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Synthesis of the Seismic Structure of the Greater Alaska
Region: Geodynamics Implications
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ABSTRACT

EarthScope has fundamentally improved the characterization of the crust and mantle structure within and below
the North American plate in Alaska and northwestern Canada. This study reviews the geodynamic implica-
tions of recent EarthScope seismic synthesis results in the context of recent and classic geodynamic models
of both location-specific and generalized subduction, and the limitations of models therein. In particular, the
study examines constraints geodynamic models place on the tectonic implications of the improved upper plate,
slab, and mantle structure for slab dynamics, mantle flow, and upper plate deformation. First-order remaining
questions are identified for the Aleutian—Alaska subduction zone, interior Alaska, and northwestern Canada,
including how deeper slab structure may affect trench motion and upper plate deformation, mechanisms of flat
slab subduction, and the role of the Yakutat plateau subduction-collision in these processes. EarthScope seismic
syntheses for Alaska are considered in the larger context of the Pacific Ring of Fire multi-plate system, of which
the Aleutian—Alaska subduction zone forms the northern boundary. Similarities and differences with other sub-
duction zones along the Pacific Ring of Fire are examined, with the Aleutian—Alaska subduction zone serving as

a window to tectonic processes elsewhere along the Pacific Ring of Fire.
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9.1. INTRODUCTION

9.1.1. Background and Motivation

Over a decade’s worth of EarthScope data have
provided new constraints on the seismic and tectonic
structure of the central and northwestern North Ameri-
can Plate, as well as the underlying mantle and subducted
slabs (Burdick et al., 2008, 2017; Miller et al., 2020;
Williams et al., 2010). Through an integrated and sys-
tematic footprint of seismic and geodetic instruments,
the EarthScope data collection efforts spatially and
temporally swept across the contiguous United States
moving from the active tectonic boundary along the west
coast toward the passive continental margin on the east
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coast, and lastly moving northwestward up to Alaska and
northwestern Canada (Burdick et al., 2008, 2017; Miller
et al., 2020; Williams et al., 2010).

This study is one of three chapters from the same group
that synthesize the EarthScope seismic studies in Alaska
and northwestern Canada. This chapter focuses on the
geodynamic implications of the recent seismic synthesis
efforts for the crust and mantle structure in Alaska and
northwestern Canada (Yang et al., 2024) and the slab
and mantle structure beneath Alaska and northwestern
Canada (Pavlis et al., 2024). This chapter frames the
seismic synthesis results (Pavlis et al., 2024; Yang et al.,
2024) in a large-scale three-dimensional (3-D) tectonic
framework and examines the interrelation between the
lithospheric plates, asthenosphere, and transition zone
for the greater Alaska region through the lens of geody-
namics. We discuss the implications of new constraints
on the 3-D distribution of the major crustal and litho-
spheric domains, lithospheric discontinuities, and depth
constraints on the lithosphere—asthenosphere boundary
and how these relate to the slab structure including the
morphology of the flat slab region and slab terminus
in eastern Alaska, the slab geometry at depth, as well
as subducted oceanic fragments now immersed in the
asthenosphere. A brief review of continuum models of
subduction is provided, with emphasis on the insights
gained from generalized as well as geographically ref-
erenced models as they relate to subduction dynamics
in the Aleutian—Alaska system. To further expand the
framework, the synthesis is presented in the context of
observational constraints on the larger Pacific Ring of
Fire tectonic system, of which the Aleutian—-Alaska sub-
duction zone forms the northern boundary (Figures 9.1
and 9.2) (DeMets et al., 1994; Hayes et al., 2018; Jadamec
et al., 2018b; Miller et al., 2019; Seton et al., 2020;
Smithsonian, 2012; Tozer et al., 2019).

9.1.2. Context of the Aleutian-Alaska Subduction
Zone within the Pacific Ring of Fire Multiplate
System

The Pacific Ring of Fire is a tectono-physiographic
term for the collection of subduction zones that outwardly
flank the eastern, northern, and western perimeters of
the Pacific Ocean, forming a horseshoe-shaped region of
tectonic activity that opens to the south (Figures 9.1b
and 9.2b) (DeMets et al.,, 1994; Hayes et al., 2018;
Jadamec et al., 2018b; Miiller et al., 2019; Seton et al.,
2020; Smithsonian et al., 2012; Tozer et al., 2019). The
oceanic plates subducting along the Pacific Ring of Fire
include, by decreasing size, the Pacific Plate, Nazca Plate,
Philippine Plate, Cocos Plate, Juan de Fuca Plate, Rivera
Plate, and additional microplates in the southwest Pacific
(Figures 9.1 and 9.2) (Argus et al., 2011; Bird, 2003;

DeMets et al., 2010, 1994; Hayes et al., 2018; Jadamec
et al., 2018b; Miiller et al., 2019; Seton et al., 2020; Tozer
et al., 2019). Thus, overall there is a collective system of
subducting oceanic plates comprising the Pacific Ring of
Fire, of which the Pacific Plate is the largest (Schellart
et al., 2008; Argus et al., 2011; Bird, 2003; DeMets et al.,
2010, 1994; Miiller et al., 2019; Seton et al., 2020).

The northern limit of the Pacific Ring of Fire is bounded
by the Aleutian—Alaska subduction zone (Section 9.1.3)
(Argus et al., 2011; Bird, 2003; DeMets et al., 2010, 1994;
Plafker, Mooreand & Winkler, 1994; Seton et al., 2020;
Tozer et al., 2019). The western flank of the Pacific Ring of
Fire can be described as a zone rather than being defined
by a single trench (Figures 9.1b and 9.2b). In the north-
western region, the Pacific Plate subducts northwestward
along the Kamchatka—Kuril-Japan trench (Figures 9.1b
and 9.2b) (DeMets et al., 1994; Hayes et al., 2018;
Jadamec et al., 2018b; Miiller et al., 2019; Seton et al.,
2020; Tozer et al., 2019). The Kamchatka—Kuril-Japan
trench continues south into the Izu-Bonin—Mariana
trench, where the Pacific Plate subducts northwestward
beneath the Philippine Sea Plate (Figures 9.1b and 9.2b)
(Argus et al., 2011; Bird, 2003; DeMets et al., 2010, 1994;
Hayes et al., 2018; Jadamec et al., 2018b; Miiller et al.,
2019; Seton et al., 2020; Tozer et al., 2019). Farther to the
west, the oceanic Philippine Sea Plate is in turn subduct-
ing northwestward along the Ryukyu—Nankai trench, as
well as along the Philippines trench to the southwest, with
additional complicated configurations along the Manila
trench and near the southern tip of the Philippine Plate
(Figures 9.1b and 9.2b) (Argus et al., 2011; Bird, 2003;
DeMets et al., 2010, 1994; Hayes et al., 2018; Jadamec
et al., 2018b; Muiller et al., 2019; Seton et al., 2020;
Tozer et al., 2019). The southwestern Pacific Ring of
Fire also contains both large and small subduction zones
(Figures 9.1b and 9.2b). This includes subduction zones
dipping both north and south in the broader Solomon
Islands region, the larger northeast dipping slab at the
New Hebrides trench, and the even larger westward dip-
ping slab along the Tonga—Kermadec—Hikurangi trench
(Figures 9.1b and 9.2b) (Argus et al., 2011; Bird, 2003;
DeMets et al., 2010, 1994; Hayes et al., 2018; Jadamec
et al., 2018b; Miiller et al., 2019; Seton et al., 2020; Tozer
et al., 2019). Note that in the New Hebrides subduc-
tion zone, the Pacific Plate and associated microplates
of the North Fiji basin are the upper plate, whereas in
the Tonga-Kermadec—Hikurangi subduction zone, the
Pacific Plate is the downgoing plate (Figures 9.1b and
9.2b) (Argus et al., 2011; Bird, 2003; DeMets et al., 2010,
1994; Hayes et al., 2018; Jadamec et al., 2018b; Miiller
et al., 2019; Seton et al., 2020; Tozer et al., 2019).

Subduction on the eastern side of the Pacific Ring
of Fire is defined by the Cascadia, Middle America,
and Columbia-Peru-Bolivia-Chile trenches (Figures 9.1b
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Figure 9.1 Tectonic setting of (a) the Aleutian—Alaska subduction zone in (b) larger tectonic context of the Pacific
Ring of Fire. The white box in (b) outlines the location of (a). Basemap: age of oceanic crust (Muller et al., 2019;
Seton etal., 2020). Thick black lines: major plate boundaries (DeMets et al., 1994). Thin black lines: Faults (Plafker,
Gilpin, & Lahr, 1994). Thin dark gray lines (a) and thin white lines (b): depth contours of the slab surface in
20km intervals (Hayes et al., 2018). Triangles: Holocene volcanoes (Smithsonian, 2012). Major subduction zone
names in white labels. (a) Labels: AKF, Alaska Range Foothills; CIB, Cook Inlet Basin; CMF, Castle Mountain
Fault; KI, Kodiak Island; KP, Kenai Peninsula; NEBR, Northeastern Brooks Range; PWS, Prince William Sound; TF,
Totschunda Fault; YAK, Yakutat plateau; WR, Wrangell volcanics; W-SE, Wrangell-St. Elias Mountains. (b) Labels:
FWQC, Fairweather-Queen Charlotte Fault; JdFP, Juan de Fuca Plate; RP, Rivera Plate; YAK, Yakutat plateau. Map
was made with GMT (Wessel et al., 2013).
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Figure 9.2 Tectonic setting of (a) the Aleutian—Alaska subduction zone in (b) larger tectonic context of the Pacific
Ring of Fire. The white box in (b) outlines the location of (a). Basemap: bathymetry and topography from Tozer
etal. (2019). Thin white lines: depth contours of the slab surface in 20 km intervals (Hayes et al., 2018). All other
data are same as in Figure 9.1.
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and 9.2b) (Argus et al., 2011; Bird, 2003; Schellart et al.,
2008; DeMets et al., 2010, 1994; Hayes et al., 2018;
Jadamec et al., 2018b; Miiller et al., 2019; Seton et al.,
2020; Tozer et al., 2019). In addition, the Antilles and
Scotia subduction zones are located outboard to the
east, and although not geographically flanking the Pacific
Ocean, both have associations with the larger Pacific
Ring of Fire plate tectonic system through smaller plates
partially bounded on the north and south by strike-slip
boundaries (Figures 9.1b and 9.2b) (Argus et al., 2011;
Bird, 2003; DeMets et al., 2010, 1994; Hayes et al., 2018;
Jadamec et al., 2018b; Miller et al., 2019; Seton et al.,
2020; Tozer et al., 2019).

9.1.3. Tectonic Setting of the Aleutian-Alaska
Subduction Zone

The Aleutian—Alaska subduction zone forms the north-
ern boundary of the Pacific Ring of Fire (Figures 9.1
and 9.2) (DeMets et al., 1994; Plafker, Moore, & Winkler,
1994; Seton et al., 2020; Tozer et al., 2019). Here, along
the Aleutian—Alaska trench, the massive oceanic Pacific
Plate (DeMets et al., 1994; Miiller et al., 2019; Seton
et al., 2020) subducts northwestward (DeMets et al.,
1994; Hayes et al., 2018; Plafker, Moore, & Winkler,
1994; Tozer et al., 2019), causing large-scale deformation
of the North American Plate in Alaska and northwestern
Canada (Elliott & Freymueller, 2020; Jadamec et al.,
2013; Plafker & Berg, 1994) and inducing 3-D mantle
flow in the underlying asthenosphere (Billen & Gurnis,
2003; Jadamec & Billen, 2010, 2012). The western termi-
nus of the Aleutian—Alaska subduction zone is defined by
a corner-shaped intersection with the northeast-trending
Kuril-Kamchatka subduction zone, forming the north-
western corner of the Pacific Ring of Fire (Figure 9.1
and 9.2) (DeMets et al., 1994; Plafker, Moore, & Winkler,
1994; Seton et al., 2020; Tozer et al., 2019). The eastern
terminus of the Aleutian—Alaska subduction zone is also
defined by a corner-shaped zone of tectonic complexity,
transitioning from plateau subduction-collision eastward
into the Fairweather-Queen Charlotte transform system
(Eberhart-Phillips et al., 2006; Pavlis et al., 2019). This
complex zone demarcates the northeastern corner of the
Pacific Ring of Fire (Figures 9.1 and 9.2).

