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a  b  s  t  r  a  c  t

The  pattern  of mantle  flow  in  subduction  systems  and  the processes  that control  the  mantle  flow  field
represent  fundamental  but  still  poorly  understood  aspects  of  subduction  dynamics.  The Cascadia  subduc-
tion  zone  is a compelling  system  in  which  to understand  the controls  on  mantle  flow,  especially  given the
dense  geophysical  observations  recently  provided  by EarthScope,  GeoPRISMS,  the  Cascadia  Initiative,  and
related efforts.  Observations  of  seismic  anisotropy,  which  provide  relatively  direct  constraints  on  mantle
flow,  are  particularly  intriguing  in  Cascadia  because  they  seem  to yield  contradictory  views  of the  mantle
flow  field  in  different  parts  of the  system.  Specifically,  observations  of  seismic  anisotropy  on the  over-
riding  plate,  notably  in the  central  portion  of the  backarc,  apparently  require  a  significant  component
of  three-dimensional,  toroidal  flow  around  the  slab  edge.  In contrast,  new  observations  from  offshore
stations  are  compellingly  explained  with  a simple  two-dimensional  entrained  flow  model.  Recent  evi-
antle dynamics
ascadia
acific northwest

dence  from  seismic  tomography  for  the  likely  fragmentation  of  the  Cascadia  slab  at  depth  provides  a
further  puzzle:  how  does  a fragmented  slab  provide  a driving  force  for either  two-dimensional  entrained
flow  or  three-dimensional  toroidal  flow  due  to slab  rollback?  Resolution  of  this  apparent  paradox  will
require  new  imaging  strategies  as well  as  the  integration  of  constraints  from  seismology,  geodynamics,
and  geochemistry.

© 2016  Elsevier  Ltd. All  rights  reserved.
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. Introduction
tant to our understanding of subduction systems for a host of
The Cascadia subduction zone (Fig. 1), where the Juan de Fuca,
orda, and Explorer Plates sink beneath North America, is impor-

E-mail address: Longmaureen.long@yale.edu

ttp://dx.doi.org/10.1016/j.jog.2016.09.006
264-3707/© 2016 Elsevier Ltd. All rights reserved.
reasons, including the documented occurrence of magnitude ∼9
megathrust earthquakes in the recent past (e.g., Goldfinger et al.,
2003; Wang and Tréhu, 2016). The Juan de Fuca, Gorda, and

Explorer Plates are remnants of the Farallon Plate, which has expe-
rienced subduction beneath North America for the past ∼150 Ma
(e.g., Severinghaus and Atwater, 1990). In many ways Cascadia can
be considered as an endmember system among subduction zones

dx.doi.org/10.1016/j.jog.2016.09.006
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2016.09.006&domain=pdf
mailto:Longmaureen.long@yale.edu
dx.doi.org/10.1016/j.jog.2016.09.006
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Fig. 1. General tectonic setting and geographic features of the Cascadia subduction zone. Background colors show bathymetry (offshore) and topography (onshore); Holocene
volcanoes are marked with red triangles. Thin black lines show the outlines of US states (Washington, Oregon, California, Idaho, Montana, and Nevada are marked with two-
letter  abbreviations), and major geographic features referred to in the text are marked in italics. The Pacific, North American, Juan de Fuca, and Gorda Plates are marked,
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long  with the Explorer microplate. Thick black arrows show absolute motion of the
convergence direction) between the Juan de Fuca and North American plates, and th
rom  Schellart et al. (2008). Plate motion directions and rates (shown) were calcula

lobally, as it involves the subduction of a particularly young, warm,
nd presumably weak plate (e.g., Heuret and Lallemand, 2005) that
s also relatively narrow in along-strike extent (∼1400 km)  com-
ared to the global population of subduction zones (e.g., Schellart
t al., 2010). The Cascadia subduction system also exhibits inter-
sting kinematics, with significant present-day trench migration
nd slab rollback (∼35 mm/yr in a Pacific hotspot reference frame)
Schellart et al., 2008) and crustal block rotation on the over-
iding plate (e.g., McCaffrey et al., 2007). The subduction zone
as exhibited complex and poorly understood patterns of volcan-

sm in the backarc over the past ∼17 Ma  (Fig. 2), including the
ruptions of the Steens/Columbia River flood basalts (S/CRB) (e.g.,
eist and Richards, 1993; Camp and Ross, 2004) and subsequent
imodal and partially time-progressive volcanism in the High Lava
lains (HLP) and Snake River Plain (SRP) (e.g., Leeman and Annen,
008; Ford et al., 2013). Cascadia is well instrumented geophys-

cally, particularly with recent data collection efforts associated
ith the USArray and Plate Boundary Observatory components

f the EarthScope program, the combined onshore/offshore Cas-
adia Initiative passive seismic experiment, and its selection as a

eoPRISMS primary site. Despite the relative wealth of observa-

ional constraints, however, key aspects of Cascadia subduction
one behavior remain elusive. Among the most fundamental of
r plates in a hotspot reference frame, thick purple arrow shows the relative motion
lue arrow shows the motion of the Juan de Fuca trench in a hotspot reference frame,
ing the UNAVCO plate motion calculator (https://www.unavco.org/dxdt/model).

these is the pattern of mantle flow in the subduction system, which
remains poorly understood despite extensive study.

The observation of the directional dependence of seismic wave
speeds yields perhaps the most direct constraints available on
patterns of deformation in the Earth’s mantle, including both
present-day flow in the asthenosphere and past deformation in the
lithosphere. In the upper mantle, seismic anisotropy is thought to
be mainly controlled by the crystallographic preferred orientation
(CPO) of olivine, the primary constituent mineral (e.g., Karato et al.,
2008). When a volume of mantle rock is subjected to strain in the
dislocation creep regime, individual grains rotate into preferred ori-
entations, leading to a bulk seismic anisotropy over length scales
relevant to seismic wave propagation. The relationships between
strain and the resulting seismic anisotropy are complex and depend
on the conditions of deformation, such as stress, temperature, pres-
sure, volatile content, and amount of strain (e.g., Karato et al., 2008;
Skemer and Hansen, 2016). Furthermore, CPO of a mantle rock
reflects the accumulation of strain over what may be a complex
deformation history, particularly in a complicated flow regime in
which the geometry of deformation may  change rapidly in space

and/or time (e.g., Boneh et al., 2015). Despite the potential com-
plications, seismologists often use a set of simplified relationships
between the geometry of anisotropy and the likely strain direction

http://https://www.unavco.org/dxdt/model
http://https://www.unavco.org/dxdt/model
http://https://www.unavco.org/dxdt/model
http://https://www.unavco.org/dxdt/model
http://https://www.unavco.org/dxdt/model
http://https://www.unavco.org/dxdt/model


M.D. Long / Journal of Geodynamics 102 (2016) 151–170 153

Fig. 2. Map  of volcanic features of the central Cascadia arc and backarc, lightly modified from Long et al. (2009). Black contours indicate the approximate age progression
(in  Ma)  of rhyolitic volcanism in the High Lava Plains (yellow) and the Snake River Plain (pink). Black dashed line shows the approximate location of the edge of cratonic
North  America, based on the Sr87/Sr86 = 0.706 line. Blue dashed line shows the approximate northern limits of Basin and Range extension. Brown highlighted area indicates
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egion  covered by Miocene flood basalts, including the Columbia River basalts (CRB
olocene volcanism. Newberry Volcano is marked with an orange triangle; Yellows
t  al. (2009).

o interpret seismic anisotropy measurements in terms of mantle
ow (e.g., Long and Becker, 2010).

Measurements of seismic anisotropy in subduction zone set-
ings are particularly intriguing (if also notably challenging to
nterpret) because they can shed light on the pattern of mantle flow
n subduction systems. The classical model for such flow (Fig. 3) is
wo-dimensional, with corner flow above the slab and entrained
ow beneath; however, observations of seismic anisotropy in sub-
uction systems often deviate from the predictions of simple
wo-dimensional flow in combination with the simplest olivine
abric scenarios (for a recent review, see Long, 2013). To first
rder, the entrained flow scenario would generally predict fast
irections of wave propagation that are parallel to plate motion
that is, to the convergence direction, or generally perpendicular
o the trench for many subduction systems), although deviations
rom this prediction could result from the presence of unusual
livine fabrics (e.g., Kneller et al., 2005), strong radial anisotropy
n the subslab mantle (Song and Kawakatsu, 2012), or the pres-
nce of a dipping axis of anisotropic symmetry (e.g., Levin et al.,
007a). Another endmember scenario for flow in subduction sys-
ems (Fig. 3) invokes the presence of dominantly toroidal flow (that
s, three-dimensional flow with a significant component of trench-
arallel motion) induced by the motion of the trench itself in a
antle reference frame. This type of flow field, first suggested on

he basis of seismic anisotropy observations by Russo and Silver
1994), has been observed in laboratory and numerical models
hat include slab rollback (e.g., Buttles and Olson, 1998; Schellart
t al., 2007; Druken et al., 2011; Faccenda and Capitanio, 2013;

aczkowski et al., 2014). Toroidal flow has been invoked to explain
everal aspects of commonly observed (though not ubiquitous)
nisotropy patterns in subduction systems. These include domi-
e north and the Steens basalts (SB) to the south. Red triangles indicate locations of
aldera is marked with a blue triangle. Details of underlying data are given in Long

nantly trench-parallel fast directions both beneath the slab (e.g.,
Russo and Silver, 1994; Long and Silver, 2009; Lynner and Long,
2014) and in the mantle wedge (e.g., Hoernle et al., 2008; Long et al.,
2016), as well as patterns of anisotropy on the overriding plate that
are consistent with toroidal flow, particularly around the slab edge
(e.g., Peyton et al., 2001).

