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Mechanical Essence of Double-Arc Formation Along the Eastern Aleutian Subduction Zone

Cumniro Hasumvoro! and Sucuru Kurorwa?

Abstract—The free-air gravity anomaly along the Aleutian
subduction zone exhibits a single set of negative and positive
trench-parallel belts in the western region, whereas it exhibits
doubled negative—positive trench-parallel belts in the eastern
region. The eastern inner—western positive gravitational belt cor-
responds to the topographic chain of the Alaska Peninsula and the
Aleutian Islands. However, the eastern outer positive gravitational
belt does not coincide with the chain of the topographic outer-arc
highs. In this study, we determined the across-trench profiles of the
plate interface geometry for the western and eastern Aleutian
subduction zones on the basis of the hypocentre distribution. The
surface uplift rates computed from the dislocation-based two-di-
mensional subduction model for the Aleutian plate interface
profiles adequately reproduced the western single-arc and eastern
double-arc characteristics. The essential factors of the double-arc
formation are a low subduction dip angle and a bimodal plate
interface curvature distribution within the elastic lithosphere. The
double-arc highs of the computed uplift rates more closely coin-
cided with the gravitational highs than the current topographic
highs. This implies that tectonic events in the past caused the
topographic activity shift towards the continental shelf edge and the
subsequent topographic readjustment under the current tectonic
state.

Keywords: Double-arc formation, plate interface geometry,
topography, free-air gravity anomaly, Aleutian subduction zone.

1. Introduction

The free-air gravity anomaly in the plate sub-
duction zones exhibits a single set of negative and
positive trench-parallel belts in the overriding plate
and a single positive belt in the descending plate.
Generally, these gravitational belts correspond to the
topography of the trench, island arc and outer rise. In
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certain regions along the Aleutian, Sunda and Middle
trenches, doubled negative—positive
trench-parallel belts appear in the overriding plates.
In the case of the Aleutian subduction zone, only the
eastern region exhibits the gravitational double-arc
characteristics (Fig. 1). The eastern Aleutian sub-
duction zone exhibits a similar doubled topography
comprising the inner (landward) volcanic chain of the
Alaska Peninsula and its northeastward extension and
the outer (seaward) nonvolcanic chain of the Kenai
Peninsula, the Kodiak group of islands (Kodiak
Islands), and the other islands in the fore-arc region
(Fig. 1). The eastern inner—western topographic arc
(i.e. the volcanic arc of the Alaska Peninsula and the
Aleutian Islands) coincides with the eastern inner—
western positive gravitational belt, whereas the east-
ern outer topographic arc (i.e. the Kenai—Kodiak
nonvolcanic arc) does not coincide with the eastern
outer positive gravitational belt. The remarkable
outer-arc characteristics have been considered rele-
vant to underplating (i.e. a deep accretion process of
the descending materials to the base of the overriding
plate) (Clendenen et al., 1992; Moore et al., 1991; Ye
et al.,, 1997), large-scale terrane subduction (von
Huene et al.,, 1985), low dip-angle subduction
(Jadamec et al., 2013; Pavlis & Bruhn, 1983) and
plate interface frictional properties (Bassett & Watts,
2015; Song & Simons, 2003). Recently, Menant et al.
(2020) demonstrated that the sequential occurrence of
the underplating and their spatial scale can prescribe
topographic transitions and trench-parallel variations.
However, owing to such diverse interpretations, the
essence of the topographic and gravitational double-
arc formations as well as their relation remains

American

unconfirmed.

The free-air gravity anomaly primarily reflects the
mass excess and deficit on the Earth’s surface. The
gravitating topographic system must undergo mass
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Figure 1
Topography and free-air gravity anomaly in the Aleutian subduction zone. a Topography is based on ETOPO1 (Amante & Eakins, 2009). The
dotted circles indicate oceanic basins (von Huene et al., 1980). Abbreviations CI, SS, St, Al, Tu, Sh and Sa denote the Cook Inlet, the Shelikof
Strait and the Steavenson, Albatross, Tugidak, Shumagin and Sanak basins, respectively, and NA and PA denote the North American and
Pacific plates, respectively. Red triangles indicate the location of the Holocene volcanoes listed by Global Volcanism Program (2013). b Free-
air gravity anomaly is based on the WGM2012 global model (Bonvalot et al., 2012)

redistribution and isostatic adjustments. Therefore, a plate-to-plate interaction. Multiple models have been

supporting mechanism against the gravitation is
required to maintain the mass excess and deficit over
a long period. This mechanism in the subduction
zones typically involves long-term tectonic uplift and
subsidence that are the direct consequences of the

proposed to reproduce the topographic and gravita-
tional characteristics of the island-arc—trench system,
such as the flexure of the elastic lithosphere (Davies,
1981) and viscous flow subduction (Zhong & Gumis,
1992). The dislocation-based modelling proposed by
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Matsu’ura and Sato (1989) is one of the most well-
defined mechanical approaches for solving these
problems. In their model, the mechanical interaction
is represented by the steadily increasing tangential
displacement discontinuity across the curved plate
interface.