Following the NUVEL-1A tectonic plate configu-
rations (DeMets et al., 1994), the upper plate of the
Aleutian—Alaska subduction zone is the North American
Plate (Figures 9.1a and 9.2a). In the western portion of
the Aleutian—Alaska subduction zone, the overriding
plate is comprised of oceanic lithosphere in the Aleutian
Basin, making the western half of the Aleutian—Alaska
subduction zone an ocean—ocean subduction zone at the
trench (Figures 9.1a and 9.2a) (Miiller et al., 2019; Seton
et al., 2020). This ocean—ocean portion of the subduction

zone is hereafter referred to as the Aleutian segment
(Figures 9.1a and 9.2a). In the eastern portion of the
subduction zone, the overriding plate is comprised of
a series of amalgamated terranes that were transported
to the present location in the Mesozoic to Cenozoic,
as well as inboard North American continental mate-
rial, making the eastern half of the Aleutian—Alaska
subduction zone an ocean—continent subduction zone
(Colpron et al., 2007; Fuis et al., 1991; Moore & Box,
2016; Nokleberg, MollStalcup, et al., 1994; Nokleberg,
Plafker, & Wilson, 1994; Plafker, Gilpin, & Lahr, 1994;
Torne et al., 2019). This ocean—continent portion of the
subduction zone is hereafter referred to as the Alaska
segment (Figures 9.1a and 9.2a) and is characterized by
large-scale active faulting (Eberhart-Phillips et al., 2003;
Fisher et al., 2004; Koehler et al., 2018; Ratchkovski
etal., 2004) and deformation (Benowitz et al., 2011; C. A.
Burkett et al., 2016; Elliott & Freymueller, 2020; Plafker
& Berg, 1994; Ratchkovski & Hansen, 2002a).

The curvature of the Aleutian—Alaska trench varies
along its length in both facing direction and radius
(Bird, 2003; DeMets et al., 1994; Tozer et al., 2019). The
trench defines a broad concave-to-the-north arc in the
west that changes into a convex-to-the-north arc with a
smaller radius of curvature in the east (Figures 9.1a and
9.2a). Synthesized estimates of trench motion (Schellart
et al., 2008) indicate a change in trench-perpendicular
retreat rate along the length of the Aleutian—Alaska
trench. From west to east, the values decrease from 1.9,
to 1.2, to 0.6cm/yr in the modified Indo-Atlantic hot
spot reference frame and from 2.4, to 2.2, to 1.7 cm/yr
in the No-net rotation reference frame (Schellart et al.,
2008). Alternatively, in the Pacific hot spot reference
frame, synthesized trench motion estimates indicate
trench-perpendicular advance, with rates changing from
0.1, to 0.5, to 0.2cm/yr from west to east along the
Aleutian—Alaska trench (Schellart et al., 2008). Thus,
there is less trench-perpendicular retreat in the Alaska
segment versus the Aleutian segment, or greater trench
perpendicular advance in the Alaska segment than in the
Aleutian segment of the subduction zone, depending on
the reference frame.

The large-scale structure of the subducting plate
geometry in the Aleutian—Alaska subduction zone is
characterized by a curved slab that is concave to the north
and dips moderately to steeply in the Aleutian segment
of the subduction zone and a moderate to shallowly
dipping curved slab that is convex to the north in the
Alaska segment (Figures 9.1a and 9.2a) (Gudmundsson
& Sambridge, 1998; Hayes et al., 2018; Jadamec et al.,
2018b; Syracuse & Abers, 2006; Zhao et al., 1995). The
geometry of the slab is less well resolved at the lateral
terminations of the subduction zone. For example, in the
western terminus, although the Slab2.0 slab geometry
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model demarcates the Kuril-Kamchatka slab extending
northward up to the intersection of the Kuril-Kamchatka
trench with the Aleutian—Alaska trench, the Aleutian slab
segment is discontinuous as it approaches this intersec-
tion, with the discontinuities spanning ~8° longitude
eastward from this intersection (Figures 9.1a and 9.2a).
In the eastern terminus of the Aleutian—Alaska subduc-
tion zone, the slab becomes flat beneath Alaska with an
arched tabletop-like structure (Fuis et al., 2008; Gou
et al., 2019; Jadamec & Billen, 2016b; Jadamec et al.,
2018b; Mann et al., 2022; Nayak et al., 2020; Ratchkovski
& Hansen, 2002b; Veilleux & Doser, 2007; Yang & Gao
et al., 2020; Zhao et al., 1995). However, here the geom-
etry becomes complicated, with varying depth extents of
the slab and regions of segmentation and scales of dis-
continuities (Fuis et al., 2008; Gou et al., 2019; Jadamec
& Billen, 2016b; Jadamec et al., 2018b; Mann et al.,
2022; Nayak et al., 2020; Ratchkovski & Hansen, 2002b;
Veilleux & Doser 2007; Yang & Gao 2020).

The age of the incoming Pacific Plate varies along
the length of the Aleutian—Alaska trench (Miiller et al.,
2019; Seton et al., 2020), decreasing from ~120 Ma in the
west to ~25Ma in the east (Figure 9.1). The gradients
in seafloor age of the Pacific Plate are variable along the
length of the trench reflecting variations in paleoplate
motions (Miiller et al., 2019; Sdrolias & Miiller, 2006;
Seton et al., 2020). The bathymetry beneath the northern
Pacific Ocean shows a west to east decrease in water depth
that correlates with the eastward younging in seafloor
age (Figures 9.1 and 9.2) (Bird, 2003; Miiller et al., 2019;
Seton et al., 2020; Tozer et al., 2019). The northwestern
Pacific Plate contains seamounts, related to the Hawaiian
hot spot track, intersecting with the Aleutian—Alaska
subduction zone near the corner-shaped juncture with
the Kuril-Kamchatka trench (Figure 9.2). In the eastern
corner of the subduction zone, the unsubducted portion
of the subducting-colliding Yakutat microplate has a
bathymetric elevation comparable to that of the nearby
continental shelf (Figure 9.2) (Bird, 2003; Miiller et al.,
2019; Seton et al., 2020; Tozer et al., 2019). Seismic
studies indicate Yakutat crust has an eastward thickening
wedge shape, of 11 km at its western end and reaches over
30km at its eastern end (Christeson et al., 2010; Fuis
et al., 2008; Kim et al., 2014; Mann et al., 2022; Pavlis
et al.,, 2019; Rondenay et al., 2010; Rossi et al., 2006;
Worthington et al., 2012).

Holocene volcanism along the Aleutian island
arc-Alaska magmatic arc (Smithsonian, 2012) is rel-
atively continuous (Figures 9.1a and 9.2a). However,
there are notable volcanic gaps along the length of
the Aleutian—-Alaska subduction zone (Smithsonian,
2012). In the westernmost portion of the subduction
zone, there is a volcanic gap that extends west of
Bowers Basin to just before the intersection with the

Kuril-Kamchatka subduction zone (Figures 9.1a and
9.2a). The Aleutian-Alaska volcanic arc has a volcanic
gap in south-central Alaska, which is spatially coinci-
dent with the flat slab section of the subduction zone
(Figures 9.1a and 9.2a) (Hayes et al., 2018; Millet et al.,
2023; Rabade et al., 2023; Rondenay et al., 2010; Smithso-
nian, 2012). This volcanic gap is bordered to the east by a
cluster of volcanoes associated with the Wrangell volcanic
field (Brueseke et al., 2023, 2019; Preece & Hart, 2004;
Skulski et al., 1991), which may be related to discontinu-
ities in the slab (Fuis et al., 2008; Jadamec & Billen, 2010,
2012; Pavlis et al., 2019) and related slab-edge-driven
mantle flow dynamics (Jadamec & Billen, 2010, 2012;
Jadamec et al., 2012; Jadamec, 2016a). In addition,
there are Holocene volcanoes farther inboard, in western
Alaska and southeast Alaska (Smithsonian, 2012), which
have a genetic origin that is less well known (Figures 9.1a
and 9.2a).

9.2. EARTHSCOPE SEISMIC SYNTHESES

Seismic studies and syntheses of EarthScope data for
Alaska and northwestern Canada are presented in detail
in multiple chapters throughout this volume. This section
summarizes how the results of two companion Earth-
Scope seismic synthesis studies (Pavlis et al., 2024; Yang
et al., 2024) provide new insights on the geodynamics of
the Aleutian—Alaska system, with large-scale implications
for other subduction zones in the Pacific Ring of Fire
discussed in the Discussion section.

9.2.1. Crust and Lithosphere Structure Synthesis
Study

Within continental Alaska, there are a series of
amalgamated tectonic terranes and large-scale faults
(Figure 9.3a) (Colpron et al., 2007; Fuis et al., 1991;
Koehler et al., 2018; Moore & Box, 2016; Nokleberg,
Plafker, & Wilson, 1994; Plafker, Gilpin, & Lahr, 1994).
Major fault systems include the Kobuk Fault Zone along
the southern border of the Brooks Range in northern
Alaska, the Kaltag and Tintina faults in central Alaska,
and the Denali Fault System in southcentral Alaska
(Plafker, Gilpin, & Lahr, 1994). To examine the rela-
tionship between crustal and mantle seismic structures
and major faults and tectonic terranes, as one of the two
companion chapters, Yang et al. (2024) analyzed eight
3-D shear-wave velocity models (Berg et al., 2020; Feng
& Ritzwoller, 2019; Gama et al., 2022b; Jiang et al., 2018;
Martin-Short et al., 2018; Nayak et al., 2020; Ward &
Lin, 2018; Yang & Gao, 2020) and seven crustal thickness
models (Gama et al., 2022a; Haney et al., 2020; Mann
et al., 2022; Miller & Moresi, 2018; Rossi et al., 2006;
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Veenstra et al., 2006; Zhang et al., 2019). To compare the
3-D shear-wave velocity models objectively, Yang et al.
(2024) used an unsupervised K-means clustering of 1-D
velocity profiles, constructed from the 3-D models resam-
pled onto a common grid and smoothed. The resultant
vote maps of cluster boundaries (Figure 9.3b-c) highlight
velocity domain boundaries that are consistent across
multiple velocity models (Yang et al., 2024). In addition,
Yang et al. (2024) calculated average crustal thicknesses
from the seven published models.

The regionalization of the 3-D velocity models from
Yang et al. (2024) allows for spatial similarities in seismic
properties of the crust and mantle to be identified objec-
tively without considering terrane locations a priori. Most
of the seismic velocity domain boundaries strike approxi-
mately parallel to the trends of the tectonic terranes and
major faults in Alaska (Figure 9.3d). In southern Alaska,
some of these trends are approximately east-west but
concave to the south, parallel to the active convergent
margin (e.g., domains C6 and M5). In northern Alaska,
some structural trends are concave to the north (e.g.,
C1-C3), reflecting more ancient accretionary tectonic ter-
ranes. The velocity model clustering and crustal thickness
analyses indicate that the Denali Fault System, the Kobuk
Fault Zone, and potentially the Porcupine Shear Zone
represent lithospheric-scale boundaries that separate
regions with distinct seismic structures (Figure 9.3¢). The
relationships of the Kaltag and Tintina faults to crustal
and mantle domains are more complex. The seismic
velocity domains and the crustal thickness patterns shed
light on the direction of future seismic, tectonic, and
geodynamical studies.