Interestingly, both endmember mantle flow scenarios (two-
dimensional entrained flow and three-dimensional toroidal flow)
are commonly invoked to explain observed patterns of seismic
anisotropy in the Cascadia subduction system. For example, global
compilations of shear wave splitting in subduction zones (Long
and Silver, 2008, 2009) have highlighted the fact that Cascadia
exhibits dominantly plate motion parallel fast splitting directions
for SKS phases measured at stations close to the trench, as expected
for two-dimensional entrained flow beneath the slab, and consis-
tent with the interpretation of many previous studies in Cascadia.
This view has been bolstered by recent observations of seismic
anisotropy on the downgoing plate, which generally seem to be
consistent with the idea of two-dimensional, plate-driven flow
beneath the Juan de Fuca slab (Bodmer et al., 2015; Martin-
Short et al., 2015). However, the three-dimensional toroidal flow
model has also been widely invoked for Cascadia, most notably
by Zandt and Humphreys (2008), who argued that patterns of
shear wave splitting in the western US (as imaged before the
advent of EarthScope USArray data) correspond to the flow vec-
tors predicted by laboratory experiments that include slab rollback
(Piromallo et al., 2006). Of course, two-dimensional entrained flow
and three-dimensional toroidal flow represent conceptual end-

member scenarios, and the actual flow field may  well involve a
combination of both types (for example, large-scale 3D toroidal
flow can coexist with a layer of entrained flow directly beneath the



154 M.D. Long / Journal of Geodynamics 102 (2016) 151–170

Fig. 3. Cartoon sketch of two simplified endmember models for subduction zone mantle flow: the 2D entrained flow model (a) and the 3D toroidal flow model (b). In (a),
viscous  coupling between the downgoing slab and the surrounding mantle leads to 2D corner flow in the mantle wedge and 2D entrained flow beneath the slab (black
arrows). Black triangles on the overriding plate indicate arc volcanoes. In (b), the migration of the trench (white arrow) and rollback of the slab induces a 3D flow field (black
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rrow),  in which flow is deflected horizontally around the slab edge, leading to a sig
rench  migration (that is, generally perpendicular to the trench) in the central port
he  actual flow field in any given subduction system likely reflects a combination o

lab; e.g., Martin-Short et al., 2015). However, it is clear from the
bundant literature on seismic anisotropy observations in the Cas-
adia subduction zone that there is as yet no consensus on which
odel (or combination of models) can best explain the data, and

oth endmember scenarios are commonly invoked.
Despite the lack of consensus, understanding the pattern of

antle flow in the Cascadia subduction zone is an important sci-
ntific challenge. Mantle flow affects a host of crucial subduction
one processes, from the generation of melt and volcanism in the
rc and backarc to the evolution of the slab morphology. Under-
tanding how the mantle flow field interacts with aspects of the
ascadia subduction zone, including its striking backarc volcanism
nd overriding plate kinematics and the geometry of the possi-
ly fragmented slab at depth, is key to understanding the system’s
ynamics. More generally, because Cascadia is an endmember sub-
uction system in many ways, understanding its behavior is needed
o establish a baseline for the behavior of subduction zones glob-
lly, particularly those that involve a young slab. Cascadia is much
etter instrumented geophysically than most subduction zones
orldwide and has the advantage of extensive offshore instru-
entation on the downgoing plate due to the recent Cascadia

nitiative (Toomey et al., 2014). Here I review observations of seis-
ic  anisotropy and slab morphology in the Cascadia subduction

ystem, along with constraints from geochemistry, volcanism, and
eodynamic modeling, and discuss the apparent paradox in their
nterpretation.

. Observations of seismic anisotropy

.1. Shear wave splitting: methodology and interpretation

Shear wave splitting or birefringence (Fig. 4) is a commonly
tudied manifestation of anisotropy in the seismic wavefield (e.g.,
ilver, 1996; Savage, 1999). Briefly, shear wave splitting refers to
he partitioning of shear wave energy into two quasi-S  waves with
ifferent wavespeeds; the polarizations of the fast and slow quasi-

 waves are controlled by the geometry of anisotropy. As the two
uasi-S waves propagate at different speeds, they accumulate a
ime delay that reflects a combination of the strength of anisotropy
nd the thickness of the anisotropic layer. Analysis involves the
easurement of the orientation of the fast shear arrival, �, and the
elay time, ıt, directly from the seismogram. A variety of seismic
hases can be used for shear wave splitting analysis, commonly

ncluding core phases such as SKS and (in subduction zones) local
 phases from earthquakes within the subducting slab itself.
nt component of trench-parallel flow beneath the slab and focused flow parallel to
the wedge backarc. These sketches indicate highly simplified endmember models;
wo.

The interpretation of fast orientation in terms of mantle flow
direction in a complex tectonic setting such as a subduction zone
is not straightforward (e.g., Long, 2013). For the simple case of
horizontal flow with a vertical gradient in flow velocity (that is,
simple shear with a horizontal shear plane), the formation of A-,
C-, or E-type olivine fabric (e.g., Zhang and Karato, 1995; Karato
et al., 2008) would result in a fast splitting orientation that is par-
allel to the shear direction. Therefore, the idea that � generally
corresponds to the direction of mantle flow is a commonly used
guideline in the shear wave splitting literature. However, this rela-
tionship can be complicated by the presence of B-type olivine fabric,
which changes by 90◦ the relationship between strain and the fast
splitting direction and which requires high stress, low tempera-
ture, and the presence of water (e.g., Jung and Karato, 2001; Jung
et al., 2006). A simple dependence of fast splitting orientation on
flow geometry can also be complicated by the presence of hydrous
phases (e.g., Katayama et al., 2009; Jung, 2011) or complex defor-
mation that varies rapidly in space and/or time (e.g., Boneh et al.,
2015). For much of the Cascadia subduction zone, it is likely that
A-, C-, or E-type olivine fabric is present, given the relatively high
temperatures, with the exception of the cold corner of the forearc
mantle wedge, where serpentinization is likely (e.g., Bostock et al.,
2002; Wagner et al., 2013). Therefore, beneath Cascadia the com-
mon  interpretation that � generally corresponds to the horizontal
mantle flow direction is usually applied; however, deviations from
this simple relationship are certainly possible.

2.2. Shear wave splitting results: onshore

Shear wave splitting has been extensively studied within the
central and southern portion of the Cascadia subduction zone
using stations located on the overriding plate. The deployment of
the USArray TA stations in the Pacific Northwest (PNW) between
roughly 2006–2009 resulted in much denser station coverage than
had been available previously (a general overview of shear wave
splitting patterns throughout the western US is given by Liu et al.,
2014). While a few studies of local S splitting from relatively shal-
low slab earthquakes in Cascadia have been published (e.g., Currie
et al., 2001; Balfour et al., 2012; Bostock and Christensen, 2012),
they mostly reflect anisotropy in the crust of the overriding plate
rather than upper mantle anisotropy, and the delay times for local S

phases are typically much smaller than for SKS phases (on the order
of ∼0.1 s, rather than ∼1–2 s for SKS).

Large-scale patterns in SKS splitting parameters for the PNW
and surrounding region are well illustrated by compilations of mea-
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Fig. 4. Sketch of the splitting of a vertically propagating SKS phase into fast (solid blue) and slow (dotted red) quasi-S waves, after image by Crampin (1981), in a subduction
zone  setting. In this example there is an anisotropic region in the upper mantle beneath the subducting slab. SKS splitting measurements involve the determination of the
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rientation of the fast quasi-S wave, �, and the delay time between the fast and s
nisotropy scenario, delay times (∼1–2 s) are generally smaller than the period o
eparated in practice.

urements for TA (and other) stations, such as those of Fouch and
est (2008), West et al. (2009), and Liu et al. (2014). To illustrate

hese large-scale patterns, Fig. 5 shows spatially smoothed aver-
ge splitting parameters from Liu et al. (2014), which includes both
he TA and stations from other networks. Stations located in the
ascades arc and forearc region exhibit fast orientations which
re generally oriented ENE-WSW, roughly parallel to the direc-
ion of convergence between the Juan de Fuca and North American
lates, although at stations in Washington the fast directions trend
lightly more E-W. There is a noticeable departure from this pat-
ern, however, in the vicinity of the Mendocino triple junction.
here are along-strike variations in measured ıt values in the arc
nd forearc, which generally range between ∼1–1.8 s and which are
ighest beneath Oregon. Moving into the Cascades backarc region
f eastern Washington, Oregon, and Nevada, there is a pronounced
otation to more nearly E-W fast directions, with notably high delay
imes beneath southeastern Oregon and southwestern Idaho. To the
outh, beneath the Great Basin of Nevada, there is a nearly circu-

ar (or arcuate) pattern of �, with generally smaller delay times.

oving further east to stations that overlie the cratonic portion
f North America, fast directions at stations in western Idaho and
astern Montana are generally NE-SW and are nearly parallel to
rrivals, ıt, from an individual seismogram. Note that for a realistic upper mantle
ave (∼10 s for SKS), so the fast and slow quasi-S arrivals will not be completely

the APM of the North American plate, while stations to the south
exhibit more complexity.

