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Statement of significance

The Mariana subduction zone has experienced multi-stage arc rifting and magma accretion.
Remarkable variations in crustal thickness and the state of tectonic compensation are found
along the Mariana Trench, Mariana Arc, Mariana Trough, and West Mariana Ridge. The
positive isostatictanomalies in the southern Mariana Arc at 12.5°-16.7°N can be explained by
two possibilities: (1) Late-stage magma accretion on a relatively strong lithosphere in the
southern Mariana Arc; (2) Tectonic stresses transmitted through the coupling interface
between thetllower and upper plates. These findings advance our understanding of the tectonic

processes of thisyclassic arc-trench system.

Abstract

We investigate the variations in the state of isostatic compensation of the Mariana
subduction system. We first calculate and analyze the gravity-derived crustal thickness and
non-isostatic_topography of this region. The Mariana back-arc spreading center and West
Mariana Ridge are both close to Airy isostatic compensation. In contrast, the Mariana Trench
axis 1s associatedswith a clearly defined zone of negative non-isostatic topography and free-
air gravity anomaly, which have been shown to be caused by the flexural bending of the
subducting Pacific Plate. The new analyses reveal that the southern Mariana Arc at 12.5°—
16.7°N is assoeiated with positive non-isostatic topography and a free-air gravity anomaly,
which we interpret to be the result of accretion of young volcanism on a relatively strong
lithospheric,plate and/or supported by the tectonic stresses induced by the interaction of the

subducting Pacific Plate with the upper Mariana micro-plate.

1 | INTRODUCTION

The Mariana is an intra-oceanic convergent margin in the western Pacific Ocean, where
the oldest,0ceanic plate on Earth currently subducts. The Mariana subduction system, from
east to west;"eonsists of the Mariana Trench, Mariana Arc, Mariana Trough, West Mariana
Ridge, ParecenVela Basin, and Palau-Kyushu Ridge (Figure 1). The Challenger Deep, the
deepest pointon the Earth’s surface, is located at the southern end of the Mariana Trench.

The subduetion of this region initiated in the early Eocene (~50 Ma). The first arc began
to form at ~40 Ma and continued up to ~30 Ma (Fryer, 1996; Hussong & Uyeda, 1981; Stern
& Bloomer, 1992; Cosca et al., 1998; Ishizuka et al., 2018; Reagan et al., 2019). The first arc
then rifted longitudinally to form the Palau-Kyushu Ridge. Subsequently, back-arc spreading

began and the Palau-Kyushu Ridge moved away from the trench, creating the Parece Vela
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Basin (Taylor 1992). Owing to the continued magma supply, a second arc was established at
~15 Ma on the eastern half of the original arc. The second arc split longitudinally again at ~8
Ma and the West Mariana Ridge formed (Seama & Fujiwara, 1993). Seafloor spreading
began at ~4 Ma and persists to date, forming the Mariana Trough (Bibee et al., 1980;
Yamazaki®& Stern, 1997; Stern et al., 2003). Magma upwelling continued at the eastern half
of the second arc, and the Mariana Arc formed.

The unusually high topography in the southern Mariana Arc has been discussed in
previous studies (Gvirtzman & Stern, 2004; Chapp et al., 2008). It was proposed that the
deflections of the Earth’s surface and the lateral variations in mantle density at convergent
margins areymainly controlled by the properties of the sinking slab and the surrounding
mantle (Isacks et al., 1968). The multiple rifts of the Mariana Arc complicated the
morphology ‘and isostatic state in this region. The causes of observed anomalies in
topography and is@stasy remain poorly known.

In this study, we first calculate the gravity-derived crustal thickness and non-isostatic
topography of this region using bathymetry, sediment thickness, crustal age, and gravity data.
We then inyestigate the state of tectonic compensation of the key tectonic provinces of the
Mariana system. We analyze the variations along the Mariana Trench, Mariana Arc, Mariana
Spreading Center, and West Mariana Ridge in terms of their topography, crustal thickness,
and non-isostatic' topography. We also analyze the remarkably different geological
characteristics of the northern and southern parts of this system. We propose that the late-
stage magma accretion on a relatively thick and strong lithospheric plate may cause the
positive anomalies in the morphology and non-isostatic topography of the southern Mariana
Arc. The interaction between the lower and upper plates could also provide additional

lithospheric stresses to support the excess mass in the southern Mariana Arc.

