (dashed blue
line, Figure 4.4). All of the data converge at the rifted block on Line 53-54, allowing us
to accurately define the boundary between rifted arc and accreted backarc crust near
17°N. We show that although some cross-chain volcanoes straddle the boundary
between the two crustal types, all of the volcanoes along the volcanic front from 14-19°N
are built on rifted arc crust, implying asymmetry of the Mariana Trough (Figure 4.4).
South of 14°N, Tracey Seamount, an arc volcano west of Guam, may be at least partially
built on accreted backarc basin crust, as is suggested for the arc volcanoes of the southern

Mariana Trough (e.g. [Martinez et al., 2000]).
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The Mariana Trough is opening non-rigidly and is characterized by two
predominant abyssal hill trends (NNW-SSE and N-S) separated by a propagator and the
eastern portion of the Pagan Fracture Zone. Our interpretation of NNW-SSE-trending
fabric on both margins of the Mariana Trough with N-S striking abyssal hills sandwiched
in between, suggests that a spreading center propagated approximately north through pre-

existing backarc basin crust between 15.5°N and 17.5°N.

188



"eJep Juadelpe Joj pasn ssjijoid paads punos

atapIp Apybils wouy Bunjnsas syrems AnswAyreq Jo sabpa ays Je sjoejilie ejep ase syoed) diys o} |a]jesedgns suolreaul]
“Jo1181 B1yBIY 0 1B BY) WY pareutun||i aJe Jaded siyr U pajussaid sdew 8yl VVON :pay ‘T-HIN [IVMVH

:MOJ|BA ‘€0/2020/M3 :Uda19 :DTLISIANVT :@n1g ((HNN) a4ysdweH maN Jo Alisiaalun ‘Buiddey uesadQ pue [e1seo) 10y
191ua) :8burIO "Z't ainBi4 ul s1aserep AnawAuyleq Jo suonedo] srewixolddy "D "Wy T SI [eAI81UI INOIUOD "2’ 24nbBi4 Ul
UMOUS eaJe Apnis $91e30] X0g "Yyouai] eueliey = aul] abuelQ 'sixe Buipeaids | |\ = aul] pay "ybiH 21y |LIUOIH 8USJ0T pue
21\ WIBPOIA = J/IN ‘Ydual] euelie|\ = N “dew uoiedo] oLawAyleq jeuoibay g -uiseg aulddijiyd 159 = 9dM ‘abpry
NYsnAM|-nejed = Y d ‘uiseg eJaA 82aled = gAd ‘9bp1y rurLIR|A 1S9AA = HINM ‘UBnoal eueLIRIA = 1 A ‘Saydual] BuRLIR
-uluog-nz|= NG| ‘e1eld d119ed = dd ‘a1e|d eas aulddijiyd = 4Sd ‘dew uonedo| aLnswAuyleq jeuoibay v T ainbi4

189



— o

€=

(W) ypdag
=" 5%

3srl

hl

6-

oL-

LL-

190



Figure 4.2: Bathymetric map of the central Mariana arc/backarc region from
combined surveys, sunlit from the east, showing EW0202-3 and Conrad seismic
lines. Interpreted lines are shown in purple. Sense of motion along faults was
determined on the basis of seafloor offset in seismic data and fault scarp geometry
in the bathymetry. Contour interval is 1 km.
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Figure 4.4: Interpreted map with color bathymetry removed showing the
boundaries of the Mariana Trough, basin segmentation and volcanic constructs of
the WMR, Modern arc and frontal arc high. Contour interval is 1 km.
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Figure 4.11: A. Rifting along the Izu-Bonin arc (Taylor et al. 1990, 1991). Initial
arc rifting begins on the backarc side of the volcanoes forming a zigzag pattern of
rift basins (Stage Il). Rifts are formed between arc volcanoes. Axial volcanic
ridges form within the rift basins. Magmatic accommodation zones (MAZs) in the
form of linear volcanic ridges punctuate tectonic extension along strike (Stage 11l).
B. Oblique rifting/spreading along the West Mariana Ridge (WMR). Rifting
occurs on the forearc side of the WMR volcanoes (Stage 11). MAZs transition
into the magmatic centers of spreading segments during backarc basin spreading.
Spreading segment offsets nucleate in rift basins (Stages I11/1V). C. Rotated
bathymetry along the WMR showing the relationship between linear volcanic
ridges and Mariana Trough segmentation. Black lines indicate the arc/backarc
boundary (Figure 4.2).
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Chapter 5: Conclusions