These overall patterns are generally thought to reflect regional
variations in the factors controlling upper mantle anisotropy and
flow, with a transition from flow that is controlled by the subduc-
tion of the Cascadia slab at stations in the forearc, arc, and backarc
region, to flow that is controlled more by absolute plate motion
(APM), lithospheric anisotropy, and/or a combination of these and
other factors at stations located further to the east. Many of these
large-scale features have been characterized in detail by individual
studies. For example, observations of SKS fast splitting directions
that are generally parallel to the convergence direction between
the Juan de Fuca and North American plates at stations located in
and around the Cascadia forearc region were documented by Currie
et al. (2004), who  focused on stations located in Washington and
southern Vancouver Island, Canada. In western Canada more gen-
erally, studies have found evidence for convergence-parallel � (e.g.
Bostock and Cassidy, 1995; Evans et al., 2006), but the station cov-

erage is generally sparse. SKS splitting measurements at stations
of a dense broadband array deployed across the forearc, arc, and
backarc region in central Oregon in the early 1990s also yield evi-
dence for convergence-parallel � in the forearc and arc regions,
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Fig. 5. Spatially averaged shear wave splitting parameters for the Pacific Northwest and surrounding region, from the database of Liu et al. (2014). Individual measurements
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f  splitting parameters shows systematic variations. Bars are oriented in the fast sp
t  > 1.6 s, yellow bars indicating 1.6 s > ıt > 1.3 s, black bars indicating 1.3 s > ıt > 1.0 s

ith a rotation to generally E-W fast directions in the backarc
Fabritius, 1995; Fouch and West, 2008; see also Xue and Allen,
006 and Long et al., 2012). Finally, measurements by Eakin et al.
2010) at stations located in the forearc region of Oregon and Wash-
ngton also show clear evidence for fast directions parallel to the
ubduction direction.

The High Lava Plains (HLP) region of eastern Oregon, located in
he backarc of the Cascadia subduction system, has been exten-
ively studied due to its striking volcanic activity over the past
12 Ma  (e.g., Ford et al., 2013). SKS splitting measurements from

wo temporary deployments of broadband seismometers (the OATS
eployment in 2003–2006 and the HLP experiment in 2006–2009)
eveal strong SKS splitting with individual delay times reaching
2.5 s and dominantly E-W fast directions (Xue and Allen, 2006;
ong et al., 2009). Importantly, the fast directions are not parallel
o either the absolute motion of the North American plate or the
ubduction convergence direction at the trench; instead, the fast
irections are parallel to the motion of the Juan de Fuca trench,
hich is rolling back to the west as the overriding plate undergoes
odest extension (e.g., Druken et al., 2011).
Beneath the Snake River Plain region in Idaho and the region

urrounding Yellowstone, a number of regional studies have exam-
ned the pattern of SKS splitting (e.g., Schutt et al., 1998; Walker
t al., 2004; Waite et al., 2005). The SRP exhibits a trend of age-
rogressive rhyolitic volcanism parallel to the absolute motion of
he North American plate; this is typically interpreted as the track

f the Yellowstone hot spot, although alternative explanations have
een proposed (e.g., Fouch, 2012). Beneath the western SRP in
outhwestern Idaho, fast directions trend generally E-W and delay
imes are high (Walker et al., 2004), with splitting patterns similar
 = 1◦ (for details, see Liu et al., 2014). The resulting smoothed spatial distribution
g direction and scaled and colored by delay time, with red bars indicating average

hite bars indicating ıt < 1.0 s.

to the HLP just to the west. Beneath the eastern SRP, fast directions
are generally NE-SW, parallel to APM and to the spatiotemporal
trend in the rhyolitic volcanism. This behavior persists on either
side of the SRP track, as evidenced by splitting measured at a dense
array (Schutt et al., 1998), and at stations located to the north-
west and southeast of Yellowstone itself (Waite et al., 2005). These
geographic trends are also visible in the Liu et al. (2014) dataset
(Fig. 5).

Beneath the southern portion of the Cascadia subduction zone,
in the region near the Mendocino Triple Junction, the deployment
of onshore temporary arrays has allowed for the detailed charac-
terization of SKS splitting patterns near the slab edge. Specifically,
Eakin et al. (2010) documented a sharp rotation in � at stations in
northern California, with stations to the north of the triple junction
exhibiting convergence-parallel fast directions and stations just to
the south exhibiting NW-SE fast directions, suggesting flow around
the slab edge (Fig. 6). Similarly, SKS splitting has been studied at the
northern edge of the Cascadia slab by Mosher et al. (2014) using
data from southwestern British Columbia. These workers found evi-
dence for generally N-S fast directions for stations located above
the Explorer microplate, which contrast with the more NE-SW fast
directions above the Juan de Fuca plate. Mosher et al. (2014) inter-
preted these measurements as reflecting passive reorganization
of the mantle flow at the slab edge, reflecting the transition from
subduction-driven mantle flow in the south to mantle deformation
controlled by transform motion to the north.
Beneath the Great Basin of Nevada, the unusual pattern of SKS
splitting (arcuate pattern in Fig. 5) has been investigated in detail
by several workers, including Savage and Sheehan (2000) and West
et al. (2009). Specifically, Savage and Sheehan (2000) argued that
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Fig. 6. Regional SKS splitting pattern overlain on a vertically averaged upper mantle velocity anomaly (colors). The splitting results of Eakin et al. (2010) for the region around
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he  Mendocino triple junction and the Cascadia forearc are shown with black lines
ertical average over the depth range from 100 to 400 km from the P wave model o
bsolute  plate motion in a hotspot reference frame. Figure is reproduced from Eaki

he generally arcuate pattern in �, with smaller ıt in the central por-
ion, might be consistent with a plume-like upwelling. In contrast,

est et al. (2009) combined SKS splitting analysis with tomography
nd numerical modeling to suggest the presence of a lithospheric
drip” (that is, a Rayleigh-Taylor downgoing instability of dense
ithosphere) beneath the Great Basin. The arcuate pattern has also
een invoked as evidence for large-scale toroidal flow around the
dge of the slab (Zandt and Humphreys, 2008).

While most studies of shear wave splitting in Cascadia have
elied on SKS phases, there is one published study of sub-slab split-
ing using direct teleseismic S phases originating from earthquakes
ithin the slab and measured at distant stations. This measure-
ent technique, known as source-side shear wave splitting (Russo

nd Silver, 1994), has been extensively applied in subduction zones
orldwide (e.g., Lynner and Long, 2014), but it requires seismic-

ty in the downgoing slab and is thus challenging to apply in
ascadia, which has a notable paucity of slab seismicity. Russo
2009) presented source-side splitting observations for Cascadia,
lthough this study relied on just two events, constraining sub-slab

nisotropy beneath Washington. Source-side splitting measure-
ents beneath this region reveal evidence for strong sub-slab

nisotropy, with splitting delay times typically ∼3 s, and scattered
e of previous studies are shown with gray lines. The velocity anomaly shown is a
bski et al. (2010). Curved black lines on the Juan de Fuca – Gorda plate indicate its

. (2010).

fast directions that may  be consistent with two layers of sub-slab
anisotropy. Russo (2009) argued for the presence of a layer with
dominantly trench-parallel flow directly beneath the slab, with a
deeper asthenospheric layer with fast directions generally parallel
to the absolute motion of the Juan de Fuca plate.

2.3. Shear wave splitting results: offshore

The recent deployment of ocean bottom seismometers (OBS)
on the Juan de Fuca and Gorda plates through the Cascadia Initia-
tive (Toomey et al., 2014) has provided a unique opportunity to
study the seismic anisotropy of the sublithospheric upper mantle
from the ridge to the trench. Two recent papers (Bodmer et al.,
2015; Martin-Short et al., 2015) have presented SKS splitting mea-
surements for broadband OBS stations of the Cascadia Initiative
(Fig. 7). For stations located on the Juan de Fuca plate, Bodmer
et al. (2015) identified fast SKS directions that are nearly parallel to
APM, with a small but persistent clockwise rotation. Fast directions

for stations located on the Gorda plate and near the plate bound-
aries exhibit more heterogeneity, suggesting a diffuse shear zone
that accommodates differential motion between the Gorda, Juan de
Fuca, and Pacific plates. Notably, Bodmer et al. (2015) emphasize
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Fig. 7. Shear wave splitting measured at the offshore OBS stations deployed as part of the Cascadia initiative, reproduced from Bodmer et al. (2015, left panel) and Martin-
Short  et al. (2015, right panel). Left panel: stacked SKS splitting measured by Bodmer et al. (2015), plotted as colored bars at the station locations, overlaid on magnetic
anomalies. Bars are color coded by zone, as explained in Bodmer et al. (2015). Yellow arrows indicate absolute plate motions; thin blue bars on land indicate previously
published SKS measurements from other workers (see Fig. 4). Thin black lines indicate slab contours at 10 km intervals from McCrory et al. (2012). Right panel: stacked SKS
splitting measured by Martin-Short et al. (2015), plotted as red bars at the station location that are scaled by the delay time. Black bars on land indicate previously published
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hat their dataset is inconsistent with the rollback-induced toroidal
ow model; there is no evidence from the fast directions measured
n the Juan de Fuca plate for a component of along-strike flow,
s would be expected for the toroidal flow model. While Bodmer
t al. (2015) do not rule out a component of localized flow around
he slab edge in the vicinity of the Mendocino Triple Junction, as
uggested by Eakin et al. (2010), they propose that it has only a
econdary effect on the anisotropic structure.

Martin-Short et al. (2015) obtained fast direction patterns at
ascadia Initiative stations that are generally similar to those of
odmer et al. (2015), increasing the confidence that SKS splitting
arameters can indeed be reliably constrained even for relatively
oisy OBS data. They also found evidence for � that are generally
arallel to APM at stations on the Juan de Fuca plate, particularly
or stations located closer to the trench. This is interpreted as evi-
ence for entrained flow beneath the downgoing slab. Martin-Short
t al. (2015) implemented a series of geodynamic models to demon-
trate that flow in the asthenospheric upper mantle beneath the
orda plate is dominated by Pacific plate motion, suggesting that

he small and slow-moving Gorda plate does not directly influ-
nce the flow geometry. As with the Bodmer et al. (2015) study,
artin-Short et al. (2015) do not identify evidence for the kind

f large-scale toroidal flow suggested by Zandt and Humphreys
2008), which would predict a component of along-strike flow
eneath the oceanic Juan de Fuca plate. However, they do suggest

hat their measurements in the vicinity of the Mendocino Triple
unction could be reconciled with smaller-scale flow around the
lab edge, as suggested by Eakin et al. (2010), if the toroidal compo-
n 100 and 400 km, from Obrebski et al. (2010). Red lines indicate slab contours at
de of absolute plate motion in a hotspot reference frame. Purple arrows show the

 of splitting results.

nent of flow driven by slab rollback is accommodated in the deeper
mantle (depths greater than ∼400 km).