2 | DATALAND METHODS
2.1 | Data

The bathymetry data are obtained from the global bathymetry and topography dataset
(SRTM15+V2.1; Tozer et al., 2019) at a resolution of 15 arc seconds (Figure 1). The free-air
gravity anomaly, (FAA) is extracted from the global gravity anomaly dataset (V30.1;
Sandwell et al., 2014) at 1-arc-minute grid (Figure 2a). We obtain the sediment thickness
from the 5-arc-minute global database of Straume et al. (2019) (Figure S1a). The crustal age
data of 6-arc-minute is obtained from the global dataset of Miiller et al. (2019). We

interpolate the crustal age data to illuminate the tectonic history of the Mariana subduction
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system (Hussong & Uyeda, 1981; Stern & Bloomer, 1992).

2.2 | Mantle Bouguer and residual mantle Bouguer gravity anomalies

Following the method of Parker (1973), the gravitational effects of the water—sediment,
sediment=¢rusty*and crust-mantle interfaces are calculated and removed from the FAA to
obtain the mantle Bouguer gravity anomaly (MBA), with a reference crustal thickness of 6
km (Figure 2b). The densities of water, crust, and mantle are assumed to be 1.03, 2.7, and
3.3x103 kg/im?, respectively (Table 1). The gravitational effects of the descending slab, which
are not includedyin this study, are limited to regions near the trench axis (Watts & Talwani,
1975; Martinez et al., 2018).

Thermal correction is performed by removing the gravitational effect of 1D lithospheric
cooling (Figure S1b) from the MBA to obtain the residual mantle Bouguer gravity anomaly
(RMBA, Figure Slc). The gravitational effect of the lithospheric cooling is calculated based
on a plate cooling model, assuming the plate thickness to be 100 km (Turcotte & Schubert,
2014). The temperatures of the upper and lower boundaries of the plate are set to To= 0 °C
and Ty = 1,350:°C; respectively. The density anomaly of the mantle lithosphere is defined by
Ap= o(T1—T)pmost Where po and o are the reference mantle density (3.3x10° kg/m?) and

thermal expansion coefficient (3 x10-> K1), respectively (Table 1).

2.3 | Crustal thickness and non-isostatic topography

The variations in crustal thickness, as well as crustal and mantle densities all contribute
to the RMBA (Canales et al., 2002). Here we examine an end-member model in which the
main contribution to the RMBA is the variation in crustal thickness (Kuo & Forsyth, 1988;
Lin et al., 1990; Wang et al, 2011). The crustal thickness is calculated by downward
continuation.of the RMBA to a reference depth and then calibrated using available seismic
data (Takahashiset al., 2007; Wan et al., 2019).

The Airyisostatic topography of the study area is calculated based on the model of local
Airy isostatie“compensation: Tis,.=(Hc—Ho)*X(Pmo—pc)/(Pmo—Pw), Where H¢ is the gravity-
derived crustal thickness and Hj is the reference oceanic crustal thickness; p,, and p. are the
water and crustaludensities, respectively (Table 1). Thermal subsidence of the lithosphere is
estimated using a 1D plate-cooling model (Turcotte & Schubert, 2014). Non-isostatic
topography (Tphoniso) 1S calculated by subtracting the effects of sediment loading (Teq),
thermal subsidence (Tiemal), and the Airy isostatic topography (Ti,) from the observed
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topography: Thon-iso=Ttopo~T'sed-Tisot Tthermal. This calculation method is described in Zhang et
al. (2014).

3| RESULTS
3.1 | Topography and crustal thickness

The seafloor of the northern Mariana Trough (north of 14°N) is characterized by faulted
blocks and deep grabens (Figure 1). The presence of an axial valley in the northern Mariana
Trough, together with the rugged topography, indicate relatively low magma supply in this
region. In contrast, the southern Mariana Trough (south of 14°N) is less rough in morphology
and has an axial high at the spreading center, implying enhanced magma supply. It has been
proposed that stich an increase in magma supply could be due to the southern extension of the
spreading center, capturing the hydrous melts above the subducting slab (Martinez et al.,
2018). The gravity-derived crustal thickness along the Mariana Spreading Center varies
significantly and is less than 2 km at ~20°N (Figures 3a and 4b). Our results are consistent
with the gravity analysis of Kitada et al. (2006).