9.2.2. Slab and Mantle Structure Synthesis Study

In the second of the three EarthScope seismic synthesis
companion chapters, Pavlis et al. (2024) examined four
teleseismic body-wave models (Burdick et al., 2017; Estéve
et al., 2020; Esteve et al., 2019; Gou et al., 2019; Jiang
et al., 2018) and two receiver function imaging studies
(Bauer et al., 2014; Mann et al., 2022). For the body-wave
models, perturbations in P velocity (Burdick et al., 2017;
Esteve et al., 2019; Estéve et al., 2020; Gou et al., 2019)
and S velocity (Esteve et al., 2019; Estéve et al., 2020;
Jiang et al., 2018) were examined. The receiver function
imaging studies examined perturbations in P and S veloc-
ities (Mann et al., 2022) as well as S—P amplitude (Bauer
et al., 2014). The synthesis results were then compared
in Pavlis et al. (2024) qualitatively using graphical com-
parisons and quantitatively using vote maps. The voting
metric used in Pavlis et al. (2024) followed the approach
in Shephard et al. (2017) but with normalized votes due
to the variable coverage in the regional studies of Alaska
with analysis to depths of approximately 800 km. The

vote maps were used to assess commonalities between
the models in the location of positive velocity anoma-
lies, that is velocities faster than the background (Pavlis
et al., 2024). More details on the method and threshold
specificity are given in Pavlis et al. (2024). Key features
from that chapter important for this one are illustrated in
Figure 9.4.

9.2.3. Key Findings of EarthScope Seismic Syntheses

Our two companion chapters contain the following

observations important for geodynamics in Alaska:

1. There is now strong evidence that the eastern edge of
the subduction zone downstream from the Yakutat
microplate is associated with a lateral tear. The cur-
rent models are convergent in showing that the tear
section begins southwest of the Wrangells and termi-
nates at a depth between 300 and 400 km.

2. Below the flat slab region, the slab appears to be
folded to the south forming a lithospheric scale
recumbent fold with the nose of the fold under the
northern limit of the slab known previously from
seismicity. That geometry was not known prior to
EarthScope.

3. The near-vertical section of the flat slab fold may
extend eastward to form a vertical sheet from the
base of Alaskan lithosphere to the top of the tran-
sition zone. That structure is terminated to the east
very close to the edge predicted from plate kinemat-
ics by Pavlis et al. (2019). In our companion chapter
(Pavlis et al., 2024), we hypothesize that this Earth-
Scope discovery, which we called the Yukon River
anomaly, marks the grave of the slab subducted prior
to the tear downstream from the current location of
the Yakutat microplate.

4. There is now unambiguous evidence for a high-
velocity body under the Yukon. It has a distinct
separation above the transition zone from the
Yakutat tear fragment and the Yukon River anomaly.
Fuston and Wu (2020) call this anomaly the “Yukon
slab” and argue that it can be explained as a remnant
of late Mesozoic and early Cenozoic subduction of
the Kula Plate prior to the major change in Pacific
Plate motion around 40 Ma.

5. Although the models are not as convergent, the
tomography models indicate the slab descends
through the transition zone with a southward dip
under parts of southern Alaska. Differences among
the models are likely linked to the relative veloc-
ity anomalies being weaker in the transition zone
and/or resolution limitations of the existing mod-
els. The models are more convergent in showing a
high-velocity anomaly below the transition zone
southeast of the modern trench under the Gulf
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Figure 9.3 Major seismic structural domains of the continental lithosphere from syntheses of seismic velocity
and crustal thickness models Yang et al. (Accepted, 2023)/Xiaotao Yang. (a) Major tectonic terranes comprising
mainland Alaska based on Colpron etal. (2007). Fault labels: PSZ, Porcupine Shear Zone; NFF, Nixon Fork-Iditarod
Fault; BRF, Border Range Fault. Terrane labels: AAns, Arctic Alaska North Slope subterrane; AAh, Arctic Alaska
Hammond-Coldfoot subterrane; AAs, Arctic Alaska Seward subterrane; FWd, Farewell Dillinger subterrane; FWm,
Farewell Mystic subterrane; FWnf, Farewell Nixon Fork subterrane; CPC, Coast Plutonic Complex; NAp, North
America platformal strata in western Laurentia. (b,c) Major crustal, C1-C6 in (b) and upper mantle, M1-M6 in (c),
seismic velocity domains from clustering analysis. The blue background shows the cluster boundaries shared by at
least three velocity models. (d,e) Comparisons of crustal velocity domains (C1-C6) with (d) tectonic terranes and
(e) average crustal thickness patterns. The crustal thickness model is from Yang et al. (Accepted, 2023)/Xiaotao
Yang. DF, Denali Fault; WCT, Wrangell Composite Terrane; PIE, Plate Interface Extent [defined in Yang et al.
(Accepted, 2023)/Xiaotao Yang]. Panels (a), (d), and (e) are made with GMT (Wessel et al., 2013).
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Seward

Figure 9.4 Slab and upper-mantle votemaps from Pavlis et al. (2024). (a) Location map with an outline of the
seismic synthesis study area (black box) and cross-section lines. Alaska EarthScope seismic synthesis normalized
vote maps showing agreement of high-velocity regions for (b,c) two depth slices and (d,e,f,g) four cross-sections.
Translucent spherical shell surface marks 410 km depth in cross-sections (d,e,f,g). Areas of interest discussed in
the text are highlighted in red ovals (b,c). Possible slab connectivity marked in cross-section by dashed red lines
(d,ef,g). Figure modified from Pavlis et al. (2024). See the electronic supplement to Pavli et al. (2024) for files used
to visualize the vote map data in Paraview.
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of Alaska that coincides with a similar structure
observed previously from a synthesis of global
models by Shephard et al. (2017).

6. Below western mainland Alaska, there is a sugges-
tion from the EarthScope results that the deeper slab
structure changes to lying flat on the transition zone.
That is, instead of bending south to connect to a
lower-mantle anomaly below southcentral Alaska,
the slab in the Bering Sea may flatten to lie nearly
horizontally in the transition zone.

7. The EarthScope seismic models strengthen the geo-
logic observation of established terrane boundaries
in Alaska. Our companion chapter (Yanget al., 2024)
indicates that the models are convergent in defining
boundaries that have a strong correlation with ter-
rane boundaries. These observations reinforce the
established geologic model that southern Alaska is
assembled from crustal-scale terrane fragments.

9.3. REVIEW OF CONTINUUM MODELING
APPROACHES TO SUBDUCTION

Geodynamic modeling can help elucidate viable mech-
anisms to explain the large-scale structure and nuanced
tectonic features observed in EarthScope studies of the
Aleutian—Alaska subduction zone. However, it is not
always clear to disciplines outside of geodynamics, which
model is applicable in a given setting or how the model
design or governing equations may limit the applicability
of that model to a given tectonic process. Thus, this
section provides a brief overview of modeling approaches
to subduction, with a focus on the application of contin-
uum models to different parts of the subduction system.
Implications for the Aleutian—-Alaska subduction zone
are then described in Section 9.4.

A number of review papers have summarized various
aspects of geodynamic modeling as it relates to sub-
duction systems, including slab dynamics (Billen, 2008),
subduction modeling (Gerya, 2011, 2022; King, 2001),
subduction parameters (Schellart, 2023), mantle flow in
subduction zones (Jadamec, 2016a), numerical meth-
ods and workflows (Crameri, Schmeling, et al., 2012;
Jadamec, 2016a; Miiller et al., 2018; Van Zelst et al.,
2022; Zhong et al., 2015), analog modeling (Schellart
& Schellart, 2016), interactions with the transition zone
(Goes et al., 2017), subduction initiation (Stern & Gerya,
2018), and seismic anisotropy within the slab and mantle
(Karato et al., 2008; Long, 2013; Long & Becker, 2010).
It is beyond the scope of this chapter to provide a new
comprehensive review of subduction modeling. Thus, we
direct the reader to these studies. A common theme in all
of these papers is that the timescale of tectonic process
being studied plays a key role in the selection of the kind
of model being used, and importantly the governing

physics and constitutive equations therein (Billen, 2008;
Gerya, 2022; King, 2001; Moresi & Solomatov, 1995;
Schellart & Strak, 2016; Van Zelst et al., 2022; Zhong,
2006; Zhong et al., 2015). Thus, in practice, many geo-
dynamic modeling studies are grouped by the timescale
of deformation and requisite governing equations, much
as different seismic studies can be grouped by common
methods or wave types being measured and analyzed.

When modeling the long-term deformation of the litho-
sphere, asthenosphere, and lower mantle, it is common
to take a continuum modeling approach, wherein the
solid-state creeping flow of the mantle can be approx-
imated by the governing equations for incompressible
viscous flow with the boussinesq approximation (Billen,
2008; Jadamec, 2016a; Kronbichler et al., 2012; Moresi &
Solomatov, 1995; Zhong, 2006; Zhong et al., 2015). Even
within the continuum approach, however, the domain
over which the model is applied, and the questions being
investigated, can result in substantively different models,
in terms of model design, theoretical assumptions, rhe-
ology, tectonic process applicability, and computational
resources and runtimes (Crameri, Tackley, et al., 2012;
England et al., 1985; Fraters et al., 2019; Gerya, 2022;
Gurnis et al., 2012; Jadamec, 2016a; Jadamec et al.,
2012; Kaminiski & Ribe, 2002; Kronbichler et al., 2012;
Moresi & Solomatov, 1995; Rudi et al., 2015; Sharples
et al., 2014; Van Zelst et al., 2022; Zhong et al., 2015).
Figure 9.5 illustrates common continuum subduction
modeling types and the regions of the Earth over which
they are typically applied. These models range from solv-
ing for deformation of a sheet of lithosphere to solving for
deformation of the lithosphere, slab, and mantle within a
large-scale mantle convection system (Figure 9.5). Note
that the images in Figure 9.5 depict 3-D model domains,
but many subduction modeling studies have been histor-
ically two-dimensional (2-D) models (Garfunkel et al.,
1986; Jadamec et al., 2016b; Sobolev & Babeyko, 2005;
Syracuse et al., 2010; van Keken et al., 2008), which
can also provide valuable insight into tectonic process
and mechanisms. We next describe these general mod-
eling categories, highlighting models that have specific
applications to the Aleutian—Alaska system.

Continuum models that simulate deformation restricted
to the outermost portion of the Earth (<~ 150km
depth), thus solving for deformation of the lithosphere
(Figure 9.5), come in multiple forms that vary in the
assumptions/simplifications for the continuity equations
and model geometry (Bird & Piper, 1980; England et al.,
1985; England & McKenzie, 1982; Flesch et al., 2001;
Koons et al.,, 2010; McConeghy et al., 2022). These
include, for example, thin viscous sheet, thin shell,
spherical shell models, or just continuum models with
a very shallow depth extent. Thin sheet viscous models
(Figure 9.5) typically solve the conservation of mass and
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Figure 9.5 Schematic diagram of common approaches and regions of the Earth spanned by continuum models
of subduction. (a) Spherical Earth diagram with internal rheological layers drawn to scale using 1215.0, 3485.0,
5710.8, 5960.8, 6170.8, 6270.8, and 6370.8 km for the radial length outward from the center of the Earth to the
top of the inner core, top of the outer core, base of the transition zone, top of the transition zone, base of the
continental lithosphere, base of the oceanic lithosphere, and surface of the Earth, respectively. From the surface of
the Earth inward, these are 0, 100, 200, 410, 660, 2885.8, 5155.8, and 6370.8 km, respectively. Values for a radius
of Earth with equal volume, inner core radius, and outer core radius are from Turcotte and Schubert (2014). An
average value of 100 km for oceanic lithosphere and 200 km for continental lithosphere are used. (b) Inset diagrams
showing typical extent of model domains for a given model type, with increasing domain size going clockwise
around the arc. Inset diagrams are not drawn to scale. Note that this is not an exhaustive list of continuum model
types, and in some cases the different models can be coupled through some form of output-input pipeline.

momentum equations for a viscous fluid, but assume
the horizontal velocity is independent of depth, and are
applied over a relatively thin domain (~100km of the
Earth) (Bird & Piper, 1980; England et al., 1985; England
& McKenzie, 1982). The thin sheet style models solve for
deformation of the lithosphere, by design, but do not solve
the viscous equations for convection in the mantle, or the
slab evolution (Figure 9.5). Such models have been applied
to examine lithospheric deformation in the India-Asia
collision zone (Bird & Piper, 1980; England et al., 1985;
England & McKenzie, 1982), with a modified approach
(Flesch et al., 2001) also applied to modeling lithospheric

deformation in Alaska (Finzel et al., 2015). Spherical
shell models (Figure 9.5) can be in different forms, but
generally solve the conservation of mass and momentum
for viscous flow for a thin curved outer layer or layers of
Earth (~150 km), but without the restriction of the thin
sheet models. Spherical shell models solve for lithospheric
deformation, but do not solve the conservation equations
for the slab dynamics, buoyancy-driven asthenospheric
flow, or mantle convection (Figure 9.5). Recent thin shell
models for Alaska solved for deformation of the upper
125 km of the Earth, with a horizontal velocity boundary
condition applied to the underside of the model shell to

d ‘64" LY6S61¥6£18L6/2001°01

sdiy woxy

csdny) SUONIpUOD) pur suid L 9 998 “[ST0Z/H0/£T] U0 A1eIqrT FuHUQ AS[IA “ANSIOAIUT VIS UEBIYOIAL AQ 6UO"LE6S6 1 HGE 18L6/Z001 0 1/10p/w0 oA

1110)/109" KA1 K.

p

2SU0OI] SUOWWIO)) dANEAL) A[qeatdde oy Kq PALIGAS Bk SA[IIIE VO aSN JO Sa[NI 10J AIRIqI] WU AS[IAL UO (SUOnI



278 TECTONICS AND SEISMIC STRUCTURE OF ALASKA AND NORTHWESTERN CANADA

represent a mantle flow field (McConeghy et al., 2022).
In addition, thermo-mechanical models with a Cartesian
geometry, and model depth to 50 km, examined implica-
tions for plateau subduction and the effects of erosion
on deformation in the Alaska plate boundary corner
(Koons et al., 2010). We also point out earlier studies that
examined upper plate deformation in Alaska, but also
examined the trade-offs with fault configurations, using
thin shell continuum elements (Bird, 1996; Kalbas et al.,
2008).