2.4. Other observations: surface waves, receiver functions, and
anisotropy tomography

In addition to shear wave splitting, other seismic observations
such as anisotropic surface and body wave tomography, trans-
verse component receiver function analysis, and Love-to-Rayleigh
wave scattering also constrain anisotropic structure, especially
its variation with depth. Surface wave tomography that includes
anisotropic parameters, in addition to isotropic wavespeed varia-
tions, has been applied to data from the TA and other deployments
in the PNW. This includes studies that have considered anisotropic
phase velocity maps at different periods, as well as those that
directly invert for anisotropy as a function of depth, and encom-
passes studies that have examined ambient noise, event-based
surface waves, or a combination of the two. For example, Beghein
et al. (2010) examined anisotropic phase velocity maps for the
region beneath the Great Basin of Nevada, and found evidence for
an arcuate pattern of azimuthal anisotropy at lithospheric depths,
with evidence for varying patterns of fast directions in the astheno-
spheric upper mantle. They argued that the anisotropy patterns

revealed by surface waves in the asthenosphere were not obviously
compatible with the Zandt and Humphreys (2008) toroidal flow
model, but could be reconciled with the lithospheric drip model of
West et al. (2009).
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Fig. 8. Results of anisotropic Rayleigh wave phase velocity inversion at a period of
77  s, from the model of Wagner and Long (2013). Peak sensitivity at this period is in
the uppermost mantle, at depths of approximately 75 km.  Background colors show
deviations in shear velocity from the starting model, as shown by the top color bar.
Fast  directions of anisotropy are shown by the black bars. Strength of anisotropy is
denoted by both the color of the diamond at each node (bottom color bar) and by the
length of the bars. Green boxes indicate regions with particularly striking anisotropy,
including eastern Oregon, the Snake River Plain, and the Cascades arc region, which
at  shorter periods (not shown) exhibits strong trench-parallel anisotropy. At 77 s
period (shown), strong E-W anisotropy beneath eastern Oregon is visible, along with
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 hint of an arcuate pattern in fast directions surrounding the Great Basin, similar to
hat found in SKS splitting patterns (Fig. 4). Source: Figure reproduced from Wagner
nd Long (2013).

A more regionally extensive model for the western US that com-
ines constraints from surface waves and SKS splitting (Yuan and
omanowicz, 2010) displays azimuthal anisotropy that varies with
epth and is able to reproduce the arcuate pattern in SKS fast
plitting directions, with smaller delay times in the central Basin
nd Range. Yuan and Romanowicz (2010) interpret this pattern
s reflecting a combination of plate-driven shearing and interac-
ions between mantle flow and the craton edge. It is notable that
he Yuan and Romanowicz (2010) model also features particularly
trong anisotropy beneath the High Lava Plains region that is coher-
nt with depth, consistent with the large shear wave splitting delay
imes observed there (Long et al., 2009). Another model with sim-
lar geographic coverage that combines constraints from ambient
oise as well as event-based surface waves is that of Lin et al. (2011),
ho constrained anisotropy in the mid-to-lower crust, the upper-
ost mantle (which probably mostly reflects the lithosphere), and

sthenosphere beneath the western ULin et al. (2011) find evidence
or asthenospheric fast directions that are parallel to Juan de Fuca-
orth America convergence to the north of the Mendocino Triple

unction. They also find a general pattern of E-W fast directions else-
here that they interpret as resulting from a combination of plate
otions and slab-driven flow. Evidence for toroidal flow from this
odel is mixed, although there is a distinct transition from NE-SW

ast directions near the Cascadia arc to more E-W fast directions in
he backarc.

Another anisotropic surface wave model with a tighter focus
n the PNW has also been presented in Wagner et al. (2013) and
agner and Long (2013). Anisotropic phase velocity maps for this
odel (Fig. 8) at longer periods (∼77 s and greater) show some evi-
ence for an arcuate pattern in fast directions (Wagner and Long,
013), similar to what is predicted for the Zandt and Humphreys
2008) toroidal flow model. As with the Lin et al. (2011) model,
here is evidence for a distinct transition from fast directions that
ics 102 (2016) 151–170 159

are parallel to the convergence direction in the arc and forearc
region to fast directions that are generally E-W (beneath the High
Lava Plains of Oregon) or dominated by an arcuate pattern (beneath
northern Nevada). Interestingly, this model also yields evidence for
a localized region of trench-parallel fast directions in the Cascadia
forearc, which was  interpreted as being due to CPO of serpentinite
phases (Wagner et al., 2013).

Constraints on P wave anisotropy beneath the Pacific Northwest
come from body wave tomographic models that include anisotropy
as a parameter, using either teleseismic and regional P waves
(Huang and Zhao, 2013) or Pn phases from regional earthquakes
that sample the uppermost mantle (Buehler and Shearer, 2010). At
a depth of 50 km, the P wave anisotropy model of Huang and Zhao
(2013) shows some evidence for an arcuate pattern in fast direc-
tions around the Great Basin, but other features do not match well
with inferences from other types of data. For example, beneath the
Cascadia arc and forearc region the model at 50 km depth exhibits
fast directions that are nearly orthogonal to the convergence direc-
tion. At a depth of 100 km,  the Huang and Zhao (2013) model
exhibits complex patterns of fast directions that generally contrast
with SKS splitting patterns beneath the PNW (their Fig. 9). The Pn
anisotropy model of Buehler and Shearer (2010) for the most part
likely reflects anisotropy in the lithospheric uppermost mantle, and
does not directly reflect present-day mantle flow. Nevertheless, a
comparison between Pn anisotropy SKS splitting (Fig. 9 of Buehler
and Shearer, 2010) argues for a significant contribution from the
asthenospheric upper mantle to SKS splitting parameters, as the
geometry of anisotropy in the uppermost (lithospheric) mantle
inferred from Pn does not generally provide a complete explanation
for SKS observations.

Receiver functions can also place constraints on anisotropic
structure at depth, specifically through the analysis of azimuthal
variations in radial and transverse component energy. This tech-
nique has been applied to data from the Cascadia subduction zone
by several workers (Park et al., 2004; Nikulin et al., 2009), and is
particularly effective at delineating sharp contrasts in anisotropy at
interfaces such as the top of the subducting slab. Park et al. (2004)
and Nikulin et al. (2009) both identified evidence for serpentinized
and deformed mantle just above the subducting Cascadia slab, at
depths of ∼40 km,  using receiver function analysis. These results,
however, mainly constrain the geometry of anisotropy in the layer
of mantle wedge directly above the slab, and are less relevant to
considerations of the large-scale mantle flow field.

Finally, observations of quasi-Love wave propagation have been
used to constrain the large-scale geometry of seismic anisotropy
in the Cascadia subduction system (Rieger and Park, 2010). Quasi-
Love waves result from the scattering of Love wave energy to
Rayleigh wave energy in the presence of a sharp gradient in
anisotropy (e.g., Levin et al., 2007b). Rieger and Park (2010) doc-
umented observations of quasi-Love waves arriving at EarthScope
stations in the PNW, originating from earthquakes in the western
Pacific, and inferred to reflect anisotropy in the asthenospheric
upper mantle in the offshore portion of the Cascadia subduc-
tion zone. They further documented azimuthal variations in the
amplitude of the quasi-Love phases that were consistent with an
anisotropic fast direction parallel to Juan de Fuca plate motion and
the subduction convergence direction. From this, Rieger and Park
(2010) argued for the presence of two-dimensional entrained flow
beneath the Juan de Fuca slab in the upper mantle.

3. Observations of volcanism and geochemistry
Seismologists often point to seismic anisotropy as the most
direct observable that constrains patterns of mantle flow; however,
equally powerful observational constraints on flow patterns come
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Fig. 9. Geochemical data from the Garibaldi Volcanic Belt at the northern edge of the Cascadia subduction zone and interpretation in terms of mantle flow, from Mullen and
Weis  (2015). Left: Geochemical data are plotted as a function of latitude (south to north) for a variety of geochemical tracers, as indicated by each figure label, along with
temperature (panel h) and pressure (panel i) calculated from a silica activity geobarometer and olivine-liquid geothermometer. Details of tracers and calculations can be
found  in Mullen and Weis (2015). Right: Schematic 3D representation of plate configuration at the northern end of the Cascade Arc, along with inferred mantle flow (red
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rrows).  In this model, there is an influx of hot, enriched NE Pacific mantle throug
outherly narrowing of the second arrow depicts the waning influence of NE Pacifi
antle  wedge. Source: Figure is reproduced from Mullen and Weis (2015).

rom geochemical tracers. Specifically, if geochemical signatures
hat are particular to a certain mantle reservoir can be identified,
hen their evolution in space and time (as expressed in volcanic
ocks) can be used to map  patterns of mantle flow. For example,
urner and Hawkesworth (1998) argued that a combination of geo-
hemical tracers (including helium and lead isotope ratios along
ith incompatible element ratios) can be used to map  mantle flow

eneath the Lau Basin in the northern part of the Tonga subduction
ystem. They argued for the infiltration of Samoan plume material
based on its distinctive 3He/4He ratio) in a trench-parallel direc-
ion into the mantle wedge, arguing for an along-strike component
f mantle flow. Similarly, Hoernle et al. (2008) combined evidence
rom Pb and Nd isotope ratios and their variation along the Central
merican volcanic arc with evidence from seismic anisotropy in the
antle wedge to argue for along-strike flow above the subducting

ocos plate, at a rate roughly comparable to the downgoing plate
elocity.