The gravaty=derived crustal thickness of the entire Mariana Arc varies slightly, with an
average value of/~16 km (Figures 3a and 4c). The southern segment of the Mariana Arc
(12.5°-16.7°N)is' apparently associated with relatively high topography. However, the
crustal “root’ s absent in the southern Mariana Arc. The crustal thickness of the West
Mariana Ridge decreases south of 15°N (Figures 2b), with an average value of ~13 km
(Figure 4a)., The crustal thickness along the Mariana Trench is associated with local

topographic variations (Figure 4d).

3.2 | Free-air gravity anomalies and non-isostatic topography

The Mariana Spreading Center and West Mariana Ridge are close to local Airy isostasy
(Figures 3b and.5), as the elevated seafloor is in general compensated by crustal “roots”,
except for the"short-wavelength features. The means of the non-isostatic topography of the
Mariana Spreading Center and West Mariana Ridge are 0.16 km and 0.71 km, respectively,
with relatively small standard deviations (STD). In contrast, the bending of the Mariana
Trench leads toysignificant negative isostatic anomalies (Figures 3b and 4d). The Mariana
Trench depth is the greatest in the southernmost segment, indicating stronger flexural
bending near the Challenger Deep (Zhang et al., 2014; Zhou & Lin, 2018). The mean and
STD of the non-isostatic topography of the Mariana Trench are -2.36 km and 1 km,

respectively (Figure 5). The southern Mariana Arc appears to deviate significantly from Airy
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isostasy, with positive isostatic anomalies at 12.5°-16.7°N (Figures 3b and 4c). The mean
and STD of the non-isostatic topography of the Mariana Arc are 1.16 km and 1.2 km,
respectively (Figure 5).

4 | DISCUSSION

The Mariana forearc formed during the initiation of the subduction system in this region,
at ~50 Ma. (Stern & Bloomer, 1992; Ishizuka et al., 2018). The age of the upper plate
between therPalau-Kyushu Ridge and Mariana Trench is <50 Ma. Here, the gravity-derived
oceanic crustal ythickness is constrained and compared with seismic data (Figure S2,
Takahashi et al.,s2007; Wan et al., 2019). The overall patterns are consistent between the
seismically detérmined and gravity-derived crustal thickness for the overriding plate.

Gvirtzman & Stern (2004) assumed the Mariana Arc to be in a state of isostasy in spite
of the high positive FAA in its southern segment. To confirm the observed isostatic
anomalies in the southern Mariana Arc, we assume a reference crustal thickness of 6 km and
estimated the Moho depth in the study area based on the topography and local Airy isostatic
compensationsgWe then calculate the total gravitational effects of the topography and Moho
depth. (Figure'S3a). We subtract these gravitational effects from the FAA to obtain the
residual gravity anomalies, which reflect non-isostatic compensation and density variations
(Figure S3b). Pesttive anomalies are still obvious in the southern Mariana Arc, as indicated in
Figure S3b. This result implies the presence of tectonic stresses in the upper plate, which
could maintain the excess mass. Below we present two mechanisms that could explain these

topographic and isostatic anomalies.

4.1 | Magma accretion on a relatively strong plate

The Mariana Arc has experienced multiple stages of rifting and magma accretion.
Magma acéretion on a relatively old and strong plate, which is yet to reach isostatic
equilibriumj*~ean ‘explain the observed positive anomalies in topography, non-isostatic
topography mandithe FAA in the southern Mariana Arc. Within a single subduction system,
arcs may rift/at different axes during different time periods (Oakley et al., 2009). Profiles of
topography, noen-isostatic topography, and gravity-derived Moho depths at 19°N and 13.6°N
(Figures 6 and 7) illustrate arc rifting processes. The distinct scarps shown in topography
(Figure 1) and the thin crust in the northern Palau-Kyushu Ridge reveal that the first arc
ruptured along the western side of arc axis in the north (Oakley et al., 2009), leaving most of