In this study, we focus on two problems related to
the formation of the double-arc system in the eastern
Aleutian subduction zone and the deviations in the
location between the topographic and gravitational
outer arcs. By developing a Matsu’ura—Sato type
model, we demonstrated the mechanical essence of
the former problem. Subsequently, to interpret the
current tectonic state, we compared the computed
vertical crustal motion with the topography and free-
air gravity anomaly.

2. Two-Dimensional Subduction Modelling

According to a systematic description by Backus
and Mulcahy (1976a, 1976b), the displacement dis-
continuity across the internal surface in a continuum
is expressed as the mathematically equivalent force in
the continuum. In this context, the tangential dis-
placement discontinuity along the curved plate
interface can be a definite description of the plate-to-
plate interaction that causes displacement and defor-
mation in the plate interior (Matsu’ura and Sato,
1989). Herein, we considered a plate interface in a
two-dimensional (2D) cross section of the subduction
zone. If the 2D plate interface geometry is a perfectly
circular arc with a constant curvature, a symmetric
configuration of its uniform slip represents the ver-
tical rotation of the plates with respect to a single
horizontal axis, i.e. the centre of curvature. On the
basis of this consideration, Fukahata and Matsu’ura
(2016) demonstrated that the mechanical essence of
the single island-arc—trench system formation is a
combination of the following two effects: (1) vertical
rotation of the descending and overriding plates in the
opposite directions along the circular curve, which
generates a concave bend corresponding to the trench
low and elevates both the trench sides and (2) grav-
itational depression on both sides at distances from

the trench, which generates convex bends corre-
sponding to the island-arc and outer-rise highs. A
combination of a circular-arc-like curve in the shal-
low part and a straight line in the deep part also
reproduced such a basic single-arc pattern, as
demonstrated in a series of studies by Matsu’ura and
his co-workers (Fukahata & Matsu’ura, 2006, 2016;
Hashimoto et al., 2004, 2008; Matsu’ura & Sato,
1989; Sato & Matsu’ura, 1988, 1992, 1993).

Considering the stress continuity condition on the
plate interface, we expressed this basic plate interface
curve as a twice continuously differentiable function
z(y) with continuous first and second derivatives 7/
and z”, where z and y denote the depth and the hor-
izontal distance from the trench, respectively.
Subsequently, we proposed a method to express the
more complicated geometry of the plate interface.
The concrete procedure is illustrated in Fig. 2 and
elaborated in the Methods section. Note that 7’
indicates the curvature 1/R =7"/(1+7)*? in the
case of 7 < 1, i.e. low-angle subduction.

3. Methods

3.1. Basic Plate Interface Geometry

The basic plate interface geometry was modelled
in a 2D cross section by combining an arc-like curve
in the shallow part and a straight line with a dip angle
0 in the deep part. The arc-like curve was connected
to a horizontal line (Earth’s flat surface) at the trench
axis. To express such a monotonically increasing
function (elemental function) that is twice continu-
ously differentiable, we first defined the second
derivative z” as a continuous piecewise linear func-
tion with three knot points y,, y; and y, as follows:

0 . (y <o)
tan
d_zz: W()’—yo) (o <y<y1) (1)
dy? ~ oo 0 = y2) (n<y<ya)
(2<y)

where y denotes the horizontal distance from the
trench axis, and y,, y; and y, correspond to the trench
axis, the location of the peak of the second derivative
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Schematic diagrams of the definition of the elemental functions and their superposition. a The second derivative 7’ of the elemental function is
defined as a continuous piecewise linear function with three knot points y,, y; and y,. The second derivative has a single peak at y = y; and
becomes zero on both sides (y <y, y, <y). b The first derivative 7’ is obtained by integrating the second derivative under the condition of
continuity at each knot point and the conditions of 7 = 0, tan 0 at y = y,, y,. 0 represents a constant dip angle and determines the peak of z”. ¢
The original elemental function z(y) is obtained by integrating the first derivative under the condition of continuity at each knot point and the
condition of z = 0 at y = y,. d The second derivative ” of a composite function with N + 2 knots y; (i = 0,1,2,---,N + 1) is defined as a
continuous piecewise linear function obtained through the superposition of the second derivatives of N elemental functions. The i-th
(i=1,2,---,N) elemental function is defined by one constant 0; and three knots y;_,, y; and y; ;. Three-element superposition with five knots
is demonstrated. e The first derivative 7’ of the composite function is obtained through the superposition of the first derivatives of N elemental
functions. f The original composite function z(y) is obtained through the superposition of N elemental functions

and the shallower end of the deep-part straight line, 0 (y <o)
respecti.veb./ (Fig.. 2a). Next, by int.egrating thi§ sec- o 0 Y)* (vo <y<y)
ond derivative twice under the condition of continuity tan 1 ,
at each knot point, we obtained the first derivative 7/ z=4 73 a—y)02—0) (y—y2) g .
(Fig. 2b) and original elemental function z (Fig. 2c¢) tan 0 1 <y<y)
as follows: +tandy ———=(2 +y1 + o)

0 (y <o) tan 0y — 32 (2 +y1 + o) (2 <)

2

dz (y,fyts}fz,m) (v = yo) (o <y<y1) 3)
= 2
dy - (yrytf)rt;)ryﬂ) (y=y2)"+tant (y1 <y<y»)

tan 6 (y2 <)