Based on the results of the three previous chapters, I created a cross-section
showing the important features of the central Mariana convergent margin from the outer
trench slope to the West Mariana Ridge remnant arc (Figure 5.1). This figure illustrates

some of the main conclusions of this dissertation, presented below.

8. What are the inputs to the Mariana Subduction Factory?

Subducting oceanic crustal thickness varies along the central Mariana
margin from 5.3-7 km. The thickened crust may be related to the numerous,
volcanic seamounts, 2-3 km high, on the incoming plate. Between 14° and 19°N,
the Pacific oceanic crust is thinly sedimented (0.5 km) except near seamounts
where presumed volcaniclastic sediments increase total thicknesses to 2 km. A
seismic reflection near the top of the incoming plate is correlated with the lower

chert layer described in DSDP and ODP drilling results.

9. What is the geometry of the subducting Pacific Plate and how is it related
to plate flexure?

Normal faulting resulting from flexure of the incoming Pacific Plate
begins up to 100 km east of the trench axis, near the 6 km depth contour. The
plate is cut by normal faults that reactivate inherited tectonic fabric where that
fabric strikes <25° to the trench. Where the strike is >25° incoming crust breaks
along new faults with a trench-parallel strike. The Mariana Trench axis is

commonly a graben that accommodates an abrupt change (within <25 km) of
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plate dip from <4° (commonly <2°) on the incoming plate to >8° beneath the outer
forearc. I infer that the upper plate fails there rather than simply bends under the

applied loads.

10. Are incoming sediments subducted, accreted or underplated along the
trench?

MCS profiles across the base of the Mariana inner trench slope provide
evidence for both complete subduction and small-scale accretion of Pacific Plate
sediments; however we found no evidence for long-term sediment accretion. In
addition, there is no evidence for significant underplating of sediments beneath

the outer Mariana forearc.

11. How is the outer forearc affected by the subduction of Pacific Plate
seamounts?

The Mariana inner trench slope primarily exposes igneous basement and is
covered by discontinuous pockets of thin slope sediments. No large faults were
imaged. Along portions of the Mariana margin, subducting seamounts displace
the trench axis westward and uplift the toe of the slope. However, unlike other
margins subducting large bathymetric highs (e.g. Tonga, Japan Trench, Costa
Rica), west of the toe, there is no direct evidence of disturbance of the upper plate
in response to seamount subduction. This is a surprising conclusion considering
the number and size of seamounts visible on the incoming plate and in the trench

axis. The apparent lack of significant deformation of the outer Mariana forearc in
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response to seamount subduction may be the result of a weak, serpentinized
mantle wedge and/or progressive fracturing and degradation of the incoming
seamounts as the subducting plate breaks and increases in dip as it passes through

the trench axis graben.

12. What are the dips and depths of the subducting plate beneath
serpentinite ssamounts on the outer Mariana forearc?

The subducting plate dips 9-12° beneath serpentinite seamounts on the
Mariana forearc. The majority of these seamounts are located ~50-70 km west of
the trench where the mantle wedge is 3-7 km thick between 8-10 km thick forearc
crust and the top of the subducting plate. The top of the plate is ~20-22 km deep
near the larger serpentinite seamounts. These depths indicate that the incoming

sediment section controls fluid release beneath the outer forearc.