its volume on the eastern portion (Figures 6a and 7a). The second arc rifted along the eastern
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side of arc axis north of 15°N (Figures 6a and 7c) and along the western side of arc axis south
of 15°N (Figures 6b and 7g), as also indicated by the distinct bathymetric scarps in the south
and the indistinct boundary between the West Mariana Ridge and Mariana Trough in the
north (Oakley et al., 2009). The widening of the northern and central West Mariana Ridge
can also indicate'that the second arc rifted along the eastern side of arc axis north of 15°N
(Figures 1 and 2b). Figures 7d and 7h show that the magma supply continued after rifting. In
the north, the magma accreted on the rifted, thus relatively weak arc location. In contrast, the
magma intrided into the relatively old and thus stronger arc plate in the south. We propose
that the positive,isostatic anomaly and FAA at the southern Mariana Arc are due to the
magma accretion’ onto a relatively strong plate. Figure S4 shows the calculated crustal
sectional argas/of'the West Mariana Ridge and Mariana Arc in Table S1. The crustal areas of
the West Mariana Ridge decrease southward (Table S1), revealing the different arc splitting

axes.

4.2 | Interactions between the overriding and subducting plates

The pinningrof the Ogasawara Plateau and Caroline Ridge at the northern and southern
ends of they,Mariana Trench, respectively, induced a seaward bulging and progressive
seaward rollback of the trench axis. At the southern Mariana Trench, the large positive
buoyancy of thesCaroline Ridge could impede subduction, enlarging the curvature of Mariana
Trench and splitting the southern Mariana Arc at 3.7-2.7 Ma (Ribeiro et al., 2013). The
Mariana Spreading Center extends to the rifted arc, capturing the hydrous melts above the
descending slab, thus enhancing magma supply (Martinez et al., 2000; Ishibashi et al., 2015).
As the width of the Mariana forearc narrows southward, the southern Mariana Arc could be
in the coupling zone of the lower and upper plates. When the magma rose above the
overriding plate, the stresses transmitted through the coupling interface could maintain the
elevated topegraphy and isostatic anomalies. The subducting slab imposes forces on the
overriding plate;‘causing the surface deflections in the upper plate (Crameri et al., 2017). The
lithosphericmstresses are different in the north and south of the Mariana Arc volcanoes
(Andikagumiret al., 2020). The forces exerted by the subducting plate on the overriding plate

could also suppert the magma accretion at the southern segment of the Mariana Arc.

5| CONCLUSIONS
(1) The crustal thickness along the Mariana Spreading Center varies significantly and

the thinnest crust is less than 2 km. The crustal thickness of the West Mariana Ridge
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decreases slightly southward. The Mariana Arc exhibits slight variations in crustal thickness.

(2) The Mariana Spreading Center and West Mariana Ridge are associated with
relatively low value of non-isostatic topography and FAA, and thus are relatively close to
Airy isostatic compensation. In contrast, the Mariana Trench is associated with the negative
non-isostatic*topography and FAA, consistent with a model of flexural bending of the
subducting Pacifie Plate.

(3) The southern Mariana Arc is associated with relatively positive non-isostatic
topographyfand FAA, consistent with a model of late-stage magma accretion onto a relatively
strong lithosphetic plate. The positive anomalies in the topography and non-isostatic
topography ‘of theé southern Mariana Arc can also be attributed to interactions between the

lower and upper plates.
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Figure Captions

Figure 1. Topography of the Mariana subduction system. Double black lines indicate the
Mariana Spreading Center, which we identified based on the topography and FAA, as well as
from previous studies (Martinez et al., 2000; Bird, 2003; Yamazaki et al., 2003). The Mariana

Trench is'marked by the white line with triangles.

Figure 2. (a) FAA of the Mariana subduction zone. The isostatic anomaly in the southern
Mariana Arg is marked by a red ellipse. (b) MBA of the study region. Symbols are the same

as in Figure L.