Recently, Mullen and Weis (2015) applied geochemical analy-
is to basalts from the northern part of the Cascades (the Garibaldi
olcanic Belt, Fig. 1) and argued for a component of trench-parallel
ow in the mantle wedge based on along-strike variability in trace
lement and isotope ratios. Specifically, they examined a suite of
race elements and isotope ratios for Sr, Nd, Hf, and Pb and docu-

ented spatial variations from north to south (that is, near the slab
dge to near the slab interior) along the volcanic belt for most of
he geochemical indicators studied (Fig. 9). They propose that these
rends reflect a greater extent of mantle depletion and a higher pro-
ortion of melt contributions derived from the slab with increasing
istance from the slab edge. Mullen and Weis (2015) suggest that
he geochemical observations are consistent with toroidal mantle

ow driven by slab rollback at the northern edge of the Cascadia
lab, and point to the consistency among the observed geochemi-
al gradients, seismic anisotropy indications, and predictions from
slab gap by toroidal/poloidal flow, triggered by slab rollback (heavy black arrow).
tle on magma  compositions due to progressive mixing with melts of the depleted

geodynamic models (discussed in section 4 below) as further sup-
port for the toroidal flow model.

In addition to observations from basalt geochemistry, the spa-
tiotemporal patterns and petrologic characteristics of volcanics can
themselves shed light on the processes in the underlying mantle
that cause melting. Studies of volcanism in the Oregon backarc have
played a key role in the formulation of hypotheses that address
present-day mantle dynamics. The pattern, timing, and characteris-
tics of backarc volcanism in eastern Oregon, which is dominated by
the bimodal and partially time-progressive High Lava Plains (HLP)
volcanic province, have proven to be challenging to explain in the
context of mantle dynamics models for the Pacific Northwest (e.g.,
Carlson and Hart, 1987; Camp and Hanan, 2008; Faccenna et al.,
2010; Foulger et al., 2015). This is perhaps particularly true for those
models that invoke a deep mantle plume as the source of both the
Columbia River flood basalts and later volcanism in the HLP and
the Yellowstone/Snake River Plain (Y/SRP) to its east (e.g., Camp
and Ross, 2004; Jordan, 2005; Smith et al., 2009; Camp, 2013).

The High Lava Plains region of eastern Oregon includes both
time-progressive rhyolitic volcanism that has migrated to the west-
northwest over the past 12 Ma,  as well as basaltic volcanism that
is widespread in space and time. A recent investigation of the
spatiotemporal trends of HLP volcanism (Ford et al., 2013) contra-
dicts the predictions of a model that invokes motion of the North
American plate over a stationary mantle upwelling, similar to the
conclusions of previous workers (e.g., Jordan, 2005). New 40Ar/39Ar
dates presented by Ford et al. (2013) show clear evidence for a
westward migration of rhyolitic volcanism at a rate of roughly
33 km/Ma, with a slowing of this rate around 4 Ma.  Ford et al. (2013)
relate this rhyolitic trend to mantle flow processes that result from

the rollback and steepening of the Cascadia slab, and argue that the
mantle flow geometry inferred from the age progression of the rhy-
olites is identical to the flow direction inferred from SKS splitting
beneath the HLP, as documented by Long et al. (2009).
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Fig. 10. Results and interpretation of basalt thermobarometry from the work of Till et al. (2013). Top panel: NW-SE cross-section of depths and temperatures of origin for
Holocene basalts (circles) from the High Lava Plains and central Oregon Cascades, plotted on top of the shear wave tomography model of Wagner et al. (2010) at mantle depths
and  Hanson-Hedgcock et al. (2012) for the crust; magnitudes of relative shear velocity variations are shown in color, varying from 5% fast (blue) to 9% slow (white). Figure from
Long et al. (2012). Grayscale of the circles indicates the basalt temperatures, ranging from 1220 ◦C (black) to 1390 ◦C (white). Bottom panel: Cartoon interpretation illustrating
three  potential causes of mantle upwelling that likely produced the primitive basalts with low pre-eruptive H2O contents in southern Oregon and northern California: (I)
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xtension. Gray-dashed lines represent depth contours for the subducting slab, wh
ines  that coincide with the western margin of Precambrian North America (see Till

The physical conditions associated with the mantle melting
hat produced young volcanism beneath the HLP was investigated
y Till et al. (2013), who applied thermometry and barometry
echniques to a suite of primitive, anhydrous basalts from the
LP and surrounding regions. Till et al. (2013) found evidence for
elt extraction at roughly 40–58 km depth beneath the HLP, just

eneath the geophysically imaged Moho (e.g., Eagar et al., 2011),
t temperatures (between 1185 and 1383 ◦C) that are relatively
arm, but not hot enough to require a contribution from a deep
antle plume. Till et al. (2013) further argue that the conditions

f melting inferred from their study are consistent with upwelling
ssociated with a combination of subduction-driven corner flow
nd toroidal flow around the southern edge of the slab (Fig. 10). This
roposed style of decompression melting and volcanism associated
ith toroidal flow around a slab edge is similar to scenarios that
ave been suggested for other regions, notably volcanism at Mt.
tna associated with the edge of the Ionian slab (Schellart, 2010).
. Geodynamic modeling constraints

Insights gained from geodynamic modeling are critical for an
nderstanding not only of mantle flow patterns, but of the phys-
ern termination of the subducting slab, and (III) northwest Basin and Range crustal
ck-dashed lines indicate the approximate location of the 87Sr/86Sr 0.704 and 0.706

 2013 for details). Source: Figure reproduced from Till et al. (2013)gr10

ical processes that drive mantle flow (e.g., Billen, 2008; Gerya,
2011; Jadamec, 2016; Schellart and Strak, 2016). A series of ana-
log modeling experiments was  carried out in order to investigate
specific aspects of Cascades backarc volcanism, particularly the
roles of subduction-driven flow and/or a possible mantle plume
in producing HLP volcanism and other volcanic features (Druken
et al., 2011; Kincaid et al., 2013). These laboratory experiments
used a kinematic-dynamic subduction model to understand the
patterns of flow in the Cascadia subduction system and to predict
observables such as seismic anisotropy and spatiotemporal trends
in volcanism. Specifically, Druken et al. (2011) carried out a series
of experiments with parameters appropriate for modeling Cascadia
subduction, including a phase of trench rollback beginning at ∼20
Ma.  They found that a combination of slab rollback and a modest
amount of upper plate extension produced a large-scale toroidal
flow field that produced efficient alignment of strain markers in
an E-W direction in the portion of the model corresponding to the
HLP, providing an excellent match to the SKS splitting observations

of Long et al. (2009). The suite of models presented by Druken
et al. (2011) was further explored in the synthesis of Long et al.
(2012) to understand the implications of large-scale toroidal flow
for patterns of volcanism and the thermal evolution of the system.
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Fig. 11. Model setup and results for the laboratory models of mantle flow described in Druken et al. (2011). (a) Tectonic setting of the Pacific Northwest, indicating the basic
kinematic elements that the model aims to reproduce. Brown shaded region indicates the extent of the S/CRB flood basalts; red triangles indicate Holocene volcanics. Thin
black  lines indicate approximate age contours of rhyolitic volcanism within the HLP and SRP trends. Black arrows indicate the absolute plate motion direction of the North
American plate, the convergence direction of the Juan de Fuca plate relative to North America, and the absolute migration of the trench, respectively. Dashed box indicate the
region  under study. (b) Cartoon sketch of the kinematic subduction model, which includes a tank of glucose syrup that simulates mantle flow, Mylar reels that simulate the
motion of the downgoing and overriding plates, and a trench that migrates with respect to the tank. (c) Map-view image of illuminated model slice from a typical experiment,
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howing  whiskers (small white lines) that locally align with finite strain in the fluid
he  yellow dashed line and blue box indicate the overriding plate extension center
or  the flow field are shown in gray, indicating the presence of large-scale toroidal fl

ong et al. (2012) highlighted the prediction of a distinctive pulse of
pwelling approximately ∼3 Myr  after the initiation of rollback and
teepening, along with continuing migration of a front of elevated
emperatures at the base of the overriding plate to the west at a rate
hat is consistent with the observed temporal progression of rhy-
litic volcanism in the HLP (Ford et al., 2013) (Fig. 11). An important
onclusion from the modeling work of Druken et al. (2011), then, is
hat relatively simple plate forcing (downdip motion, rollback, and
teepening of the slab) can result in complex, three-dimensional,
ime-varying flow fields. Furthermore, models that are dominated
y large-scale toroidal flow are capable of reproducing the pattern
f anisotropy observed in the Oregon backarc as well as first-order
haracteristics of backarc volcanism, including the timing and loca-
ion of the S/CRB flood basalts and subsequent volcanism in the HLP
Druken et al., 2011; Long et al., 2012).