The next general category of continuum subduction
models is mantle wedge flow models (Figure 9.5). These
models solve for the viscous flow in the mantle wedge
and are typically referred to as corner flow models when
in 2-D (Ribe et al., 2007; Turcotte & Schubert, 2014;
van Keken et al., 2008; Wada et al., 2015). These models
typically fix the upper plate and prescribe a downgoing
plate speed as a boundary condition on an inclined slab of
fixed orientation, and solve for the evolving flow (velocity
and pressure) and temperature by solving the conserva-
tion of mass, momentum, and energy in the bounded
mantle wedge corner (Figure 9.5). These models, thus,
do not solve for upper plate deformation or convection
of the mantle outside of the wedge. 2-D (Abers et al.,
2006; Syracuse et al., 2010) and 3-D (Kneller & van
Keken, 2008) mantle wedge models have shed light on
the wedge thermal structure and flow for segments of
the Aleutian-Alaska subduction zone, as well as for
subduction zones worldwide (Syracuse et al., 2010).

The next continuum modeling category is grouped as
generalized Cartesian or spherical viscous flow models
of subduction (Figure 9.5) that solve the conservation
of mass and momentum for the velocity and pressure,
and may also solve the conservation of energy for the
temperature if evolving the thermal field, with a model
depth that extends to the transition zone and possibly
lower mantle (Billen & Gurnis, 2007; Stegman et al., 2010;
Zhong, 2006; Zhong et al., 2015). Thus, these models may
solve the conservation equations for the viscous flow in
the lithosphere, slab, and mantle (Figure 9.5). As the
model domain is much larger, and hence more numeri-
cally expensive, the models may not include an overriding
plate, may drive the slab velocity, and the Cartesian mod-
els typically are limited in depth to the transition zone
because of the associated lateral limitations of the Carte-
sian configuration (Figure 9.5). 2-D generalized models
with a Cartesian geometry examined the effects of plateau
size and eclogitization with depth, with implications for
plateau subduction in Alaska (Arrial & Billen, 2013).

Geographically referenced 3-D regional subduction
models (Figure 9.5) also solve the conservation of mass,
momentum, and energy (when evolving the thermal
field) equations for the lithosphere, slab, and mantle
dynamics, but are distinguished by incorporating the

natural geometric complexity of a given tectonic system
(Billen et al., 2003; Jadamec & Billen, 2016b; Moresi
& Gurnis, 1996). 3-D geographically referenced instan-
taneous models of the Alaska subduction system have
examined the effect of mantle flow and dynamic topog-
raphy in the Aleutian segment (Billen & Gurnis, 2003),
surface motions and slab-driven 3-D mantle flow beneath
Alaska (Jadamec & Billen, 2010, 2012), the role of flat
slab subduction and the Denali Fault shear zone in upper
plate deformation in Alaska (Haynie & Jadamec, 2017;
Jadamec et al., 2013), and simplified plateau subduc-
tion on deformation in Alaska (Haynie, 2019; Haynie &
Jadamec, 2024). Note that the computational resources
required are significantly larger for the large-scale 3-D
geographically referenced models, which can extend to
1500 km depth costing 15,000 to over 30,000 CPU hours
per job (Haynie, 2019; Haynie & Jadamec, 2017; Haynie
& Jadamec, 2024; Jadamec & Billen, 2010, 2012; Jadamec
etal., 2012, 2013).

Global models (Figure 9.5) can be spherical shell mod-
els spanning the circumference of the Earth, but only
incorporating a thin outer domain (such as to model the
lithosphere only), or can be larger-scale global models
that solve the conservation equations for viscous flow
over a domain that extends to the base of the lower
mantle (Alisic et al., 2012; Conrad & Lithgow-Bertelloni,
2006; Faccenna & Becker, 2010; Zhong et al., 2000). For
example, global models with observationally based slab
geometries examined the effect of composite viscosity
and yield stress on subduction and assessed the impact
on plateness criteria, including for the Pacific Plate (Alisic
etal., 2012). As global models may incorporate many sub-
duction zones, it is not feasible to list every global model
that contains the Aleutian—Alaska subduction zone.
Note also that the resolution and details of subduction
complexity will also vary from one model to the next.

In addition, in all cases, the length of time the model is
run will vary depending on the hypotheses being examined
and/or the computational constraints. In instantaneous
models, for example, the conservation of mass and
momentum equations is solved, but the conservation of
energy is not, with the instantaneous models solving for
snapshot in time (Billen et al., 2003; Jadamec & Billen,
2016b; Stadler et al., 2010). Alternatively, there can be
time-dependent models that do not solve the conservation
of energy or evolve the temperature, but still simulate the
flow dynamics over time, for example, Stegman et al.
(2006). Thus, it is important to read the methods in
any given modeling paper to determine the resolution
and timescales simulated to assess the applicability of
any given model to a given tectonic process or process
duration.

Lastly, we point out that there are numerous other kinds
of models not described here. Numerical modeling is a
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vast field. Specifically, we point out that kinematic-only
models of Alaska (Elliott & Freymueller, 2020) are not
described, nor are elastic dislocation models or tsunami
models for Alaska (Suleimani & Freymueller, 2020; Zweck
et al., 2002), for example. Although this section is focused
on solid-state continuum models of subduction dynam-
ics, other kinds of Alaska specific models are included in
the next section where they can help place context on the
observational constraints and help frame future studies.

9.4. INSIGHTS FROM GEODYNAMIC MODELING

In this section, we consider generalized and regional
geodynamic models to gain insights on driving mecha-
nisms that may explain several key features observed in
the large-scale seismic structure of the Aleutian—Alaska
subduction zone.

9.4.1. Correlation Between Curvature of Aleutian—
Alaska Trench, Trench Motion, and Possible
Interaction of the Slab With the Transition Zone

In a subduction zone, a trench that migrates into the

surface part of the subducting plate (i.e., away from the
overriding plate) is generally referred to as a retreating

(a) MNeutral trench ty

oP uP

(b) Trenchretreat  o—
t ot

{ bpP ‘ upP ’
Vslab rollback

(e) Slab folding forward on the transition zone

(c) Trench advance

(d) slab lying flat on the transition zone

trench (Figure 9.6a,b) (Funiciello et al., 2003; Funiciello
et al., 2008; Giuseppe et al., 2008; Goes et al., 2017; Roy-
den & Husson, 2006; Schellart, 2004; Schellart, 2010a;
Sharples et al., 2014). In contrast, a trench that moves
toward the overriding plate is generally referred to as
an advancing trench (Figure 9.6a,c) (Funiciello et al.,
2003; Giuseppe et al., 2008; Goes et al., 2017; Schel-
lart, 2010a; Sharples et al., 2014). At depth, a slab that
sweeps laterally in the asthenosphere backward toward
the unsubducted part of the downgoing plate is referred
to as a slab that is rolling back (Figure 9.6b) (Funiciello
et al., 2003; Garfunkel et al., 1986; Kincaid & Griffiths,
2003; Z H. Li et al., 2014; Schellart, 2010a; Sharples
et al., 2014). Whereas, the opposite morphology is a slab
that folds forward bending toward the upper plate, which
can also referred to as a slab roll-forward or slab rollover
(Funiciello et al., 2008; Giuseppe et al., 2008; Schellart,
2010a; Schellart et al., 2008; Sharples et al., 2014).
Numerical and analog models of subduction suggest
that there tends to be a dynamic connection between the
sense of motion of the trench at the Earth’s surface and
the interaction of the slab at depth with the transition
zone, the region separating the lower viscosity upper man-
tle from the higher viscosity lower mantle (Figure 9.6b,d
and c,e) (Funiciello et al., 2003; Funiciello et al., 2008;
Giuseppe et al., 2008; Holt et al., 2015; Z H. Li et al.,
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associated with trench
retreating segments

DP| UP DP up

transition ZonNe = == = = —= - ————— -

(9)

Surface curvatures

of trench commonly
associated with trench
advancing segments

transtionzoNe = == = == == == = == - -—-—-

Y
f [ ’ DP| UP DP | UP

Figure 9.6 Schematic diagrams of (a—c) trench retreat and advance, (d, ) end-member transition zone interactions
commonly associated with trench advance and retreat, and (f,g) segments of trench that may correlate with trench
advance and retreat. DP, downgoing plate. UP, upper (overriding) plate. t, and t, refer to starting time and some
time in the future, respectively. Inverted orange triangle denotes trench location at t,, which is in the same location
in panels (a)-(c). Diagrams based on synthesis of output from numerous numerical and analog models (Section
9.4.1). However, see Section 9.4.1 for factors affecting geometries.
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2014; Schellart, 2004; Schellart, 2010a; Sharples et al.,
2014). For example, geodynamic models suggest that slabs
that lie flat on the transition zone tend to be associated
with slab rollback within the mantle and trench retreat at
the Earth’s surface (Figure 9.6d) (Funiciello et al., 2003;
Giuseppe et al., 2008; Z H. Li et al., 2014; Schellart,
2004; Schellart, 2010a; Sharples et al., 2014). Whereas,
the models suggest that slabs that fold forward on the
transition zone tend to be correlated with trench advance
or a decreased rate of trench retreat at the Earth’s surface
(Figure 9.6e) (Funiciello et al., 2008; Giuseppe et al.,
2008; Schellart, 2010a; Sharples et al., 2014).

In addition, numerical and laboratory geodynamic
models suggest that there also tends to be a correlation
between the sense of curvature of the trench and both
the sense of motion of the trench and interaction of the
slab with the transition zone (Schellart, 2010a; Schellart
et al., 2007), but this can depend on a number of fac-
tors including the trench migration history, slab width,
strength and density, upper plate properties, the presence
of a lateral barrier, and slab-mantle viscosity ratio (Hale
etal., 2010; Z H. Li et al., 2014; Schellart, 2004; Schellart
et al., 2010a; Schellart et al., 2007; Stegman et al., 2006).
For example, slabs that lie flat on the transition zone and
undergo slab rollback and trench retreat, also tend to
have a segment of the trench at the surface with a sense
of trench curvature that is convex toward the downgo-
ing plate (Figures 9.6b,d.f). In contrast, slabs that are
folded forward on the transition zone and undergo trench
advance tend to have a sense of curvature that is concave
to the downgoing plate or that decreases in convexity
toward the downgoing plate (Figures 9.6¢,¢,g) (Giuseppe
et al., 2008; Schellart, 2010a). However, again, the slab
and trench evolve through time, and the correlation can be
affected by a number of factors, including the duration of
subduction; the slab width, strength, and density; upper
plate properties including thickness, slab—mantle viscosity
ratio, motion of the downgoing plate, and the presence of
lateral barriers (Funiciello et al., 2008; Giuseppe et al.,
2008; Goes et al., 2017; Hale et al., 2010; Holt et al., 2015;
Z H. Li et al., 2014; Schellart, 2005; Schellart, 2010a;
Schellart et al., 2007; Sharples et al., 2014; Stegman et al.,
20006).