3.2. Complicated Plate Interface Geometry
(2)

To represent a more complicated plate interface
geometry, we superposed N elemental functions by
shifting their knot points. We defined the N + 2 knot
points y; (i=0,1,2,---,N+ 1) for a single curve
and assigned the first three knots y,, y; and y, to the

and
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first elemental function with the constant 0; and the
three subsequent knots y,, y, and y; to the second
elemental function with the constant 6,. This proce-
dure was iterated until the last three knots yy_;, Yy
and yy,, were assigned to the N-th elemental
function with the constant 6. By such superposition,
the second derivative 7/ was expressed as a contin-
uous piecewise linear function, and its integrated
functions 7/ and z were expressed as continuous
piecewise quadratic and cubic functions, respectively
(Fig. 2d, e and f). When the elemental function with
the knots y,, y, and y, and the dip angle 0 is explicitly
represented by 2" (y; v, y1,¥,; 0), the three-element
composite function with the five knots (yg, ¥, Y5, 3
and y,) and the three constants (0,0, and 03)
(Fig. 2f) is expressed as z(y) = 2" (y; Yo, Y1, Y5}
01) + 2" (y; y1, ¥25 33 02)+ 27" (3332, V30 Va5 03).

4. Application to the Aleutian Subduction Zone

We modelled the plate interface geometry of the
western and eastern Aleutian subduction zones (i.e.
the regions of the Aleutian Islands and Alaska
Peninsula) in 2D cross sections along Lines 1 and 2
(Fig. 1), respectively, on the basis of hypocentre data
(Reviewed ISC Bulletin) (Bondar & Storchak, 2011;
International Seismological Centre, 2022), centroid
moment tensor (CMT) mechanism data (Global CMT
Catalog) (Dziewonski et al., 1981; Ekstrom et a.,
2012) and topography data (ETOPO1) (Amante &
Eakins, 2009). The basic conditions for constructing
the models are stated as follows: the plate interface
curve (1) passes through the hypocentres of large
magnitude or moment magnitude (M, M,, > 6) low-
angle reverse-fault-type earthquakes, (2) traces the
topmost components of the deep hypocentre distri-
bution and (3) is continuously connected to the
Earth’s flat surface at the trench axis. We permitted a
certain violation of condition 1 near the trench
because of condition 3, which may not essentially
affect the results in this study.

The cross sections of the Aleutian and Alaska
plate interface models determined for Lines 1 and 2,
respectively, are displayed in Fig. 3. We assigned
five knots for three-element superposition (Fig. 2). In
the case of the Line-1 model, the knot points

Yo,Y1,Y2,¥3 and y, were determined as 0, 30, 115,
250 and 300 km, respectively, and the constants
01,60, and 03 of the three elemental functions were
determined as 20°, 25° and 40°, respectively. The
second derivative and corresponding curvature of the
Line-1 model curve exhibited single-modal distribu-
tion within the interval of 0 <y< 300 [km] with a
slight concavity at y = 115 [km]. The plate interface
attained a depth corresponding to the lithosphere—
asthenosphere boundary (z = 50 [km]) at a horizontal
distance of 148 km. This indicates that only the
shallower half section of the curvature distribution
exists within the thickness of the elastic lithosphere.

In the case of the Line-2 model, the five knot
points (¥g,¥;,¥,,¥3 and y,) were 0, 30, 100, 400 and
480 km, respectively, and the three constants (6, 0,
and 03) were 8°, 0° and 50°, respectively. The dip
angle of the Line-2 model curve was significantly
lower than that of the Line-1 model curve at shallow
depths (Fig. 3). The second derivative and corre-
sponding curvature of the Line-2 model curve
exhibited a bimodal distribution. Their two intervals
of 0 <y< 100 [km] and 100 <y< 480 [km] cor-
responded to the depth ranges of 0 <z< 8 [km] and
8 <z< 244 [km], respectively. This indicates that a
substantial portion of the deeper section as well as the
shallower section exists within the thickness of the
lithosphere (50 km). The Line-1 and -2 model curves
were consistent with another plate interface model
such as Slab2 (Hayes et al., 2018) in the lithosphere,
except for an extremely shallow part connected to the
flat surface at the trench (Fig. 3). The deviation
between the Line-1 and Slab2 model curves in the
asthenosphere may reflect the interpretation of the
hypocentre distribution.