A second modeling study (Kincaid et al., 2013) used a similar
et of kinematic boundary conditions as the Druken et al. (2011)
tudy, but also included a thermal plume at the bottom of the
odel volume and investigated the interaction of the plume with

ubduction-driven mantle flow. This study found that a buoyant
lume may  be bifurcated within the complex flow field induced by
ubduction, potentially explaining first-order aspects of PNW geo-
ogic and volcanic history. Specifically, the western portion of the
lume anomaly in the models of Kincaid et al. (2013) can become
ntrained into the slab-driven flow field, potentially explaining the
ge progression in HLP rhyolites, while the eastern portion migrates
n a geometry consistent with the SRP age progression. Importantly,

 major conclusion from the work of Kincaid et al. (2013) is that
lume material, if present, effectively acts as a passive tracer within
he subduction-induced flow field; while the presence of the hot
lume can explain patterns of volcanism, it does not substantially
odify the flow field itself.
Other workers have investigated the possible relationships

etween the behavior of the Juan de Fuca slab in the upper mantle

nd surface volcanism from a geodynamic modeling perspective
e.g., Schellart et al., 2010; Liu and Stegman, 2012). For example,
iu and Stegman (2012) implemented a suite of numerical models
hat incorporated data assimilation and found that the model that
enerally match the observations of fast splitting directions from Long et al. (2009).
rea of interest for this study, respectively. Approximate instantaneous streamlines
ource: Figure reproduced from Druken et al. (2011).

provides the best fit to present-day tomographic models of mantle
structure includes an episode of slab tearing that is consistent in
both space and time with the S/CRB flood basalt eruptions. These
models feature complex and time-varying flow fields that would
likely predict complicated patterns of present-day upper mantle
anisotropy in the backarc, although detailed comparisons between
predicted and observed anisotropy have not yet been carried out.
Later work carried out using a similar modeling approach by
Leonard and Liu (2016) investigated possible interactions between
the sinking Juan de Fuca slab and a possible deep-seated mantle
plume; based on this series of models, the authors argued that the
presence of a deep mantle plume to the formation of Yellowstone
volcanism may  be less important than previously thought. Impor-
tantly for the arguments made in the present paper, Leonard and
Liu (2016) found that the evolution of mantle structures and the
character of the mantle flow field are dominated by the sinking
slab, similar to the findings of Kincaid et al. (2013) for their plume-
slab interaction models. Taken together, these studies suggest that
subduction-controlled processes are the most important in con-
trolling the mantle flow field, and that present-day mantle flow
in the Cascadia subduction system is likely complex and three-
dimensional, regardless of the presence or absence of a mantle
plume.

In addition to these modeling studies that are specific to the
Cascadia subduction system, a number of papers address the pres-
ence and characteristics of three-dimensional flow in subduction
systems from a modeling perspective. Modeling studies that use
both numerical (Faccenda and Capitanio, 2013; Li et al., 2014) and
analog (Piromallo et al., 2006; MacDougall et al., 2014; Strak and
Schellart, 2014, 2016; Chen et al., 2016) approaches have investi-
gated toroidal flow in subduction systems, often with the explicit
goal of comparing with seismic anisotropy observations. Partic-
ularly relevant to the discussion here, Faccenda and Capitanio
(2013) modeled the flow field and resulting anisotropy for a fully

dynamic slab with trench rollback, and predicted a complex flow
field that featured mostly trench-normal fast splitting directions in
the backarc, consistent with what is observed in the Cascadia sub-
duction zone. Similar models by Li et al., (2014) also documented
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his geometry of anisotropy in the central portion of the model
ackarc in subduction models with significant rollback. This type
f behavior – with toroidal flow due to slab rollback focusing strong
rench-normal flow in the central portion of the backarc, with more
omplex flow fields near the edges of the slab – also manifests in
nalog experiments, such as those of MacDougall et al. (2014) for

 series of model geometries that included slab gaps and variable
lab dips.

A series of analog models by Schellart and collaborators
Schellart et al., 2010; Strak and Schellart, 2014, 2016; Chen et al.,
016) has investigated the role of slab width and trench rollback

n the behavior of slabs, including both their kinematics and the
haracter of mantle flow induced by subduction. For example,
trak and Schellart (2014) demonstrated that upwelling associ-
ted with toroidal flow around slab edges is a common feature,
roviding support for the hypothesized link between toroidal edge
ow and volcanism near slab edges (e.g., Schellart, 2010; Till et al.,
013). Later work explicitly investigated how the character of this
pwelling is affected by the width of the slab (Strak and Schellart,
016) and how the flow induced by rollback subduction interacts
ith the overriding plate, perhaps resulting in backarc extension

Chen et al., 2016).

. Possible fragmentation of the Juan de Fuca slab at depth

Many of the geodynamic models of mantle flow discussed in
ection 4 include an intact subducting slab – either one that is pla-
ar and kinematically defined (e.g., Piromallo et al., 2006; Druken
t al., 2011; Kincaid et al., 2013) or one that is deformable and
ynamic (e.g., Faccenda and Capitanio, 2013; Li et al., 2014). Models
hat feature large-scale toroidal flow around the edges of a sub-
ucting slab due to slab rollback, with focusing of trench-normal
eturn flow in the central portion of the backarc, generally feature
n intact slab that serves as an efficient barrier to lateral flow as
he slab rolls back, forcing material around the slab edges (e.g.,
aczkowski et al., 2014). In contrast, models in which the slab
reaks up, or has gaps, tend to feature focused flow through the
lab gaps instead of a well-organized toroidal flow field (e.g., Liu
nd Stegman, 2012; MacDougall et al., 2014). Therefore, the via-
ility of large-scale toroidal flow as an explanation for shear wave
plitting patterns in the Pacific Northwest, as suggested by Zandt
nd Humphreys (2008) and later workers (e.g., Fouch and West,
008; Long et al., 2012), hinges on the ability of the Juan de Fuca
lab to act as a barrier to flow in the upper mantle. Recent work to
mage the Juan de Fuca slab at depth, relying on data from USAr-
ay and related efforts, has suggested instead that the slab may
e fragmented both in the mid-mantle (transition zone depths and
eeper) and in the upper mantle. The question of whether the upper
antle portion of the slab is fragmented, and thus whether it can

nduce a large-scale toroidal flow field, is critically important for
nderstanding mantle flow beneath Cascadia.

One of the most important scientific results to come out of
he tomographic imaging efforts using USArray seismic data is
he finding that mantle seismic structure beneath the PNW is
ighly complex and suggests a complicated slab morphology (e.g.,
ecker, 2012; Pavlis et al., 2012). At mid-mantle depths, a num-
er of studies have argued for the fragmentation of the slab and
or a complex relationship between past subduction history and
resent-day mantle structure (e.g., Obrebski et al., 2011; Sigloch,
011; James et al., 2011). To highlight one example, James et al.
2011) argued that a relatively fast anomaly in tomographic mod-

ls at depths between 400 and 600 km roughly beneath the Y/SRP
otspot track corresponds to an “orphaned” piece of Farallon slab in
he mid-mantle, providing evidence for slab fragmentation in the

id-mantle that generally agrees with findings from other authors
ics 102 (2016) 151–170 163

(e.g., Obrebski et al., 2011; Sigloch, 2011). However, a fragmented
slab at mid-mantle depths can likely be reconciled with the toroidal
flow model if the slab is intact in the upper mantle, as long as there
is a viscosity jump in or near the transition zone that acts as a partial
barrier to return flow beneath the subducting slab, as shown in the
modeling experiments of Paczkowski et al. (2014). A critical ques-
tion, therefore, is to what degree the slab is fragmented at depths
above ∼400 km in the upper mantle.

While the Juan de Fuca slab is clearly imaged as a relatively fast
anomaly in the upper mantle in most tomography models, its con-
tinuity and depth extent are debated. Some workers image the slab
down to a depth of ∼300 km in body wave models but argue that the
slab anomaly does not extend to the deepest portion of the upper
mantle (e.g., Obrebski et al., 2010; Darold and Humphreys, 2013);
however, other authors have argued for a continuous slab anomaly
that reaches into the transition zone (e.g., Roth et al., 2008), partic-
ularly in the southern portion of the subduction system. A robust
feature of many upper mantle tomography models is the along-
strike variability in the strength of the slab velocity anomaly at
depths around 100–150 km,  and the possible presence of a “gap”
in the slab at upper mantle depths near the Oregon-Washington
border (e.g., Roth et al., 2008; Obrebski et al., 2010; Wagner et al.,
2010; Schmandt and Humphreys, 2010; Porritt et al., 2011; Darold
and Humphreys, 2013; Gao and Shen, 2014) (Fig. 12).

It is debated, however, to what extent this feature in the seis-
mic  wave speed models corresponds to actual slab fragmentation
in the upper mantle. For example, Obrebski et al. (2010) argued for
a slab rupture and breakup at approximately ∼19 Ma  associated
with the impingement of the Yellowstone plume head on the slab;
this slab breakup, in their model, resulted in the present-day frag-
mentation of the slab in the upper mantle. Later work by this group
(Obrebski et al., 2011) reiterated the argument for a gap in the slab
beneath ∼150 km depth in northern Oregon, a view shared by other
authors (e.g., Schmandt and Humphreys, 2010). However, other
workers have argued against this notion, positing that the apparent
slab gap (as expressed in substantial weakening of the slab-related
fast anomaly) near the Oregon-Washington border may be an arti-
fact associated with imperfect resolution due to the major slow
anomaly in the mantle wedge just to the east of the purported gap
(Roth et al., 2008). Some models (e.g., Wagner et al., 2010; Chen
et al., 2015) seem to show the fast slab anomaly to be nearly con-
tinuous along strike to depths of ∼150 km or greater, although there
are along-strike variations in its strength.

What are we to conclude about the contiguity of the Juan de
Fuca slab in the upper mantle based on tomographic imaging?
As pointed out by Roth et al. (2008) and others, the resolution of
tomographic models beneath the Pacific Northwest is imperfect,
despite the good data coverage afforded by USArray, and the pres-
ence of major slow anomalies in the mantle wedge may  hamper
the ability of the data to resolve a possible fast slab anomaly. Fur-
thermore, although the first-order patterns in various western US
tomography models tend to be similar, their amplitudes vary sig-
nificantly (e.g., Becker, 2012), and a straightforward extrapolation
to temperature and/or composition (or subduction history) is diffi-
cult. Furthermore, the presence of strong seismic anisotropy in the
upper mantle beneath the PNW could potentially bias tomographic
inversions, most of which assume isotropic structure (e.g., Bezada
et al., 2016). The structures retrieved in tomographic imaging can
depend strongly on the starting model; for example, Chen et al.
(2015) carried out inversions with a slab-like fast structure in the
starting model rather than relying on a 1-D starting model; when
an a priori slab was  included, the retrieved slab structure appears to

be more continuous than in other models that fit the data equally
well.