In the central Aleutian segment of the Aleutian—Alaska
subduction zone, the geometry of the trench is convex to
the south, i.e., with the arc pointing toward the down-
going Pacific Plate (Figures 9.1 and 9.2) (Bird, 2003;
DeMets et al., 1994; Hayes et al., 2018; Tozer et al., 2019).
Based on generalized 3-D geodynamic modeling, this
variation in trench geometry is what would be expected
for trench retreat in the Aleutian segment. Depending
on the reference frame, observations suggest that the
Aleutian trench segment is indeed retreating (on the
order of 1.9 to 2.4 cm/yr) or slightly advancing (0.1 cm/yr)

(Schellart et al., 2008). This suggests that there could be
rollback of the Pacific slab in the Aleutian segment of
the subduction zone. It also suggests that if the slab were
to extend to the transition zone in the Aleutians, it may
be lying flat on the transition zone. A recent global com-
pilation of slab—transition zone interaction geometries
suggests that slab is lying flat on the transition zone in
the Aleutian segment, but the resolution for slab connec-
tivity in this region was limited (Goes et al., 2017). The
recent EarthScope synthesis results for Alaska suggest
that in the western region of the Alaska subduction zone
segment, the slab may be lying flat on the transition zone
(Figure 9.4g), which would be consistent with predictions
from generalized geodynamic models. However, much
work still needs to be done to confirm that this hypothesis
is correct for the western Alaska segment, including
both additional seismic studies to resolve the slab in the
west and geodynamic models to test the effect of trench
migration for the Aleutians.

In the ecastern Alaska segment of the Aleutian—Alaska
subduction zone, the trench geometry is concave to the
south, i.e., with the arc opening toward the downgoing
plate (Figures 9.1 and 9.2) (Bird, 2003; DeMets et al.,
1994; Hayes et al., 2018; Tozer et al., 2019). Based on
generalized 3-D geodynamic modeling, this is what would
be expected for trench advance in the eastern Alaska
segment or decreased trench retreat. Depending on the
reference frame, synthesized observations indicate there
is generally either decreased trench retreat in the Alaska
segment or trench advance (Funiciello et al., 2008; Schel-
lart et al., 2008). Thus, if the slab were to extend to the
transition zone in the Alaska segment, this would suggest
that the slab could be slightly lying flat, impinging on, or
folded forward on the transition zone. This is consistent
with the recent EarthScope synthesis results for the flat
slab region of the Alaska subduction zone that suggest an
eastward change in the slab interaction with the transition
zone from lying flat, to impinging on, to folding over on
the transition zone (Figure 9.4d-f). However, more data
would need to be collected and time-dependent models
run for Alaska to further test a causal connection between
these observations for the Alaska case, especially in the
eastern segment.

Similarly, relevant, global observations indicate that
the magnitude of trench retreat for a subduction zone
is typically greatest near the lateral terminations of the
subduction zone (Schellart et al., 2007). However, this
is not the case for the eastern termination of the Alaska
subduction zone segment, where the observations indicate
that the trench perpendicular retreat rate is decreasing,
or the trench advance rate is increasing, depending on
the reference frame (Funiciello et al., 2008; Schellart
et al., 2008). Why then is the eastern termination of
the subduction zone not undergoing significant trench
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retreat? As indicated above, this could be due to the slab
impinging on and folding forward on the transition zone
in the eastern Alaska segment (Figure 9.4d-f), which
could lead to a decrease in trench retreat rate or an
increase in trench advance in this region. Alternatively,
other factors could be at play. For example, it could
also be due to the Yakutat plateau subduction-collision,
wherein the positive buoyancy of the Yakutat terrane may
prevent sinking of this upper portion of the slab and thus
inhibit trench retreat. The observations that the Yakutat
crust is relatively thicker in the eastern part of the plateau
with a thickness up to on the order of 30km in the
offshore region could accentuate this effect (Christeson
et al., 2010; Fuis et al., 2008; Haynie & Jadamec, 2024;
Kim et al., 2014; Mann et al., 2022; Millet et al., 2023;
Pavlis et al., 2019; Rondenay et al., 2010; Rossi et al.,
2006; Worthington et al., 2012), as described in the next
section.

9.4.2. Other Mechanisms for Curvature
of Aleutian-Alaska Trench

Geodynamic models demonstrate there are other mech-
anisms that can also lead to variations in trench curvature,
but that do not necessarily require the combined relation
of trench curvature, trench motion, and slab—transition
zone interaction as described in Section 9.4.1. For
example, depending on the stage in the evolution of a
given subduction zone, or depending on slab detachment
processes, a given slab may not yet have reached the tran-
sition zone. In addition, in any given subduction zone,
there may be lateral variations in physical properties in
the subducting and/or overriding plates. However, many
of the models, whose results are described in Section 9.4.1,
were done without imposed along strike variations in the
physical properties of the downgoing plate.

3-D models that contain along strike variations in
downgoing plate properties provide an alternative expla-
nation for trench curvature. The key physical property
is lateral variations in the negative buoyancy of the slab.
For example, a coupled finite element-boundary element
model for the Aleutian—Alaska subduction zone, that
allowed for trench motion, demonstrated that along
strike changes in the tightness of curvature of the trench
could be reproduced by taking into account the lateral
variation in the seafloor age of the Pacific Plate (Morra
et al., 2006). Here, decreased negative buoyancy of the
slab from west to east along the downgoing plate led to a
stronger slab with more slab pull in the west and a weaker
slab with less slab pull in the east (Morra et al., 2006).
These models produced a more steeply dipping slab and
a more broadly curved convex-to-the-south trench in the
west, and a more shallowly dipping slab and more tightly
curved convex-to-the-south trench in the east (Morra

et al.,, 2006). However, as a design simplification, the
model does not contain an overriding plate or bound-
ing plate on the east, where the North American Plate
would be, thus the eastern boundary of the model has
the Pacific Plate terminus simplified with respect to the
observed subduction terminus in Alaska. In addition, the
model did not test for the competing effects of plateau
buoyancy. A separate study (Hale et al., 2010), using
generalized 3-D finite-element models, produced a lateral
decrease in trench retreat when testing the effect of a slab
edge that terminated into a weak region representative
of a transform fault, following the concept of a STEP
fault subduction-transform boundary (Govers & Wortel,
2005), and varied the strength of the transform boundary.
These models (Hale et al., 2010) showed that there is
a lateral decrease in trench retreat rate where the slab
approaches the transform boundary, and that the mag-
nitude of retreat rate decreased with increasing strength
along the transform boundary.

Another factor that has been found to influence trench
geometry is the presence of thickened oceanic crust that
characterizes oceanic plateaus (e.g., Mason et al., 2010) or
the collision-subduction of continental material embed-
ded within the oceanic plate, e.g., Magni et al. (2014).
Generalized 3-D laboratory and numerical models of
free subduction with an oceanic plateau or embedded
continental blocks oriented at a high angle to a trench
indicate that the shape of the trench becomes arcuate,
with the curvature of the trench oriented convex in the
direction away from the downgoing plate (Magni et al.,
2014; Martinod et al., 2005; Mason et al., 2010). In
addition, 3-D laboratory and numerical models predict
that after a plateau is subducted, the uppermost part
of the slab can shallow in dip to form a flat slab in the
vicinity of the oceanic plateau, and the flanks of the
slab then dip more steeply and away from the plateau
(Martinod et al., 2005; Mason et al., 2010), resulting in a
slab apex pointed in the direction of closure of a convex
toward the upper plate trench geometry (Martinod et al.,
2013), although not all of these models included an upper
plate (Martinod et al., 2005; Mason et al., 2010). This
curved flat slab apex geometry is consistent with that
observed in the subducted plate beneath south central
Alaska, where the flat slab is flanked by the more steeply
dipping Aleutian portion of the slab to the west and
the steeply dipping Wrangell slab to the east, with this
curved-forward-to-the-northwest 3-D geometry of the flat
slab region following the convex-to-the-north curvature
of the trench in the eastern Alaska segment (Daly et al.,
2021; Fuis et al., 2008; Gudmundsson & Sambridge,
1998; Jadamec & Billen, 2010, 2012; Mann et al., 2022;
Page et al., 1989; Ratchkovski & Hansen, 2002b; Stephens
et al., 1984; Wang & Tape, 2014; Zhao et al., 1995). More
details on the slab geometry is discussed in Section 9.4.3.
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More details on the upper plate deformation are described
in Section 9.4.5, but it is important to point out that defor-
mation within the upper plate can affect the position of
the trench through time (Moresi et al., 2014; Schellart
et al., 2008), which may be relevant for the Alaska section
of the subduction zone in terms of terrane accretion and
active deformation (Elliott & Freymueller, 2020; Moore
& Box, 2016; Moresi et al., 2014).

9.4.3. Mechanisms of Flat Slab Subduction

As indicated above, the subduction of an oceanic
plateau could lead to a very shallowly dipping or flat
slab in 2-D or a very shallowly dipping or flat slab with
an apex-like geometry in 3-D. However, there are a vari-
ety of factors that can lead to the formation of a flat
slab segment in a given subduction zone, which do not
require an oceanic plateau (Boutelier et al., 2003; Morra
et al., 2006; Rodriguez-Gonzalez et al., 2012; Sharples
et al., 2014; van Hunen et al., 2002; van Hunen et al.,
2004). Thus, when investigating a flat slab segment of
a subduction zone, such as the eastern Alaska segment
of the Aleutian—Alaska subduction zone, it is important
to consider which of these factors, or combination of
factors, may play a role.

Mechanisms leading to flat slab subduction can broadly
be categorized into factors that relate to:

1. the downgoing plate buoyancy, such as subduction
of a plateau, aseismic ridge, very large seamount, or
young seafloor (Figure 9.7a,b)

(Arrial & Billen, 2013; Espurt et al., 2008; Martinod
et al., 2005; Mason et al., 2010; Morra et al., 2006;
van Hunen et al., 2002);

2. the upper plate, such as an advancing upper plate or

thick upper plate (Figure 9.7d.¢)

(a) Plateau subduction

(S. Liu & Currie, 2016; Sharples et al., 2014; Sobolev
& Babeyko, 2005);

3. the slab intersecting various kinds of boundaries,
such as folding of the slab on the transition zone or
subducting in a plate boundary corner (Figure 9.7c,f)
(Funiciello et al., 2003; Schellart, 2004; Sharples
et al., 2014); and

4. hydrodynamic forces, such as trench suction and
asthenospheric flow (not shown in Figure 9.7)
(Garfunkel et al., 1986; Tovish & Schubert, 1978);

or some combination of these factors (e.g., Manea
et al., 2012; Rodriguez-Gonzalez et al., 2012). In any
given tectonic setting, the relative impact of these factors
would have to be assessed with respect to the magnitude
of the driving and resisting forces for that given setting
at that point in the system’s evolution (Arrial & Billen,
2013; Cloos, 1993; Manea et al., 2012; Mason et al.,
2010). This includes the size of, as well as degree of meta-
morphic phase changes within, thickened features on
oceanic crust, such as oceanic plateaus, aseismic ridges,
seamounts, and island arcs (e.g., Cloos, 1993).