Furthermore, we computed the vertical surface
velocity (uplift rate) induced by the steady slip along
the Line-1 (Aleutian) and -2 (Alaska) model plate
interfaces using a Matsu’ura—Sato type model that is
based on the elastic—viscoelastic dislocation theory
(Matsu’ura & Sato, 1989). The foundational mathe-
matical expressions for the 2D framework
computation are elaborated in studies by Sato and
Matsu’ura (1993) and Fukahata and Matsu’ura
(2005, 2006). The lithosphere—asthenosphere system
was modelled as an elastic layer with a flat surface
under gravity and an underlying Maxwellian
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<«Figure 3
Hypocentre distribution and 2D plate interface models. Hypocen-
tres within the 150-km-wide zones along Lines 1 and 2 are
projected on the cross sections. Black and green circles represent
the hypocentres of M > 4.5 and M > 6 events, respectively,
obtained from the Reviewed ISC Bulletin during 01/01/1964-01/
06/2020 (Bondar & Storchak, 2011; International Seismological
Centre, 2022). Red solid and open circles represent the hypocentres
of M,, > 6 low-angle reverse-fault type and other type events,
respectively, obtained from the Global (Harvard) CMT Catalog
during 01/01/1976-01/01/2021 (Dziewonski et al., 1981; Ekstrom
et a., 2012). Connected pair of the green and red hypocentres
represents the identical event from the two catalogues. Blue lines
represent the plate interface geometry and the corresponding
second derivative along Line 1 (top) and Line 2 (bottom); their knot
points are represented by yg,y;,y,,y; and y,. Grey line represents
the surface topography (ETOPO1) (Amante & Eakins, 2009). Cyan
lines represent the modified plate interface under the non-flat
surface condition and its second derivative along Line 1 (top) and
Line 2 (bottom). Magenta curve indicates the Slab2 model (Hayes
et al., 2018). Black inverted triangle indicates the location of the
trench axis

viscoelastic half-space. The thickness of the litho-
sphere was assumed to be 50 km (and 40 km for
reference) in the cases of the Line-1 (Aleutian) and
Line-2 (Alaska) models. We employed typical values
of the structural parameters as follows: the densities
of the lithosphere and asthenosphere were 3000 and
3400 kg/m’, respectively; the Lamé elastic constants
A and u were 40 and 40 GPa, respectively, for the
lithosphere, and 90 and 60 GPa, respectively, for the
asthenosphere; the viscosity of the asthenosphere was
5 x 10" Pa s (Hashimoto & Matsu’ura, 2004, 2008).
Note that the value of the viscosity does not affect the
computational results because the steady slip on the
plate interface in the asthenosphere cannot contribute
to the formation of the long-term surface displace-
ment field (Fukahata & Matsu’ura, 2006; Matsu’ura
& Sato, 1989). The trench-perpendicular component
of the relative velocity between the Pacific (PA) and
North American (NA) plates calculated from MOR-
VEL (DeMets et al., 2010) was imposed as the steady
slip rate on the 2D plate interface. The calculated
components in the cases of Line 1 and Line 2 were
6.6 and 6.1 cm/year, respectively.

5. Results

The computed surface uplift rates for the Line-1
and Line-2 models are displayed in Fig. 4. The
computed surface pattern of the Line-1 model
(Aleutian) exhibited uplift (~ —300<y< —90
[km]), subsidence (—90<y<63 [km]) and uplift
(63 <y<380 [km]), corresponding to the typical
characteristics of a single-arc system (Fig. 4a). The
maximum rates of the subsidence and uplift were
8.2 mm/year near the trench and 2.4 mm/year at y =~
115 [km], respectively. The topography (ETOPO1)
(Amante & Eakins, 2009) and free-air gravity
anomaly (WGM2012 global model) (Bonvalot et al.,
2012) along Line 1 are displayed in Fig. 4a,
exhibiting single-arc patterns similar to the computed
uplift rate of the Line-1 model. The computed uplift
rate adequately reproduced the ranges of the trench
low and island-arc high of the single-arc system in
the western Aleutian subduction zone.

The computed surface pattern of the Line-2 model
(Alaska) exhibited wuplift (~ —300<y< —95
[km]), subsidence (—95<y<37.5 [km]), uplift
(37.5<y<125 [km]), subsidence (125<y<270
[km]) and uplift (270 <y <600 [km]), corresponding
to the typical characteristics of a double-arc system
(Fig. 4b). The peak values of the outer and inner
uplifts were 1.9 mm/year at y~75 [km] and
0.3 mm/year at y ~ 355 [km], respectively. The peak
values of the trench subsidence and subsidence
between the outer and inner uplift zones were 2.3 and
0.8 mm/year, respectively. The topography and free-
air gravity anomaly along Line 2 (and Line 2’ illus-
trated in Fig. 1 for reference) are displayed in
Fig. 4b. The computed uplift rate adequately repro-
duced the lows and highs of the double-arc system
observed in the gravitational profile in the eastern
Aleutian subduction zone. However, the computed
and gravitational outer-arc highs did not coincide
with the topographic outer-arc high of the Kodiak
Islands. In contrast, the computed and gravitational
outer-arc highs coincided with the seaward edge of
the continental shelf, wherein the basement high was
detected from the sedimentary structures of the
oceanic basins (Moore et al., 1991; von Huene et al.,
1980).
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Figure 4
Comparison of the computed surface uplift rate with the topography %md free-air gravity anomaly. Three solid black lines in both the panels a
and b represent the topographic (ETOPO1) (Amante & Eakins, 2009) profile, gravitational (WGM2012 global model) (Bonvalot et al., 2012)
profile and uplift rate computed for the 50-km-thick lithosphere. The uplift rates for the 40-km-thick lithosphere are represented by black
dotted lines for reference. Red shaded areas indicate the uplift zones of the computed uplift rate profiles. Blue lines in the bottoms of the
panels a and b represent the depths of the plate interfaces. The steady plate subduction is represented by the steady slip (steadily increasing
tangential displacement discontinuity) uniformly imposed on the plate interface. a The computed uplift rate of the Line-1 model (Aleutian) is
compared with the topographic and gravitational profiles along Line 1. b The computed uplift rate of the Line-2 model (Alaska) is compared
with the topographic and gravitational profiles along Line 2. The green lines represent the topographic and gravitational profiles of Line 2’ that
crosses the oceanic (Tugidak) basin located in the southwest offshore area of the Kodiak group of islands (Fig. 1). Four-times enlarged
computed profiles are indicated by blue solid and dotted lines