Other seismic imaging methods can provide constraints on slab
structure that are complementary to those provided by tomogra-
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Fig. 12. Horizontal slices through two different shear wave velocity models for the PNW, demonstrating evidence for fragmentation of the slab in the upper mantle. Left panel:
Horizontal slice at a depth of 94 km from the model of Gao and Shen (2014); colors correspond to shear velocity in km/sec, as indicated by the color bar. The slab corresponds
to  the N-S trending fast anomaly (blue), which is clearly weaker in the central part of the arc. Figure reproduced from Gao and Shen (2014). Right panel: Horizontal slice at a
depth  of 300 km from the S wave model of Obrebski et al. (2011). Color scale used to represent the velocity anomalies ranges from +2% deviations from the starting model
(blue)  to −2% deviations (red). Green lines indicate physiographic provinces; magenta line indicates the Cheyenne Belt. A number of fast anomalies are imaged at this depth;
particularly relevant is the apparent gap in the slab just to the east of the Cascades arc (two inferred fragments are labeled “Slab”). Source: Figure reproduced from Obrebski
et  al. (2011).

Fig. 13. Reflectivity profile of the Cascadia subduction zone at a latitude of 44.25◦N along a profile across central Oregon, from Tauzin et al. (2016). Red/blue areas show
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ositive/negative amplitudes corresponding to increases/decreases of Vs, respecti
ontour of the Gorda-Juan de Fuca plate from McCrory et al. (2012) is plotted with 

ig. 10) and indicate the possible boundary delimiting the subducted plate from the

hy, and waveform modeling methods as well as scattered wave
maging methods have been applied to the Cascadia subduction
one. Chu et al. (2012) applied waveform modeling techniques to a
uite of models derived from seismic tomography, and found evi-
ence for the downdip extent of the subducted slab to a depth of
250 km beneath Seattle and a shallower depth beneath Portland,

onsistent with the idea that the slab down not extend continu-
usly to the base of the upper mantle. However, recent imaging of

he slab using a multiple mode conversion technique by Tauzin et al.
2016) provides a different view of slab structure (Fig. 13). These
orkers obtain a reflectivity image of the upper mantle down to a
epth of 450 km beneath Cascadia, and find evidence for conver-
he seismicity above and below the slab is indicated with open circles; the depth
 line. The dashed lines are inferred from reflectivity and seismic tomography (e.g.,

tle wedge. Source: Figure reproduced from Tauzin et al. (2016).

sions associated with the slab in the depth range of the “slab gap”
inferred from tomography. They conclude, therefore, that although
the slab might not manifest in tomographic images of mantle wave
speed, a contiguous (or nearly so) subducted plate is in fact present
down to the base of the upper mantle (Tauzin et al., 2016).

6. The Cascadia Paradox: where do we stand?
The geophysical, geochemical, and other data that shed light on
mantle flow in the Cascadia subduction system lend themselves
to varying and often conflicting interpretations. On balance, there
is compelling evidence for at least some component of toroidal
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Fig. 14. Cartoon sketch of hypothesized mantle flow beneath the Pacific North-
west over the past ∼20 Ma,  reproduced from Long et al. (2012). Four time periods
are shown, from top to bottom: pre-20 Ma,  ∼20 Ma  (initiation of slab rollback),
16.5–10.5 Ma  (S/CRB flood basalt era), and 10.5 Ma-present. The hypothesized
M.D. Long / Journal of Geo

ow; observations that support this view include shear wave split-
ing observations at the edges of the slab (e.g., Eakin et al., 2010;

osher et al., 2014; Martin-Short et al., 2015) and geochemical
bservations that suggest a component of along-strike material
ransport in the mantle wedge (Mullen and Weis, 2015). What is
ot clear, however, is whether any three-dimensional component
f flow is a small-scale phenomenon localized to the area near the
lab edges, or whether there is a large-scale component of toroidal
ow extending well into the backarc, such as that advocated by
andt and Humphreys (2008). Given that both of the simplest end-
ember models (two-dimensional entrained flow both above and

eneath the slab, vs. large-scale three-dimensional toroidal flow
nduced by slab rollback) are commonly invoked in the literature as
xplanations for observations, it is clear that the Cascadia Paradox
as not yet been resolved.

At the heart of this uncertainty is the fact that there are clear
nd convincing observations in different portions of the subduction
ystem that seem to lead inexorably to different conclusions about
antle flow patterns. For example, there are now several lines of

vidence that suggest that the suboceanic upper mantle offshore
ascadia is dominated by plate motion parallel shearing, with fast
nisotropy directions that are parallel to the motion of the Juan de
uca plate. This includes recent shear wave splitting measurements
t OBS stations of the Cascadia Initiative array (Bodmer et al., 2015;
artin-Short et al., 2015), but also includes observations of Love-

o-Rayleigh wave scattering due to offshore structure (Rieger and
ark, 2010), which exhibit amplitude variations with azimuth that
re consistent with entrained sub-slab flow. The predictions made
y the simplest entrained flow models, however, are not borne out
y SKS splitting observations on the overriding plate (Fig. 5); it

s clear that other processes influence these anisotropy patterns,
hether these processes include 3-D toroidal flow, lithospheric
elamination, frozen lithospheric anisotropy from past deforma-
ion episodes, or a combination of these.

Among the most compelling observations that argue for
arge-scale toroidal flow in the Cascadia subduction system are
bservations and models of seismic anisotropy beneath the cen-
ral portion of the backarc, most notably the HLP region. The initial
bservation of an arcuate pattern of SKS fast orientations in the
estern US (Zandt and Humphreys, 2008) in pre-TA splitting com-
ilations has generally held up in the post-TA era (e.g., Liu et al.,
014; Fig. 5), but there may  be alternative explanations (other than
oroidal flow) for this pattern, including the possibility of a litho-
pheric drip (West et al., 2009). It has proven difficult, however, to
dentify a compelling alternative explanation for the observations
f anisotropy beneath the HLP region (Xue and Allen, 2006; Long
t al., 2009; Wagner and Long, 2013). Beneath the HLP, the dense
tation coverage allows for the robust measurement of strong split-
ing with E-W fast orientations and delay times up to 2.5 s, with
plitting parameters that do not appear to vary with azimuth, ruling
ut multiple layers of anisotropy (Long et al., 2009). These splitting
bservations are not easily reconciled with a two-dimensional cor-
er flow model, which would predict fast orientations parallel to
he Juan de Fuca-North America convergence direction, but match
xtremely well with the predictions for toroidal flow models that
ncorporate realistic kinematic parameters for Cascadia (Druken
t al., 2011). This match between geodynamic model predictions
nd anisotropy observations, in combination with constraints from
he timing and character of HLP and S/CRB volcanism (Ford et al.,
013; Till et al., 2013) and seismic tomography (Roth et al., 2008;
ames et al., 2011) led to the proposal of a conceptual model for

antle dynamics beneath the Pacific Northwest (Long et al., 2012),

 cartoon of which is shown in Fig. 14. This conceptual model
an explain many aspects of post-20 Ma  volcanism in the Casca-
ia subduction zone (although it struggles to explain aspects of
he Y/SRP volcanic trend; e.g., Camp, 2013; Foulger et al., 2015),

present-day flow field includes a significant component of toroidal flow induced
by  slab rollback.
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nd can also explain a host of seismic, geochemical, and petro-
ogic observables in the HLP region that are otherwise difficult to
xplain (Long et al., 2012). The most important implication of this
odel present-day mantle flow is that it requires the presence of

 well-developed toroidal flow field induced by the rollback and
teepening of the Juan de Fuca slab; it cannot be reconciled with

 purely 2-D subduction-induced flow field, nor can it be easily
econciled with a highly fragmented slab in the upper mantle.

The morphology of the subducted Juan de Fuca slab at depth,
nd the extent to which it corresponds to a contiguous structure
n the upper mantle that is capable of deflecting mantle flow in

 toroidal pattern, is fundamental to understanding mantle flow
eneath Cascadia. There is not yet consensus, however, on whether
r not the slab is fragmented in the upper mantle, although there
re robust arguments for complex, fragmented slab morphology in
he mid-mantle portion of the subduction system. Taken together,
omographic images of the slab argue for some kind of fragmenta-
ion or at least along-strike variability of deep slab structure, but
esolution is imperfect, and some authors have argued that the
pparent slab window is an imaging artifact (Roth et al., 2008).
urther complicating the issue, recent reflectivity imaging (Tauzin
t al., 2016) is consistent with a continuous slab even in the portion
f the system where tomographic imaging suggests a slab gap.

What is the role of the putative Yellowstone plume in our under-
tanding of present-day mantle flow in the Cascadia subduction
ystem? The existence, character, geometry, strength, and behavior
f the Yellowstone plume, and its role in post-20 Ma  volcanism in
he Cascadia backarc, have been hotly debated (e.g., Fouch, 2012).
ome workers have argued strenuously that the plume model is
he best explanation for the S/CRB volcanism and the subsequent
RP trend (e.g., Camp and Ross, 2004; Smith et al., 2009; Camp,
013; Kincaid et al., 2013) and that a plume that extends in depth
o the lower mantle is imaged tomographically (e.g., Obrebski et al.,
010, 2011). Other workers have espoused models that empha-
ize subduction-related processes (e.g., Carlson and Hart, 1987;
ong et al., 2012), pointed out the differences between tomographic
mages and the classical view of a simple mantle plume (e.g., James
t al., 2011), highlighted the potential importance of lithospheric
rocesses in producing PNW volcanism (e.g., Foulger et al., 2015),
r emphasize the potential difficulties in models for plume-slab
nteraction (e.g., Leonard and Liu, 2016). The debate over the char-
cteristics of the putative Yellowstone plume is far from settled;
t is worth pointing out, however, that in the context of under-
tanding the mantle flow field both in the present day and over the
ast ∼20 Myr, it may  not be a crucial question. A number of geo-
ynamic modeling studies have pointed out that the flow field in
he Cascadia subduction system is almost certainly controlled by
ubduction-related processes such as downdip motion of the slab
nd (potentially) slab rollback; if a plume is present, its behavior is
ikely controlled by the subduction-induced flow field (e.g. Kincaid
t al., 2013; Leonard and Liu, 2016).