In the Aleutian—Alaska subduction zone, a number of
tectonic features, predicted in subduction models that
can cause flat slab subduction, occur in the location of
shallow to flat slab subduction. For example, in terms
of factors in the downgoing plate (Figure 9.7a,b), both
subduction-collision of the Yakutat plateau and an east-
ward decrease in seafloor age occur in the shallow to flat
slab region of the eastern Alaska segment of the subduc-
tion zone (Figures 9.1a and 9.2a). Factors with respect to
boundaries (Figure 9.7f) include the recent EarthScope
data that suggest the slab may be folded over on the
transition zone (Figure 9.4d,e) (Pavlis et al., 2024), which
could lead to a flat slab beneath south central Alaska. In
addition, the eastern boundary of the subduction zone

(b) Along strike variations in seafloorage  (c) Slab bending in a plate boundary corner

DP (young)

(d) Advancing overriding plate (e) Thick overriding plate

=] [
AN

(f) Slab folding forward on the transition zone

‘—
DP uP DP

up oP ¥

transition ZONE = == == == == == == = === =

Figure 9.7 Schematic diagrams of factors in the downgoing plate (a,b), overriding plate (d,e), and boundary inter-
actions (c,f) that can lead to flat slab subduction. Other factors such as hydrodynamic forces (trench suction) are
not shown. DP, downgoing plate. UP, upper (overriding) plate. fs, flat slab segment. Diagrams based on synthesis
of output from numerous numerical and analog models (Section 9.4.3). See Section 9.4.3 for discussion.
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subducts into a plate boundary corner (Figures 9.1a, 9.2a
and 9.7c) (DeMets et al., 1994; Jadamec & Billen, 2016b;
Plafker, Moore, & Winkler, 1994). In terms of first-order
overriding plate properties (Figure 9.7¢), there is a change
from ocean—ocean subduction in the western part of the
Aleutian—Alaska subduction zone to ocean—continent
subduction in the eastern segment (Figures 9.1 and
9.2) (Miiller et al., 2019; Seton et al., 2020). However,
the observed subduction zone geometry in the flat slab
region (Fuis et al., 2008; Hayes et al., 2018; Jadamec &
Billen, 2016b; Jadamec et al., 2018b; Veilleux & Doser,
2007), including constraints from recent EarthScope
studies (Mann et al., 2022; Yang et al., 2024), suggest the
upper plate is currently relatively thin above the flat slab
region, despite it being an ocean—continent subduction
zone. This suggests the Alaska flat slab segment of the
Aleutian—Alaska subduction zone is in the category of flat
slabs with very little mantle lithosphere in the overriding
plate (Jadamec & Billen, 2012; X. Liu & Currie, 2019).
Thus, the previous models suggest that interactions
with the transition zone, along strike variation in
seafloor age, proximity to a transform boundary, and

(a) (b)

Depth Slice Through Velocity
(Composite 1] Model)

the subduction-collision of an oceanic plateau could all
contribute to the trench morphology and slab morphol-
ogy observed in the Alaska—Aleutian subduction zone.
Therefore, it is important to test the relative effects of
thermal buoyancy (density variation due to tempera-
ture changes) versus compositional buoyancy (density
variation due to rock type and thickness), as well as inter-
actions with the transition zone. Additional large-scale
3-D high-resolution models of Alaska, similar to that in
Jadamec & Billen (2010, 2012), Jadamec et al. (2013),
and Haynie & Jadamec (2017, 2024) (Figure 9.8), but
with a migrating trench, would be beneficial to test new
constraints on how a deeper slab geometry indicated by
the EarthScope results could affect the time-dependent
subduction evolution and trench geometry. (1) For
example, large-scale 3-D models of Alaska extending to
1,500 km depth, used over 10 data sets to constrain the
slab geometries used in their model, including Wadati
Benioff zone seismicity, V'p and Vs data, and seismic
reflection studies (Haynie & Jadamec, 2017; Jadamec &
Billen, 2010, 2012; Jadamec et al., 2013). However, the
slab geometry deeper than 300 km was less constrained at
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Figure 9.8 Three-dimensional, geographically referenced continuum models of Alaska showing toroidal flow
around the eastern Alaska slab edge for two different mantle rheologies. (a) Domain of finite-element model,
including cross-sections through initial thermal structure with variable plate thickness (Jadamec & Billen, 2010,
2012; Jadamec et al., 2012). Models use the Slab,,,s geometry (Jadamec & Billen, 2010, 2012). Model domain
depth is 1500 km. Topography draped on model surface shows model lateral extent. (b) Athenospheric flow veloc-
ity for models using composite (left) and Newtonian (right) upper-mantle viscosity at approximately 225 km depth
for subset of model domain outlined by black box in (a). Modeled viscosity and strain rate in (d) cross-section AA’,
with (c) corresponding profiles from vertical lines in (d). Figure modified from Jadamec & Billen (2010, 2012).
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the time. Thus, although the EarthScope results suggest
that the slab geometry at shallower depths is similar to
that used in the geodynamic models of Jadamec and
Billen Jadamec & Billen (2010, 2012), Jadamec et al.
(2013), and Haynie & Jadamec (2017), the new Earth-
Scope results suggest that the dynamic effects of a deeper
slab geometry should also be tested. (2) In addition, pre-
vious large-scale models of Alaska examined the modern
tectonics, solving for the instantaneous flow (Figures 9.8
and 9.9) (Haynie & Jadamec, 2017; Jadamec & Billen,
2010, 2012; Jadamec et al., 2013), and thus new models
would be needed to study the time-dependent motion of
the trench, which as noted above could be an important
factor when examining the long-term evolution of the
system. (3) Recent models have incorporated a simpli-
fied subducted plateau geometry onto the baseline 3-D
geographically referenced models of Alaska (Haynie,
2019; Haynie & Jadamec, 2024) providing first-order
constraints on the relative effect of the Yakutat plateau.
New models would benefit from incorporating the off-
shore buoyancy of Yakutat microplate lithosphere, as
well as incorporating a more geometrically complex
plateau configuration (Haynie, 2019; Haynie & Jadamec,
2024; Pavlis et al., 2019). For example, active and passive
seismic results across the Yakutat microplate reveal the
eastward thickening wedge shaped crust of an oceanic
plateau, spanning less than 10 km thick at its western end
to on the order of 30 km thick at its eastern offshore end
(Brocher et al., 1994; Christeson et al., 2010; Coulson
et al., 2018; Eberhart-Phillips et al., 2006; Ferris et al.,
2003; Fuis et al., 2008; Kim et al., 2014; J. Li et al., 2013;
Mann et al., 2022; Pavlis et al., 2019; Worthington et al.,
2012), with a synthesis in Haynie (2019) and Haynie and
Jadamec (2024). Modeling that lateral variation in the
Yakutat structure combined with observed downstream
tear(s) will require increased computational resources
(Haynie, 2019; Haynie & Jadamec, 2024). (4) In addition,
the kinematic model of Fuston and Wu (2020) for the
“Yukon slab” linked to Kula subduction and the kine-
matic model in our companion chapter (Pavlis et al.,
2024) need to be tested with more a physics-based model.

9.4.4. Plateau Subduction, Possible Detachment
of the Wrangell Slab, and Implications for Mantle
Flow

Geodynamic models indicate that on long timescales
subducted lithosphere can behave viscously (Billen &
Hirth, 2004; Cizkova et al., 2002), and when stressed, the
subducted lithosphere can attenuate leading to partial
or full slab detachment (Burkett & Billen, 2009, 2010;
Gerya et al., 2004; L. Liu & Stegman, 2012). For example,
time-dependent models of plateau subduction indicate
the flat slab geometry can evolve with time and can

result in distortion that can lead to disruption of the
slab (Mason et al., 2010; Vogt & Gerya, 2014). For flat
slabs associated with the subduction of thick oceanic
plateaus and aseismic ridges or very large seamounts, the
positive compositional buoyancy from the overthickened
crust can lead to lithosphere that is positively buoyant
(Figure 9.7a), causing spatial and temporal changes in
slab morphology (e.g., van Hunen et al., 2002). In three
dimensions, this can result in an apex forming in the slab
with the crest of the apex coincident with the plateau
during some point in the slab evolution (Espurt et al.,
2008; Martinod et al., 2005; Mason et al., 2010). The
resistance to subduction can also lead to partial separa-
tion of the slab (Mason et al., 2010) or result in complete
slab detachment (Vogt & Gerya, 2014). Geodynamic
models also indicate, however, that thickened downgoing
plate material can be subducted to depths of several hun-
dred kilometers (Arrial & Billen, 2013; Boutelier et al.,
2003; van Hunen et al., 2002) and result in continuous
subduction without slab detachment.

Based on plate motions and subduction in the northern
Pacific during the Cenozoic, mass conservation sugests
that a slab would be expected to be present to the 660 km
discontinuity beneath Alaska (Eberhart-Phillips et al.,
2006; P J. Haeussler et al., 2003; Lonsdale, 1988; Madsen
et al., 2006; Qi et al., 2007; Sdrolias & Miiller, 2006;
W. Wallace & Engebretson, 1984), and therefore, it would
be expected that a deeper slab would extend laterally
farther east of the flat slab apex (into the Wrangell slab
region) than implied by the distinct reduction in seismic-
ity at 212. longitude (Daly et al., 2021; Fuis et al., 2008;
Ratchkovski & Hansen, 2002b; Stephens et al., 1984;
Zhao et al., 1995; Veilleux & Doser, 2007). In addition,
3-D instantaneous geodynamic simulations that tested
the impact of two slab geometries on the dynamics of
mantle flow and upper plate deformation in Alaska found
that the model with a short Wrangell slab east of the flat
slab apex produced a better fit to observations (Jadamec
& Billen, 2010, 2012). Thus, the seismicity and seismic
tomography observations (Daly et al., 2021; Fuis et al.,
2008; Hayes et al., 2018; Ratchkovski & Hansen, 2002b;
Stephens et al., 1984; Ward & Lin, 2018; Yang & Gao
et al., 2020; Zhao et al., 1995), as well as the agreement
between the infinite strain axes produced by the 3-D
mantle flow field (Jadamec & Billen, 2010, 2012) and
independent observations of shear-wave splitting (Chris-
tensen & Abers, 2010), suggest that a short Wrangell
slab east of the slab apex is closer to reality, with earlier
as well as recent EarthScope seismic studies suggesting
slab segmentation in this region and possibly a tear(s) of
various sizes (Fuis et al., 2008; Jadamec & Billen, 2010,
2012; Mann et al., 2022; Pavlis et al., 2019; Ratchkovski
& Hansen, 2002b; Stephens et al., 1984; Veilleux & Doser
et al., 2007; Yang & Gao, 2020; Zhao et al., 1995).
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This leads to the question of whether there was either
an intrinsically short (~115km) slab segment east of
the flat slab apex beneath the Wrangells since initiation,
for reasons not yet understood, or did the deeper part
of the Wrangell slab on the east side of the Yakutat
plateau undergo slab detachment? In addition, if there
was slab disruption and detachment, was it limited to a
single episode or could there have been multiple episodes
of tearing? Also, could the newly discovered “Yukon
River Anomaly” be the a relic of the slab prior to the
development of a slab tear? The geodynamic feasibility
of these questions for the Alaska-specific case remains
to be tested. New instantaneous models would benefit
from incorporating the deeper slab segments suggested
by the new EarthScope data to examine the effect on the
instantaneous dynamics, and time-dependent models can
use these new slab location observations as constraints on
differing forward modeling simulations that incorporate
evolving slab morphologies and trench motion. Previous
studies have suggested that the subduction of the remains
of the failed Kula-Farallon spreading center could create
complexities in the system (Madsen et al., 2006; Qi et al.,
2007). However, west of the Wrangell slab, the recent
EarthScope data (Pavlis et al., 2024) suggest that the
Pacific slab may be continuous to the transition zone,
with a geometry that may be folded forward beneath south
central Alaska and laying flat on the transition zone in
the western part of the Alaska subduction zone segment
(Figure 9.4). Again, future 4-D models and seismic studies
will be required to further examine this process for Alaska.