6. Discussion

As mentioned in the model description, the steady
slip along the curved plate interface within the elastic
lithosphere can serve as the mechanical source of the
intraplate deformation fields. In the case of the Line-1
model (Aleutian), the nearly single-modal curvature
distribution in the elastic lithosphere formed a single
set of trench low and island-arc high in the overriding
plate. In the case of the Line-2 model (Alaska), the
shallower and deeper high-curvature sections located
in the lithosphere formed the doubled trench-parallel
subsidence—uplift belts in the overriding plate. This
finding implies that the bimodal distribution of the
curvature provides two distinct horizontal axes for the

vertical rotation of the overriding plate and causes
doubled concave—convex bending (i.e. doubled sub-
sidence—uplift).

To examine the mechanical origin of the double-
arc characteristics, we decomposed the original
bimodal function of the Alaska model plate interface
into two elemental functions that correspond to the
shallower and deeper high-curvature sections of the
original function (Fig. 5). The steady slip along each
single-section model plate interface induced the sur-
face uplift rate exhibiting a single set of trench low
and island-arc high (Fig. 5). The profiles were char-
acterised by shorter-wavelength rapid subsidence—
uplift for the shallower-section model and by longer-
wavelength gentle subsidence—uplift for the deeper-
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Figure 5
Decomposition of the Line-2 (Alaska) model plate interface geometry. a The black line indicates the uplift rate computed from the original
Alaska model. The green and red lines indicate the uplift rates computed from the subduction models for the decomposed shallower- and
deeper-section elemental plate interfaces, respectively. The red dotted line represents the 100-km-shifted uplift rate profile of the deeper-
section elemental model. Red shaded areas indicate the uplift zones of the original Alaska model. b The black, green and red lines represent
the plate interfaces of the original Alaska model, decomposed shallower-section elemental model and decomposed deeper-section elemental
model, respectively. ¢ The black, green and red lines represent the second derivatives of the original bimodal Alaska model, decomposed
shallower-section single-modal model and decomposed deeper-section single-modal model, respectively. The shallower end point of the
deeper section (knot point y, = 100 [km]) of the original bimodal model corresponds to the trench axis of the single deeper-section elemental

model

section model. The outer-arc high of the original
double-arc profile almost coincided with the island-
arc high of the single shallower-section model. The
original inner-arc high almost coincided with the
100-km-shifted island-arc high of the single deeper-
section model. This shift of 100 km represents the
horizontal distance from the trench axis (y,;) to the
shallower end point of the deeper section (y,) of the
original plate interface (Fig. 5). Consequently, the
double-arc characteristics were approximately repro-
duced by the superposition of the two single-section
models. This indicates that a low dip angle and a
bimodal curvature distribution within the lithosphere
form the mechanical essence of the double-arc
formation.

By shifting the plate interface model downwards
(i.e. adding the trench depth zy to the original com-
posite function) and decreasing the dip angle of the
first elemental function (i.e. constant 0;), we obtained
the modified plate interface that can explain the
shallow hypocentres (Fig. 3). The downward shift zg
and modified constant 0; were determined as 7.2 km
and 18°, respectively, for the Line-1 model and
5.4 km and 7.2°, respectively, for the Line-2 model.
These modifications did not significantly affect the
(Fig. 3), implying that the
mechanical essences of the single-arc and double-arc
formations were maintained under the flat surface
condition of the original models as well as the real-
istic non-flat surface condition.

second derivatives
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The Kenai Peninsula and the Kodiak Islands are
surrounded by the Cook Inlet, Shelikof Strait and
other multiple basins (Fig. 1). The long-term trend of
the vertical motion in this area was interpreted as
submergence from the coastal geomorphology,
radiocarbon dates of the costal site materials and
cirque floor levels in an early exhaustive report after
the occurrence of the Alaska earthquake in 1964
(M,, = 9.2) (Plafker, 1969). In this context, Plafker
(1969) regarded the topographic high of the Kenai
and Kodiak Mountains as ‘anomalous’. However,
later observation data partially indicated an upward
trend and provided complicated details. The sedi-
mentary core samples over multiple earthquake
generation cycles (Bartsch-Winkler et al., 1983;
Hamilton & Shennan, 2005; Shennan et al., 2014)
agreed with the expected submergence during the
past several thousand years for the coastal areas on
the landward (lowland) side of the Kenai Peninsula.
In contrast, apatite (U-Th)/He dating (low-tempera-
ture thermochronometry) revealed small exhumation
rates on the trench-ward (mountain) side of the Kenai
Peninsula (Buscher et al., 2008; Valentino, et al.,
2016), implying a gradual upward motion. Similarly,
the marine terrace elevation in the Kodiak Islands
indicates insignificantly small emergence rates during
the past 130 kilo years, except for the moderate
emergence rates observed in the trench-ward-side
coastal area (Carver et al., 2008).