An interesting aspect of the Cascadia Paradox that remains to
e explored in detail is whether and how the pattern of flow in
he upper mantle interacts with patterns of crustal deformation on
he overriding plate. One of the more robust geophysical observa-
ions that has emerged from recent work in the Pacific Northwest
s the finding of a large-scale clockwise rotation of the PNW rel-
tive to North America (e.g., McCaffrey et al., 2000, 2007, 2013;
ells and McCaffrey (2016)). Rotation rates derived from GPS
easurements generally match those inferred from paleomagnetic

nomalies measured for the CRB, such that the present-day rotation
grees with the long-term rate over the past ∼15 Ma  (McCaffrey

t al., 2013). As pointed out recently by McCaffrey et al. (2013),
t is not immediately obvious how to reconcile the inference of
enerally E-W mantle flow beneath eastern Oregon (as suggested
y shear wave splitting, and consistent with the idea of toroidal
ics 102 (2016) 151–170

flow) with the observed block rotation of the crust above it, unless
there is mechanical decoupling between the crust and the astheno-
spheric mantle beneath it, or the crust is strong enough to resist
deformation despite the application of basal tractions from mantle
flow. Whether the mantle flow field in Cascadia is dominated by
two-dimensional entrained flow or by three-dimensional toroidal
flow, the question of how to reconcile mantle dynamics with
crustal dynamics remains an exciting target for future research.
The resolution of this question has important implications for our
understanding of plate driving forces, the strength of the continen-
tal crust, and degree of mechanical coupling between plates and
the underlying mantle.

How can we work towards resolving seemingly contradictory
observations and come to a robust understanding of the pattern
of mantle flow in the Cascadia subduction system and the forces
that control that pattern? A resolution of the Cascadia Paradox
will require a combination of constraints from observational seis-
mology, geodynamic modeling, geochemistry, and geodesy, and
the identification of new models that can provide explanations for
seemingly contradictory inferences. There are a few directions for
the near future that are likely to bear fruit. Of paramount impor-
tance is a better understanding of the morphology of the Juan de
Fuca slab in the upper mantle and how that slab structure manifests
itself in (imperfect) tomographic images. Tomographic inversions
that take into account the known strong anisotropy in the PNW
upper mantle may  help to sharpen images of the slab (e.g., Bezada
et al., 2016), and probabilistic inversions (e.g., Burdick and Lekic,
2015) may  help to translate tomographically determined seismic
wave speeds more directly into inferences about temperature and
thus slab structure. On the geodynamic modeling side, continuing
efforts to model mantle flow in subduction systems with a non-
continuous (that is, fragmented) slab and to predict the anisotropy
patterns that would result from such flow fields will be useful. Fur-
ther geochemical investigations of possible along-strike flow in the
Cascadia mantle wedge, building on the recent work of Mullen and
Weis (2015), will be helpful, particularly in the southern portion of
the subduction system.

From an observational seismology point of view, one critical
aspect of anisotropic structure that has not yet been thoroughly
addressed in the published literature is the possibility of depth-
varying anisotropy beneath the offshore Juan de Fuca plate. A key
argument against the large-scale toroidal flow model is the lack of
evidence for a component of along-strike (that is, generally trench-
parallel) return flow beneath the oceanic lithosphere of the Juan
de Fuca plate. There is evidence in many other subduction systems
for such flow from source-side splitting observations that sample
the sub-slab mantle (e.g., Lynner and Long, 2014), but evidence
from this type of measurement for Cascadia (Russo, 2009) is mixed.
SKS splitting measurements for Cascadia Initiative OBS stations do
not show evidence for the significant component of trench-parallel
flow that would be expected for the large-scale toroidal flow model.
However, the short deployment times and high noise level associ-
ated with OBS instrumentation mean that the azimuthal coverage
for SKS splitting is poor, and the measurements of Bodmer et al.
(2015) and Martin-Short et al. (2015) are unlikely to be sensitive
to multiple layers of anisotropy. If the return flow associated with
a toroidal flow field is accommodated in the deeper portions of
the upper mantle beneath the Juan de Fuca oceanic plate, with a
shallower layer of anisotropy due to plate motion parallel shear-
ing, then this may  not be obvious from SKS splitting. Surface wave
models derived from Cascadia Initiative data that include the pos-
sibility of multiple layers of anisotropy may  be crucial for resolving

this point.

Another avenue for future investigation that may  prove fruitful
is the re-evaluation of the suite of seismic, geodynamic, petro-
logic, and geochemical observations from the recent High Lava
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lains project in the eastern Oregon backarc. The synthesis of Long
t al. (2012) argued that these observations are best explained by a
odel that invokes toroidal flow driven by the rollback and steep-

ning of the Cascadia slab. However, as discussed in this paper,
t is difficult to reconcile this model with the increasingly con-
incing evidence for some type of fragmentation of the Cascadia
lab at depth, or with the two-dimensional entrained flow that
s suggested by anisotropy data in other portions of the system.
o convincing alternative explanation for the strong anisotropy
ith E-W fast orientations and large delay times observed beneath

he HLP region has yet been investigated in detail; however, the
dentification and evaluation of alternative models for mantle flow
eneath the HLP is important.

Because of the extensive data collection that has been done in
he central and southern portions of Cascadia as part of EarthScope,
eoPRISMS, the Cascadia Initiative, and related efforts, most stud-

es of mantle flow have focused on the central and southern part of
he subduction system. However, intriguing results have also been
btained near its northern edge, where the Explorer microplate
ubducts beneath North America and the margin transitions from
ubduction to transform motion going from south to north (Fig. 1).
hese include shear wave splitting observations that suggest a sig-
ificant departure from two-dimensional entrained flow (Mosher
t al., 2014) as well as seismic imaging studies that have suggested

 complex and evolving slab morphology, with likely toroidal flow
round its edge (e.g., Audet et al., 2008; Mercier et al., 2009). Using
eochemical tools, Thorkelson et al. (2011) identified evidence for
pwelling-induced melting and volcanism to the north of the slab
dge, implying that large-scale mantle flow has been controlled by
he temporal evolution of the slab at depth. Future investigations
f the slab morphology and the mantle flow regime at the north-
rn edge of the Cascadia subduction system should yield important
nsight that is complementary to the extensive investigations that
ave been done in its central and southern portions.

Finally, analogies with other subduction systems should be con-
idered as a potential source of future insight into the dynamics
f the Cascadia subduction system. There is a natural analogy
ith the Mexican subduction zone, where the Cocos and Rivera

labs (like the Juan de Fuca, remnants of the ancient Farallon
late; Severinghaus and Atwater, 1990) subduct beneath Mexico.
ike Cascadia, this subduction system is undergoing rollback (e.g.,
errari et al., 2001), and as with Cascadia, the flow field seems to
ombine elements of both the 2D entrained flow and 3D toroidal
ow scenarios, based on anisotropy observations (León Soto et al.,
009; Stubalio et al., 2012). There may  also be one or more slab gaps
r tears in the slab beneath Mexico (e.g., Dougherty and Clayton,
014), so this system may  provide another example of how a frag-
ented slab interacts with the mantle around it to drive flow.

uture investigations that compare and contrast the slab morphol-
gy, subduction kinematics, volcanic patterns and chemistry, and
eismic anisotropy of the Mexican and Cascadia subduction zones
ay  well produce new insights into what factors control the mantle

ow fields in these analogous systems.

. Conclusions

Despite extensive study, the pattern of mantle flow associated
ith the Cascadia subduction system remains poorly under-

tood. Two different endmember models – the two-dimensional
ntrained flow model and the large-scale three-dimensional
oroidal flow model – are commonly invoked to explain geophys-

cal, geochemical, petrologic, and other observations. However,
here is as yet no consensus on either the pattern of mantle flow
r the drivers of the flow field. It is likely that the actual flow
eld reflects a combination of processes, with neither end-member
ics 102 (2016) 151–170 167

model providing a complete description of flow; for example, large-
scale three-dimensional toroidal flow may  co-exist with a layer of
entrained flow directly beneath the slab. Different types of seismic
anisotropy observations in different portions of the system argue
for different flow regimes, and reconciling these different interpre-
tations is of critical importance. Specifically, observations in the
backarc portion of the overriding plate seem to favor a toroidal flow
model, while offshore observations on the downgoing plate favor
entrained flow. There is convincing evidence from both seismic
anisotropy and geochemical observations for at least some con-
tribution from three-dimensional flow in the immediate vicinity of
the slab edges, but it remains unclear whether a large-scale toroidal
flow field is present.

The detailed morphology of the subducted Juan de Fuca slab at
depth is intimately related to the question of the mantle flow field.
Large-scale toroidal flow requires that the slab be intact enough to
deflect flow around the slab sides as the slab rolls back. However,
recent tomographic imaging using new data from the Transportable
Array and Cascadia Initiative suggests that the slab may  be frag-
mented in the upper mantle, casting doubt on the toroidal flow
model. Resolution of tomographic models is imperfect, however,
and results from reflectivity imaging suggests the presence of a
continuous slab in the upper mantle. Resolution of the Cascadia
Paradox will require tighter constraints on the actual morphology
of the slab at depth, new models for seismic anisotropy throughout
the upper mantle that include the possibility of multiple layers (par-
ticularly in the offshore portions of the system), further analysis of
geochemical tracers, and further geodynamic modeling studies that
examine the effects of more realistic slab morphologies on mantle
flow.
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