Lastly, it is also important to point out that geodynamic
models demonstrate that the motion of the slab, either
as an intact entity or as a feature that has undergone
attenuation and partial or full slab detachment, will have
an impact on the local flow dynamics of the astheno-
sphere (e.g., Jadamec, 2016a), including driving complex
flow patterns around or through the slab (Burkett &
Billen, 2009, 2010; Gerya et al., 2004; Jadamec & Billen,
2012; Kincaid & Griffiths, 2003; Kiraly et al., 2020;
Leo et al., 2014; L. Liu & Stegman, 2012; MacDougall
et al., 2014; Magni et al., 2014; Paczkowski et al., 2014).
Geodynamic modeling, rock deformation experiments,
and seismic observations indicate that model-predicted
flow fields in the upper mantle and associated predicted
lattice preferred orientation of olivine, for example, can
be constrained by independent seismic observations of
shear-wave splitting wherein mantle deformation fabrics
can split shear waves resulting in a fast azimuth that
can subparallel the flow direction and a splitting delay
time indicative of the intensity or pervasiveness of the
deformation fabric (Faccenda & Capitanio, 2012; Fischer
et al., 2000; Jadamec & Billen, 2016b; Kaminiski & Ribe,
2002; Karato et al., 2008; Kneller & van Keken, 2008;
M. Long & Wirth, 2013; M D. Long & Becker, 2010;

M D. Long and Silver, 2008; MacDougall et al., 2017
Savage, 1999). Thus, shear-wave splitting studies from
the Aleutian—Alaska subduction zone (e.g., Christensen
& Abers, 2010; Gou et al., 2019; Hanna & Long, 2012;
McPherson et al., 2020; Perttu et al., 2014; Richards
et al., 2021; Venereau et al., 2019), will be important for
placing critical constraints on the mantle flow dynamics
of the region, including slab-driven mantle flow (Billen &
Gurnis, 2003; Jadamec & Billen, 2016b; Jadamec & Billen,
2012; Jadamec et al., 2018b; Kneller & van Keken, 2008;
Rondenay et al., 2010) and plate-mantle coupling (Billen
& Gurnis, 2003; Finzel et al., 2015; Jadamec et al., 2016a;
Jadamec & Billen, 2010, 2012; McConeghy et al., 2022).
For example, 3-D instantaneous, geographically ref-
erenced regional models of the Alaska subduction-
transform system produced toroidal flow in the astheno-
sphere around the eastern Alaska slab edge, with
counterclockwise-directed flow moving from under-
neath the flat slab apex to below the shorter Wrangell slab
and around the deeper Pacific segment into the mantle
wedge in the vicinity of Denali (Figures 9.8 and 9.9)
(Jadamec, 2016a; Jadamec & Billen, 2010, 2012; Jadamec
et al., 2012). Predicted mantle deformation related to
the toroidal flow was quantitatively compared (Jadamec
& Billen, 2016b) to pre-EarthScope observations of
shear-wave splitting (Christensen & Abers, 2010) and
is consistent to a first order with more recent studies
(Gou et al., 2019; Hanna & Long, 2012; McPherson
et al., 2020; Perttu et al., 2014; Richards et al., 2021;
Venereau et al., 2019). Located within the arc of the
toroidal flow, the geodynamic models (Jadamec, 2016a;
Jadamec & Billen, 2010, 2012) also produced localized
slab-edge-driven vertical upwelling in the astheno-
sphere in the vicinity of the overlying Wrangell volcanics
(Figures 9.8 and 9.9b), which may provide a mechanism
for the anomalous geochemical signature and location of
the Wrangell volcanoes (Brueseke et al., 2023; Brueseke
et al., 2019; Jadamec, 2016a; Jadamec & Billen, 2010,
2012; Jadamec et al., 2018b; Preece & Hart, 2004; Skul-
ski et al., 1991). This flow is consistent to a first order
with null splits near the Wrangells (e.g., Hanna & Long,
2012). Generalized laboratory and numerical models
of slab-edge-driven asthenospheric flow also predict
localized mantle upwelling associated with the zone of
toroidal flow around lateral slab edges (Funiciello et al.,
2006; Jadamec, 2016a; Piromallo et al., 2006; Schellart,
2010b; Strak & Schellart, 2014; Stegman et al., 2006). The
geodynamic models of Jadamec and Billen Jadamec and
Billen (2010, 2012) were the first high-resolution models
to simulate this localized mantle upwelling effect around
the eastern slab edge in Alaska (Figures 9.8 and 9.9). If
the Wrangell slab has undergone partial or complete slab
detachment as well, then this process could be enhanced
(Burkett & Billen, 2010; L. Liu & Stegman, 2012).
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Figure 9.9 Geodynamic setting for the Alaska subduction zone with pre-EarthScope Slab£115 from Jadamec and
Billen (2010, 2012). (a) Pacific-Wrangell slab geometry shown in magenta surface (Jadamec & Billen, 2010, 2012)
and Denali Fault shown in yellow surface (Jadamec et al., 2013 and references therein). View to the west (toward
the Aleutians). PAC, Pacific Plate with approximate motion vector in white. WBM, Wrangell Block microplate
with schematic motion vector in white. NAM, inboard North American Plate. WVF, Wrangell volcanic field. (b)
Pacific-Wrangell slab geometry and cross-sections through predicted 3-D flow velocity field in the asthenosphere
from geodynamic models of Jadamec & Billen (2010, 2012) for subset of model domain. Yellow shaded arrows
show schematic of model-predicted torodial flow and asthenospheric upwelling, with slices through modeled
flow velocity field in the asthenosphere at approximately 250 km depth shown in Figure 9.8. Depth of Pacific
slab thermal anomaly used in model is approximately 325 km in the west and 115 km beneath the Wrangells.
A laterally variable upper plate is included in the models (Jadamec & Billen, 2010, 2012; Jadamec et al., 2013),
although it is shown only schematically in the figure here. Note, the compositional buoyancy of Yakutat plateau is
not included in these models. See Haynie and Jadamec (2024) for a recent synthesis on the Yakutat plateau. View
looking to the southwest (toward the western Pacific Ocean). Figure modified from Jadamec and Billen (2010,

2012), Jadamec et al. (2013), and Jadamec (2016a).

Future 4-D models are needed to investigate possible
slab detachment in Alaska due to the Yakutat plateau
subduction-collision, and observations of shear-wave
splitting will place important constraints on this process.

9.4.5. Overriding Plate Participation in and
Response to Subduction

Flat slab subduction and the subduction of thickened
oceanic crust have been shown to cause wide zones of
deformation in the overriding plate that can extend hun-
dreds of kilometers inboard (Bird, 2003; Espurt et al.,
2008; Gutscher et al., 2000; Jadamec et al., 2013; Jarrard,
1986; Jordan et al., 1983; Martinod et al., 2013; Schellart,
2008; Sébrier et al., 1988). Previous models have shown
that the slab can drive deformation in south central
Alaska, on the order of several hundred kilometers from
the plate boundary (Bird, 1996; Haynie & Jadamec, 2017,
Jadamec et al., 2013; Koons et al., 2010; Mazzotti &
Hyndman, 2002). The distribution of deformation can
also be affected to a first order by the introduction of
lithospheric heterogenieties (Haynie & Jadamec, 2017;

Jadamec et al., 2013; Kalbas et al., 2008). For example,
previous 3-D regional models, which extended to 1500 km
depth and included thermal buoyancy driven deformation
(Haynie & Jadamec, 2017; Jadamec et al., 2013), found
that the combination of the flat slab and Denali fault
could reproduce the first-order features in south central
Alaska, such as the sense of motion of the Wrangell
block, the location of the Central Alaska Range, the
progression from strike slip to convergence along the
Denali Fault, and the Cook Inlet and Sustina basins.
More recent 3-D regional instantaneous models, which
also extended to 1500km depth, examined the relative
contribution of the slab shape versus the additional
compositional buoyancy of the shallow part of a plateau
on the location, magnitude, and nature of the mountain
building and basin formation in the overriding plate,
as well as the ability of the downgoing plate to drive
rotational motion of the upper plate in south-central
Alaska (Haynie, 2019; Haynie & Jadamec, 2024). Thin
sheet style models, incorporating the effect of lateral
variations in gravitational potential energy to 100 km
depth, produced widespread deformation throughout
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Alaska and examined the effect of tractions on the base
of the model but did not solve the viscous equations for
flow within the underlying mantle (Finzel et al., 2015).
More recent 3-D thin shell models, extending to 125 km
depth, also demonstrated large-scale deformation across
the lithosphere in Alaska and northwestern Canada
(McConeghy et al., 2022).

One of the aspects of the Aleutian—Alaska subduc-
tion zone that the EarthScope syntheses results help to
shed light on is the nature of how the differing tectonic
components relate to one another in three dimensions
(Figures 9.3 and 9.4). Specifically, as it relates to upper
plate deformation, important findings include compar-
ing seismic studies on the thickness of the crust and
lithosphere in the overriding plate (Yang et al., 2024)
(Figure 9.3) and how these depths relate to the location
of the top of the slab/plateau, as well as the location of
subducted continuous and/or discontinuous slab frag-
ments embedded within the mantle (Pavlis et al., 2024)
(Figure 9.4). The relative position of the flat slab with
respect to the upper plate is important for quantifying
the area of the subduction interface and how the nature
of the overlap may influence upper plate deformation
(Haynie & Jadamec, 2017; Jadamec et al., 2013; Sharples
et al., 2014), as well as seismicity along the subduction
interface (Christensen & Beck, 1994). In addition, the
characterization of the deeper slab structure is important
because stresses transmitted updip that can impact the
deformation can depend on the nature of the slab inter-
action with the transition zone as well as slab strength
(Goes et al., 2017). The location and geometry of the slab
at depth, as well as the location of any slab remnants,
are also important because of the possible impact on
asthenospheric flow dynamics (Jadamec, 2016a; L. Liu &
Stegman, 2012), which can result in dynamic topography
in the upper plate (Jadamec et al., 2013). Moreover,
geodynamic models indicate that not only do the slab
properties play a key role in upper plate deformation,
but also that upper plate properties such as plate thick-
ness, strength, thermal structure, and density can in turn
control the evolution of the slab and/or the subduction
zone dynamics (Holt et al., 2015; Jadamec & Billen, 2012;
Rodriguez-Gonzalez et al.,, 2012; Royden & Husson,
2006; Sharples et al., 2014).

Thus, more work needs to be done to test the rel-
ative importance of the new features identified in the
EarthScope results in a set of fully 3-D geodynamic
models that allow for trench evolution, test a deep
slab morphology, take into account the time-dependent
subduction-collision of the Yakutat plateau, include the
related phase transition from basalt to eclogite during the
plateau subduction, as well as include elastic effects of
the lithosphere (Bird, 1996; Finzel et al., 2011; Fitzgerald
et al., 1993; Freymueller et al., 2008; P. Haeussler, 2008;

Jadamec & Billen, 2016b; Jadamec et al., 2013; Kalbas
et al., 2008; Kneller & van Keken, 2008; Koons et al.,
2010; Lundgren et al., 1995; Mazzotti & Hyndman, 2002;
Plafker, Gilpin, & Lahr, 1994; Plafker, Moore, & Winkler,
1994; Redfield et al., 2007; Rondenay et al., 2010; Schultz
& Aydin, 1990).

9.4.6. Implications for Other Subduction Zones
in the Pacific Ring of Fire

To place the Aleutian—Alaska subduction system
and recent EarthScope results in a larger context, the
large-scale similarities and differences between the
Aleutian—Alaska system and the other subduction sys-
tems along the Pacific Ring of Fire are considered.
There are a variety of global synthesis papers on tectonic
features in modern subduction zones. For example, com-
parative analyses on subduction zone parameters examine
slab dip (Hayes et al., 2018; Jarrard, 1986; Lallemand
et al., 2005) with virtual movie collections (Jadamec et al.,
2018a, 2018b) and interactive functionalities (Hayes
et al., 2018), global data constraints on seafloor crustal
age (Miiller et al., 2019; Seton et al., 2020), the articu-
lation of plate boundaries (Argus, Gordonand DeMets
etal., 2011; Bird, 2003; DeMets, Gordonand Argus et al.,
2010; DeMets et al., 1994), trench-perpendicular motion
rates in different reference frames (Schellart et al., 2008),
and observations of shear-wave splitting (Long & Wirth,
2013; Long et al., 2013). In the subsequent paragraphs,
we highlight the large-scale tectonic features primarily
with respect to the data plotted in Figures 9.1b and 9.2b,
going counterclockwise along the Pacific Ring of Fire
(DeMets et al., 1994; Hayes et al., 2018; Miiller et al.,
2019; Seton et al., 2020; Smithsonian, 2012; Tozer et al.,
2019).