In addition, an uplift axis along the trench in the
eastern Aleutian subduction zone can be expected
from the alignment of multiple basins bounded on
their margins by the continental shelf edge (Fig. 1).
The recent (< ~ 5 Ma) formation of the shelf edge
high is crucial for preventing the flow of sediments
towards the trench (Fisher & von Heune, 1980; von
Huene et al., 1980). Clendenen et al. (1992) consid-
ered the two current active uplift axes in the fore-arc
region, i.e. the shelf edge and Kenai—Kodiak axes, as
the surface expressions of the ongoing frontal
(scraping-off) and basal (underplating) accretion,
respectively, beneath their locations. The active uplift
of the Kenai—Kodiak axis was originally attributed to
the accretionary wedge growth between roughly 50
and 30 Ma (million years ago), which was based on
the interpretations of the seismic reflection survey
data (Moore et al., 1991). In contrast to this
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interpretation of the past event, the current topo-
graphic activity along the Kenai—Kodiak axis appears
to be undulated and forms localised mountain highs
and basin lows (von Huene et al., 1985). The current
undulated activity implies that the relative rise
observed within the Kenai Peninsula and the Kodiak
Islands is primarily caused by local disturbing fac-
tors, such as intraplate faulting and postglacial
isostatic adjustment (Carver et al., 2008), or at least
not driven by the along-trench-scale uniform tectonic
factors.

The coincidence between the double-arc charac-
teristics computationally reproduced by the Alaska
model and the gravitational double-arc characteristics
(Fig. 4a) indicates that the current surface mass
excess and deficit primarily result from the material
transport by the vertical crustal motion due to the
steady plate subduction. Although the free-air gravity
anomaly in the Kenai Peninsula and the Kodiak
Islands exhibits local highs (Figs. 1 and 4), they are
located in the computationally reproduced subsidence
zone between the inner- and outer-arc highs. There-
fore, these local gravitational highs may not be
currently supported by the direct effect of the steady
plate subduction. This interpretation is consistent
with the current trends in long-term vertical motion:
the computationally reproduced outer-arc highs cor-
responded to the active uplift along the continental
shelf edge instead of the undulated vertical motion
along the Kenai—-Kodiak axis. Accordingly, the
topographic highs of the Kenai—-Kodiak Mountains
appeared as vertical protrusions maintained in a
broad and low topographic belt parallel to the trench.
The existing (Kenai—Kodiak) and progressive (con-
tinental shelf edge) outer-arc belts in different states
may provide implicit information on the formation
history of the eastern Aleutian subduction zone; tec-
tonic events in the past caused the seaward shift of
the topographic activity and the subsequent topo-
graphic readjustment under the current tectonic state.

7. Conclusions
In this study, we developed a Matsu’ura—Sato

type dislocation-based 2D plate subduction model to
examine the mechanical origin of the double-arc
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system in the eastern Aleutian subduction zone. An
elastic layer with a flat surface under gravity and an
underlying Maxwellian viscoelastic half-space rep-
resents the lithosphere—asthenosphere system, and a
steady increase in the tangential displacement dis-
continuity along the curved plate interface represents
the steady plate subduction. We determined the
across-trench profiles of the plate interface geometry
for the western and eastern Aleutian subduction zones
on the basis of the hypocentre distribution. The sur-
face uplift rates computed from the 2D plate
subduction model for the Aleutian plate interface
profiles adequately reproduced the western single-arc
and eastern double-arc characteristics. The essential
factors of the double-arc formation are a low sub-
duction dip angle and a bimodal plate interface
curvature distribution within the elastic lithosphere.

To examine the deviations in the location between
the topographic and gravitational outer arcs (i.e. the
Kenai—Kodiak nonvolcanic arc and the eastern outer
positive gravitational belt), we compared the com-
puted vertical crustal motion with the topography and
free-air gravity anomaly. The double-arc highs of the
computed uplift rates more closely coincided with the
gravitational highs than the current topographic
highs. Accordingly, the topographic highs of the
Kenai—Kodiak Mountains appeared as vertical pro-
trusions maintained in a broad and low topographic
belt parallel to the trench. This implies that tectonic
events in the past caused the topographic activity
shift towards the continental shelf edge and the sub-
sequent topographic readjustment under the current
tectonic state.

Author Contributions Chihiro Hashimoto conceived and
designed this study, performed the numerical experiments,
interpreted the results and wrote the manuscript. Suguru
Kuroiwa contributed to the numerical experiments and the
draft version of the manuscript. All authors approved the final
manuscript.

Funding

Open Access funding provided by Nagoya Univer-
sity. The authors have not disclosed any funding.

Data availability

Numerical data will be made available upon reason-
able request.

Declarations

Conflict of interest The authors declare that no funds, grants,
or other support were received during the preparation of this
manuscript. The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral
with regard to jurisdictional claims in published maps
and institutional affiliations.

REFERENCES

Amante, C. & Eakins, B. W. (2009). ETOPOI 1 arc-minute global
relief model: procedures, data sources and analysis. NOAA
Technical Memorandum NESDIS NGDC-24.