13. What do the structure and morphology of serpentinite ssamounts on the
outer Mariana forearc tell us about their formation and deformation?
Serpentinite seamounts are emplaced on faulted and sedimented forearc
basement. My data support the interpretation that serpentinite seamounts on the
Mariana forearc are formed by the episodic eruption of mudflows from a central
conduit. The strong reflection beneath the summit of Big Blue Seamount (Figure
3.4) represents a depression that has been partially in-filled by younger muds,
supporting the idea that serpentinite seamount growth is episodic. The presence

of thrust faulting at the base of Turquoise and Grandma Blue Seamounts, along
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with the low surface slopes (5-18°) of all the seamounts studied, led me to infer
that these edifices spread laterally and are subject to gravitational deformation as
they grow. Discrete Element Method (DEM) simulations employing very low
basal and internal friction coefficients (~0.1 and ~0.4, respectively) provide the
best match to the overall morphology and structure of the serpentinite seamounts.
The interface between serpentinite seamounts and the underlying forearc
sediments beneath Big Blue and Celestial Seamounts is represented by a reverse
polarity reflection suggesting that the substrate is under-compacted/over-
pressured and may be a zone of fluid migration. DEM simulations imply that this
boundary represents a distinct décollement along which the seamounts slide
laterally. In contrast, Turquoise Seamount grows laterally, not by stable sliding
along the top of forearc sediments, but by incorporating them into large basal

thrusts.

14. What is the nature of arc rifting and backarc basin spreading in the
central Mariana system?

MCS reflection and swath bathymetry data, combined with DSDP drilling
and seismic refraction studies define the boundary between rifted arc and accreted
backarc basin crust on both sides of the Mariana Trough. The boundary is
structurally well-constrained on three MCS profiles. Low-angle (~17-20°) normal
faults on the western margin of the Mariana Trough mark the boundary between
rifted West Mariana Ridge (WMR) remnant arc crust and accreted backarc basin

crust. The rifted margin of the WMR forms a stepped pattern along the western
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boundary of the Mariana Trough, between 15°30° and 19°N. In this region, linear
volcanic cross-chains behind the WMR are aligned with the trend of Mariana
Trough spreading segments and the WMR ridges extend into the backarc basin
along the same strike. These ridges are magmatic accommodation zones. The
morphology of the WMR suggests that rift basins are more commonly the sites
where spreading segment offsets nucleate, whereas spreading segment centers are
sites where magmatism continues from arc volcanism, through rifting to backarc
spreading.

Near 17°N, MCS and refraction data image a rifted fault block separating
backarc basin accreted crust from rifted arc crust on the eastern margin of the
Mariana Trough. The modern Mariana Arc, with the exception of a few cross-
chain volcanoes, is built entirely on rifted arc crust between 14° and 19°N. The
data indicate that there is more accreted backarc seafloor to the west of the
Mariana Trough spreading axis than to the east, confirming previous evidence for
an asymmetric basin. The Mariana Trough is opening non-rigidly and is
characterized by two predominant abyssal hill trends (NNW-SSE and N-S).
Between the only two basin-crossing fracture zones at ~15.5° and 17.5°, N-S axes

propagated north at the expense of NNW axes.

In this dissertation, I have investigated subduction zone processes in the central
Mariana convergent margin from the incoming Pacific Plate to the West Mariana Ridge
remnant arc. Previous to this study, the standard view of the Mariana system came from
subduction cartoons that typified the margin at 18°N. My data show variations along
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strike of the margin and provide essential information to the Subduction Factory Initiative
that can be used in creating a mass balance of material through the Mariana subduction
zone. My work thus far has concentrated on the subducting Pacific Plate, the outer
forearc and serpentinite seamounts, and rifting and spreading in the Mariana Trough. In
the future I will investigate the sedimentary, volcanic and tectonic processes involved in

the formation of the Eocene frontal arc high.
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