Figure 3./(a) Gravity-derived crustal thickness of the study area. (b) Non-isostatic
topography of the study area. The positive anomaly of non-isostatic topography in the

southern Mariana Arc is marked by a red ellipse. Symbols are the same as in Figure 1.

Figure 4. Profiles of the topography, non-isostatic topography, and gravity-derived Moho
depths alongsthesWest Mariana Ridge (WMR, a), Mariana Spreading Center (MSC, b),
Mariana Arcy(MA, c), and Mariana Trench (MTre, d). Non-isostatic topography is shown as
red curves. Black curves indicate topography. Blue curves represent basements which were
calculated by removing the sediment from the topography. The sediment is thin. The Moho
depths are presented by cyan curves. Dotted curves denote areas using interpolated crustal
age data in grustal thickness modeling. Profile locations are indicated in Figure 3a. The West
Mariana Ridge, Mariana Spreading Center, Mariana Arc, and Mariana Trench are shown as
black curves annotated by I, II, III, and IV respectively. The red arrow in panel b indicates

the location of the thinnest crust along the Mariana Spreading Center.

Figure 5., The histograms of non-isostatic topography along the Mariana Arc (MA, cyan),
West Maridgna"Ridge (WMR, green), Mariana Spreading Center (MSC, red), and Mariana
Trench (MTregblue).

Figure 6. Cross=sections of topography, non-isostatic topography, and gravity-derived Moho
depths along the profiles at 19°N (a) and 13.6°N (b). Symbols are the same as in Figure 4.
The black lines annotated by 1 and 2 in Figure 3a indicate the profile locations. From west to
east, the geological structures include the Palau-Kyushu Ridge (PKR), Parece Vela Basin
(PVB), West Mariana Ridge (WMR), Mariana Trough (MTro), Mariana Arc (MA), and
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Mariana Trench (MTre).

Figure 7. Cartons showing the mechanisms causing positive non-isostatic topography in the
southern Mariana Arc and the tectonic processes along the profiles at 19°N (a—d) and 13.6°N
(e—f), respectively. In the second stage of rifting, the arc rifted along different axes between
the northern and southern segments. Magmas continued to upwell on the eastern half of the
second arc. Panels d and h show that in the north, the magma rose above the rifted and thus
relatively weak arc plate, while in the south, the magma overlay on the relatively old and thus

stronger arc plate.

Figure S1./a) Map of sediment thickness of the study region. (b) The thermal effects of
lithospheric cooling based on a plate cooling model. The area between the Palau-Kyushu
Ridge and Mariana Trench is less than 50 Ma old. (¢) RMBA of the study region. Symbols

are the same as in Figure 1.

Figure S2. (a)sP=wave velocity model of the central Mariana subduction zone (Takahashi et
al., 2007). The, black curve represents gravity-derived Moho depth. (b) P-wave velocity
profile across the Challenger Deep in the southern Mariana subduction system. The red curve
indicates Mohe=depth constrained by PmP arrivals (Wan et al., 2019). The black curve
indicates gravity-derived Moho depth. The locations of the seismic profiles are shown as red

lines in Figure Slc.

Figure S3./(a) The total gravitational effects (Ag) of the topography and Moho depth under
the assumption.of local Airy isostatic compensation. (b) The residual gravity anomalies

obtained by temoyving the Ag from the FAA. The isostatic anomaly is marked by a red ellipse.

Figure S4." Cross-sections of topography, non-isostatic topography, and gravity-derived
Moho depths across the West Mariana Ridge (WMR), Mariana Trough (MTro), Mariana Arc
(MA), andsMariana Trench (MTre). Symbols are the same as in Figure 4. Calculated crustal
areas of the Mariana Arc and West Mariana Ridge are marked as half-transparent green areas.
Profile locations are indicated as black lines in Figure Slc.

Table 1 Parameters used in modeling of gravity and isostatic anomalies

Parameter Definition Value Unit
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m/s?

g Acceleration due to gravity 9.81

Pw Seawater density 1,030 kg/m?3
Pe Crustal density 2,700 kg/m3

Pmo Reference mantle density 3,300 kg/m3
Ty Temperature at surface of the plate 0 °C
T, Temperature at bottom of the plate 1,350 °C
o Thermal expansion coefficient 3x10° K-!

446
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