Backus, G., & Mulcahy, M. (1976a). Moment tensors and other
phenomenological descriptions of seismic sources—I. Continuous
displacements. Geophysical Journal International, 46, 341-361.

Backus, G., & Mulcahy, M. (1976b). Moment tensors and other
phenomenological descriptions of seismic sources—II. Discon-
tinuous displacements. Geophysical Journal International, 47,
301-329.

Bartsch-Winkler, S., Ovenshine, A. T., & Kachadoorian, R. (1983).
Holocene history of the estuarine area surrounding Portage,
Alaska as recorded in a 93 m core. Canadian Journal of Earth
Sciences, 20, 802-820.

Bassett, D., & Watts, A. B. (2015). Gravity anomalies, crustal
structure, and seismicity at subduction zones: 2. Interrelation-
ships between fore-arc structure and seismogenic behavior.
Geochemistry, Geophysics, Geosystems, 16, 1541-1576.


http://creativecommons.org/licenses/by/4.0/

C. Hashimoto, S. Kuroiwa

Bondar, 1., & Storchak, D. A. (2011). Improved location proce-
dures at the International Seismological Centre. Geophysical
Journal International, 186, 1220-1244.

Bonvalot, S., Balmino, G., Briais, A., M. Kuhn, Peyrefitte, A.,
Vales N., Biancale, R., Gabalda, G., Reinquin, F., & Sarrailh, M.
(2012). World Gravity Map. Commission for the Geological Map
of the World. (Eds.). BGI-CGMW-CNES-IRD, Paris.

Buscher, J. T., Berger, A. L., & Spotila, J. A. (2008). Exhumation
in the Chugach-Kenai Mountain Belt above the Aleutian Sub-
duction Zone, southern Alaska. In J. T. Freymueller, P.
J. Haeussler, R. L. Wesson, & G. Ekstrom (Eds.), Active Tec-
tonics and Seismic Potential of Alaska (pp. 151-166). American
Geophysical Union.

Carver, G., Sauber, J., Lettis, W., Witter, R., & Whitney, B. (2008).
Active faults on northeastern Kodiak Island, Alaska. In J.
T. Freymueller, P. J. Haeussler, R. L. Wesson, & G. Ekstrom
(Eds.), Active Tectonics and Seismic Potential of Alaska (pp.
167-184). American Geophysical Union.

Clendenen, W. S., Sliter, W. V., & Byrne, T. (1992). Tectonic
implications of the Albatross sedimentary sequence, Sitkinak
Island, Alaska. In: Bradley, D. C. & Ford, A. B. (Eds.), Geologic
studies in Alaska by the U.S. Geological Survey, 1990: U.S.
Geological Survey Bulletin 1999, pp. 52-70.

Davies, G. F. (1981). Regional compensation of subducted litho-
sphere: Effects on geoid, gravity and topography from a
preliminary model. Earth and Planetary Science Letters, 54,
431-441.

DeMets, C., Gordon, R. G., & Argus, D. F. (2010). Geologically
current plate motions. Geophysical Journal International, 181,
1-80.

Dziewonski, A. M., Chou, T.-A., & Woodhouse, J. H. (1981).
Determination of earthquake source parameters from waveform
data for studies of global and regional seismicity. Journal of
Geophysical Research, 86, 2825-2852.

Ekstrom, G., Nettles, M., & Dziewonski, A. M. (2012). The global
CMT project 2004-2010: Centroid-moment tensors for 13,017
earthquakes. Physics of the Earth and Planetary Interiors,
200-201, 1-9.

Fisher, M. A., & von Huene, R. (1980). Structure of upper Ceno-
zoic strata beneath Kodiak Shelf, Alaska. American Association
of Petroleum Geologists Bulletin, 64, 1014-1033.

Fukahata, Y., & Matsu’ura, M. (2005). General expressions for
internal deformation fields due to a dislocation source in a
multilayered elastic half-space. Geophysical Journal Interna-
tional, 161, 507-521.

Fukahata, Y., & Matsu’ura, M. (2006). Quasi-static internal
deformation due to a dislocation source in a multilayered elastic/
viscoelastic half-space and an equivalence theorem. Geophysical
Journal International, 166, 418-434.

Fukahata, Y., & Matsu’ura, M. (2016). Deformation of island-arc
lithosphere due to steady plate subduction. Geophysical Journal
International, 204, 825-840.

Global Volcanism Program, (2013). Volcanoes of the World, v.
4.10.6 (24 Mar 2022). Venzke, E. (Ed.). Smithsonian Institution.
Downloaded 01 Apr 2022. https://doi.org/10.5479/si. GVP.
VOTW4-2013.

Hamilton, S., & Shennan, I. (2005). Late Holocene relative sea-
level changes and the earthquake deformation cycle around
upper Cook Inlet, Alaska. Quaternary Science Reviews, 24,
1479-1498.

Pure Appl. Geophys.

Hashimoto, C., Fukui, K., & Matsu’ura, M. (2004). 3-D Modelling
of plate interfaces and numerical simulation of long-term crustal
deformation in and around Japan. Pure and Applied Geophysics,
161, 2053-2067.