The Aleutian-Alaska subduction zone contains
both ocean—ocean and ocean—continent subduction
zone segments due to the lateral variations in upper
plate lithosphere from west to east (Figures 9.1b
and 9.2b) (Miiller et al., 2019; Seton et al., 2020;
Tozer et al., 2019). Other subduction zones along
the Pacific Ring of Fire containing both large-scale
ocean—ocean and ocean—continent subduction zone
segments, going counterclockwise along the Ring of
Fire, include (1) possibly the Middle America trench,
(2) the Kurile-Kamchatka—Japan—Izu—Bonin—Marianas
subduction zone, (3) the Solomon Islands Region, and
(4) the Hikurangi-Tonga—Kermadec subduction zone
(Figures 9.1 and 9.2) (Miiller et al., 2019; Seton et al.,
2020; Tozer et al., 2019). Note that plate-like behavior is
scale-dependent, and there are many regions where there
are broad zones of internal deformation in the upper
plate (Argus et al., 2011; Bird, 2003; DeMets et al., 2010;
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DeMets et al., 1994). This deformation can occur in mul-
tiple forms including large-scale intracontinental shear
zones, distributed seismicity, and mountain building, e.g.,
Bird (2003), many of which are observed in mainland
Alaska and northwestern Canada (e.g., J. A. Benowitz
et al., 2022; Elliott & Freymueller, 2020; Fitzgerald et al.,
2014; Fuis et al., 2008; Haynie & Jadamec, 2017; Koehler
et al., 2018; Mazzotti & Hyndman, 2002; Ratchkovski &
Hansen, 2002a).

The Aleutian—Alaska subduction zone is a partially
isolated subduction zone, with the western end of the
Aleutian—Alaska subduction zone intersecting with the
northern terminus of the Marianas—Izu—Bonin—Japan—
Kurile-Kamchatka subduction zone (Figures 9.1b and
9.2b) (DeMets et al., 1994; Hayes et al., 2018; Jadamec
et al., 2018a, 2018b; Miiller et al., 2019; Seton et al., 2020;
Smithsonian, 2012; Tozer et al., 2019). Other major sub-
duction zones terminating into another subduction
zone forming an intersection, going counterclock-
wise along the Ring of Fire, include (1) the northern
Nazca—southern Cocos subduction intersection/slab gap;
(2) the Boso Triple Junction where the Ryukyu-Nankai
subduction zone intersects the western Pacific slab
(Marianas—Izu—Bonin—Japan—Kurile-Kamchatka sub-
duction zone) under Japan; (3) the southern Ryukyu—
Nankai and northern Manila slab intersection under
Taiwan; (4) the Manila and Philippine slab overlap;
(5) the southern Philippine, Halmahera, Sulawasi, north-
ern Banda slab region; and (6) the Hikurangi and
Puysegur slab polarity reversal region (Figures 9.1b
and 9.2b) (DeMets et al., 1994; Hayes et al., 2018; Miiller
et al., 2019; Seton et al., 2020; Tozer et al., 2019). Note
that the nature of the subduction—subduction intersec-
tions can be complex, including possibly abutting slabs or
gaps between the slabs (Figures 9.1b and 9.2b) (DeMets
et al., 1994; Hayes et al., 2018; Jadamec et al., 2018a,
2018b; Miller et al., 2019; Seton et al., 2020; Tozer
et al., 2019). For example, plate kinematics suggest a slab
gap related to the transition to strike-slip motion in the
western most end of the Aleutian subduction zone where
it intersects the northern Kamchatka subduction zone
(DeMets et al., 1994; Hayes et al., 2018).

The eastern end of the Aleutian—Alaska subduction
zone and the northern end of the Fairweather—Queen
Charlotte transform boundary are oriented at a near-right
angle, with the Yakutat plateau actively subducting-
colliding into Alaska at this juncture (Figures 9.1b and
9.2b) (DeMets et al., 1994; Enkelmann et al., 2009; Hayes
et al., 2018; Miiller et al., 2019; Pavlis et al., 2019; Seton
et al.,, 2020; Smithsonian, 2012; Tozer et al., 2019;
W K. Wallace et al., 2008; Worthington et al., 2012).
Other subduction zones that have a major transform
boundary near their terminus, going counterclockwise
along the Ring of Fire, include (1) Cascadia, (2) the

Ryukyu—Nankai intersection with northern Manila
under Taiwan in some cases is considered a transform
intersection along the Longitudinal Valley Fault, (3) the
eastern end of the New Hebrides subduction zone, (4) the
northern end of the Tonga—Kermadec subduction zone,
and (5) the Hikurangi subduction zone and the Alpine
Valley Fault (this is also a subduction polarity reversal
region) (Figures 9.1b and 9.2b) (DeMets et al., 1994;
Hayes et al., 2018; Miiller et al., 2019; Schellart et al.,
2008; Seton et al., 2020; Smithsonian, 2012; Tozer et al.,
2019). Note that there are additional locations that may
also contain minor/short transform boundaries as part of
accommodating the larger slab-slab and slab-rift inter-
sections (Bird, 2003), which are not included in the list.
Rather, the regions with large-scale plate boundary inter-
sections are included but even within these large-scale
boundaries there are in turn often local effects, including
obliquity that can lead to nontranslational components
of motion (Bird, 2003). When comparing and contrasting
the subduction-transform zones, it is worth pointing out
that the relative geometry of the intersections can vary.
For example at the eastern Alaska subduction zone, the
strike of the Aleutian—Alaska trench and the strike of the
Fairweather—Queen Charlotte transform boundary are
nearly perpendicular (Figures 9.1b and 9.2b) (DeMets
et al.,, 1994; Hayes et al., 2018; Miiller et al., 2019;
Seton et al., 2020; Tozer et al., 2019). Whereas for the
Cascadia trench—Queen Charlotte transform boundary
intersection, the Cascadia trench-San Andreas trans-
form boundary intersection, and the Hikurangi—Alpine
fault boundary intersection, for example, the strike of
the trench and the transform boundaries are subpar-
allel (Figures 9.1 and 9.2) (DeMets et al., 1994; Hayes
et al., 2018; Miiller et al., 2019; Seton et al., 2020;
Tozer et al., 2019). Regions also occurring with plateau
subduction-collisions are described below.

There are oceanic seamounts, oceanic plateaus, and
large igneous provinces (LIPs) distributed throughout the
Pacific Ring of Fire (Bryan & Ferrari, 2013; Cloos, 1993;
Tozer et al., 2019) (Figure 9.2b). These are commonly
associated with thickened oceanic crust and localized ele-
vated seafloor of varying degrees (Bryan & Ferrari, 2013;
Tozer et al., 2019), but not all of these features will result in
the disruption of a subduction zone (e.g., Cloos, 1993). In
the western Aleutian—Alaska subduction zone, the inter-
section with the Kurile-Kamchatka subduction zone is
along the trajectory of the Hawaiian-Emperor seamount
track (Figure 9.2b) (Bryan & Ferrari, 2013; Tozer et al.,
2019). In the eastern Aleutian—Alaska subduction zone,
there is active subduction-collision of the Yakutat plateau
coincident with large-scale deformation of the upper plate
(Figure 9.2a) (Bruns, 1983; Eberhart-Phillips et al., 2006;
Elliott et al., 2013; Enkelmann et al., 2010; Estabrook
et al., 1992; Haynie & Jadamec, 2024; Koons et al., 2010;
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Mazzotti & Hyndman, 2002; Pavlis et al., 2019; W
K. Wallace et al., 2008; Worthington et al., 2012). Other
locations along the Pacific Ring of Fire undergoing
seamount, plateau/LIP subduction interaction, going
counterclockwise along the Ring of Fire, include (1) the
Peru—Chile segments of the Nazca subduction zone, (2)
the Middle America trench and the Columbian section
of the Nazca subduction zone associated with the Gala-
pagos seamount track, (3) the Izu-Bonin—Marianas
subduction zone, (4) the Ryukyu-Nankai subduction
zone, (5) the northern Philippine subduction zone, (6) the
Marianas—Yap subduction zone region, (7) the Solomon
Islands Region, (8) the southern New Hebrides region,
(9) the Tonga—Kermadec subduction zone, and (10) the
Hikurangi and Puysegur subduction zones (Figures 9.1b
and 9.2b) (Bryan & Ferrari, 2013; Cloos, 1993; Tozer
et al., 2019). Where these buoyant subducting-colliding
features are large, the result can be major disruption of
the subduction zone, upper plate, and plate boundary
position (e.g., Cloos, 1993; Moresi et al., 2014).

As described in the previous sections, Aleutian—Alaska
subduction zone contains a sub-horizontal to flat slab
segment in the eastern part of the subduction zone
beneath south-central Alaska, that is spatially coinci-
dent with young seafloor offshore, subduction-collision
of the Yakutat plateau, proximity to a plate boundary
corner, and an ocean—continent subduction zone segment
(Figures 9.1 and 9.2) (Fuis et al., 2008; Gou et al., 2019;
Jadamec & Billen, 2016b; Jadamec et al., 2018b; Mann
et al., 2022; Morra et al., 2006; Nayak et al., 2020; Pavlis
et al., 2019; Ratchkovski & Hansen, 2002b; Veilleux &
Doser, 2007, Worthington et al., 2012; Yang & Gao,
2020; Zhao et al., 1995). The flat slab geometry can be
seen by the very wide spacing in the 20 km slab contours
(Hayes et al., 2018) in south central Alaska, south of
the Denali fault in the vicinity of Prince William Sound
and the Kenai Peninsula (Figures 9.1a and 9.2a). Other
locations along the Pacific Ring of Fire with subhorizon-
tal to flat slab segments going counterclockwise along
the Ring of Fire include (1) portions of the Chile and
Peru segments of the Nazca subduction zone, (2) part of
the Mexico segment of the Cocos subduction zone, (3)
part of Cascadia, and (4) part of the Japan subduction
zone (Figures 9.1b and 9.2b) (Gutscher et al., 2000;
Hayes et al., 2018; Lallemand et al., 2005). Note that a
key difference with the Alaska subhorizontal to flat slab
segment is that the slab begins shallow very close to the
trench, and thus there is very thin (0—40 km) upper plate
above flat slab in Alaska (Fuis et al., 2008; Hayes et al.,
2018; Jadamec & Billen, 2016b; Mann et al., 2022; Zhao
et al., 1995). In contrast, in Chile and Peru, for example,
the subhorizontal to flat slab segment does not start until
at least 80 km depth (Figures 9.1b and 9.2b) (Hayes et al.,
2018), correlating with a much thicker overriding plate in

the Nazca flat slab regions than in the Alaska case. Note
that even with the many recent data collection efforts,
which have greatly improved our understanding of the
Yakutat plateau in Alaska, there is still much more to be
learned about its time-dependent impact on the subduct-
ing plate geometry, including slab segmentation, as well
as the time-dependent interplay between the downgoing
and overriding plate structure.

9.5. CONCLUSIONS

This chapter provides broader geodynamics context
for recent EarthScope seismic syntheses for Alaska
and northwestern Canada based on data collected as a
part of EarthScope. Specifically, key results from two
recent EarthScope seismic syntheses are synthesized.
In addition, a geodynamic modeling review is provided
that focuses on continuum models of subduction, with
applications to the Aleutian—Alaska subduction zone.
The focused seismic studies are placed in the context of
the vast geodynamics modeling literature with the goal
of connecting the new constraints on the lithospheric
and slab structure with insights on large-scale tectonic
processes gained from generalized and regional sub-
duction models. Avenues for future work are identified,
including testing the effects of deeper slab structure on
asthenospheric flow dynamics and upper plate deforma-
tion as well as time-dependent models of plateau/LIP
subduction-collision on the subduction evolution in
Alaska. Large-scale similarities and differences with other
locations along the Pacific Ring of Fire are also identified.
As data collection efforts continue to expand and model-
ing capabilities continue to improve, future comparative
data analysis and modeling studies can continue to shed
light on the dynamics of the Aleutian—Alaska subduction
zone and in particular examine the region in the context
of the Pacific Ring of Fire multi-plate tectonic system.
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