Hashimoto, C., Sato, T., & Matsu’ura, M. (2008). 3-D simulation
of steady plate subduction with tectonic erosion: Current crustal
uplift and free-air gravity anomaly in northeast Japan. Pure and
Applied Geophysics, 165, 567-583.

Hayes, G. P., Moore, G. L., Portner, D. E., Hearne, M., Flamme,
H., Furtney, M., & Smoczyk, G. M. (2018). Slab2, a compre-
hensive subduction zone geometry model. Science, 362, 58-61.

von Huene, R., Fisher, M. A., Hampton, M, A., & Lynch, M.
(1980). Petroleum potential, environmental geology, and the
technology for exploration and development of the Kodiak lease
sale area #61. U. S. Geological Survey Open-File Report
80-1082.

von Huene, R., Keller, G., Bruns, T. R., & McDougall, K. (1985).
Cenozoic migration of Alaskan terranes indicated by paleonto-
logic study, In Howell, D. G., (Eds.), Tectonostratigraphic
terranes of the circum-Pacific region: Circum-Pacific Council
for Energy and Mineral Resources 2008, Earth Science Series
Number 1, pp. 121-136.

International Seismological Centre (2022). On-line Bulletin,
https://doi.org/10.31905/D808B830.

Jadamec, M. A., Billen, M. 1., & Roeske, S. M. (2013). Three-
dimensional numerical models of flat slab subduction and the
Denali fault driving deformation in south-central Alaska. Geo-
physical Research Letters, 376, 29-42.

Matsu’ura, M., & Sato, T. (1989). A dislocation model for the
earthquake cycle at convergent plate boundaries. Geophysics
Journal International, 96, 23-32.

Menant, A., Angiboust, S., Gerya, T., Lacassin, R., Simoes, M., &
Grandin, R. (2020). Transient stripping of subducting slabs
controls periodic forearc uplift. Nature Communication. https://
doi.org/10.1038/s41467-020-15580-7

Moore, J. C., Diebold, J., Fisher, M. A., Sample, J., Brocher, T.,
Talwani, M., Ewing, J., von Huene, R., Rowe, C., Stone, D.,
Stevens, C., & Sawyer, D. (1991). EDGE deep seismic reflection
transect of the eastern Aleutian arc-trench layered lower crust
reveals underplating and continental growth. Geology, 19,
420-424.

Pavlis, T. L., & Bruhn, R. L. (1983). Deep-seated flow as a
mechanism for the uplift of broad forearc ridges and its role in
the exposure of high P/T metamorphic terranes. Tectonics, 2,
473-497.

Plafker, G. (1969). Tectonics of the March 27, 1964 Alaska
earthquake. U.S. Geological Survey Professional Paper 543-1.
Sato, T., & Matsu’ura, T. (1988). A kinematic model for defor-
mation of the lithosphere at subduction zomes. Journal of

Geophysical Research, 93, 6410-6418.

Sato, T., & Matsu’ura, T. (1992). Cyclic crustal movement, steady
uplift of marine terraces, and evolution of the island arc-trench
system in southwest Japan. Geophysical Journal International,
111, 617-629.

Sato, T., & Matsu’ura, T. (1993). A kinematic model for evolution
of island arc-trench systems. Geophysical Journal International,
114, 512-530.

Shennan, I., Barlow, N., Combellick, R., Pierre, K., & Stuart-
Taylor, O. (2014). Late Holocene paleoseismology of a site in the
region of maximum subsidence during the 1964 Mw 9.2 Alaska
earthquake. J. Quaternary Sci., 29, 343-350.


https://doi.org/10.5479/si.GVP.VOTW4-2013
https://doi.org/10.5479/si.GVP.VOTW4-2013
https://doi.org/10.31905/D808B830
https://doi.org/10.1038/s41467-020-15580-7
https://doi.org/10.1038/s41467-020-15580-7

Mechanical Essence of Double-Arc Formation Along the Eastern Aleutian...

Song, T.-R.A., & Simons, M. (2003). Large trench-parallel gravity Ye, S., Flueh, E. R., Klaeschen, D., & von Huene, R. (1997).
variations predict seismogenic behavior in subduction zones. Crustal structure along the EDGE transect beneath the Kodiak
Science, 301, 630-633. shelf off Alaska derived from OBH seismic refraction data.

Valentino, J. D., Spotila, J. A., Owen, L. A., & Buscher, J. T. Geophysical Journal International, 130, 283-302.

(2016). Rock uplift at the transition from flat-slab to normal Zhong, S., & Gumis, M. (1992). Viscous flow model of a sub-
subduction: The Kenai Mountains, Southeast Alaska. Tectono- duction zone with a faulted lithosphere: Long and short
physics, 671, 63-75. wavelength topography, gravity and geoid. Geophysical

Research Letters, 19, 1891-1894.

(Received May 30, 2023, revised February 29, 2024, accepted March 16, 2024)



	Mechanical Essence of Double-Arc Formation Along the Eastern Aleutian Subduction Zone
	Abstract
	Introduction
	Two-Dimensional Subduction Modelling
	Methods
	Basic Plate Interface Geometry
	Complicated Plate Interface Geometry

	Application to the Aleutian Subduction Zone
	Results
	Discussion
	Conclusions
	Author Contributions
	Open Access
	References


