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Mantle flow geometry from ridge to trench
beneath the Gorda–Juan de Fuca plate system
Robert Martin-Short1*, Richard M. Allen1, Ian D. Bastow2, Eoghan Totten1,2 and Mark A. Richards1

Tectonic plates are underlain by a low-viscosity mantle layer,
the asthenosphere. Asthenospheric flow may be induced by
the overriding plate or by deeper mantle convection1. Shear
strain due to this flow can be inferred using the directional
dependence of seismic wave speeds—seismic anisotropy.
However, isolation of asthenospheric signals is challenging;
most seismometers are located on continents, whose complex
structure influences the seismic waves en route to the surface.
The Cascadia Initiative, an o�shore seismometer deployment
in the US Pacific Northwest, o�ers the opportunity to analyse
seismic data recorded on simpler oceanic lithosphere2. Here
we use measurements of seismic anisotropy across the
Juan de Fuca and Gorda plates to reconstruct patterns of
asthenospheric mantle shear flow from the Juan de Fuca
mid-ocean ridge to the Cascadia subduction zone trench. We
find that the direction of fastest seismic wave motion rotates
with increasing distance from the mid-ocean ridge to become
aligned with the direction of motion of the Juan de Fuca Plate,
implying that this plate influences mantle flow. In contrast,
asthenospheric mantle flow beneath the Gorda Plate does not
align with Gorda Plate motion and instead aligns with the
neighbouring Pacific Plate motion. These results show that
asthenospheric flow beneath the small, slow-moving Gorda
Plate is controlled largely by advection due to the much larger,
faster-moving Pacific Plate.

The Juan de Fuca plate system is the northernmost section of the
Farallon slab, which is approaching complete subduction beneath
the North American continent3. The system is subdivided into the
Explorer, Juan de Fuca and Gorda segments, which subduct at
⇠12mmyr�1 in a ⇠N60 �E direction beneath the Cascadia arc4,5.
The assemblage is undergoing rollback at ⇠24mmyr�1 (ref. 4)
and rotating clockwise as the Mendocino Triple Junction (MTJ)
migrates northwards4.

Questions about the mantle flow geometry beneath Cascadia
focus on interaction between oceanic asthenosphere and the
subducting slab6. Shear wave splitting, a technique that quantifies
themagnitude and direction of seismic anisotropy, can address such
questions6,7. Seismic anisotropy in the mantle develops owing to the
lattice-preferred orientation (LPO) of variousminerals8. Olivine, the
main component of the uppermantle, is highly anisotropic8,9. Simple
shearing under typical asthenosphere conditions yields olivine
crystal alignment, with fast axes corresponding to the shearing
direction8. Shear waves traversing such a medium are split into
two orthogonal components, one of which is polarized in the fast
direction. A delay time (�t) proportional to the strength and layer
thickness of the anisotropy is acquired as the components transit the
layer. The fast axis direction (�) is used to determine the shearing
direction and by inference the mantle flow geometry7.

Onshore studies in Cascadia reveal uniformly trench-
perpendicular anisotropy, indicative of sub-slab mantle flow4,5.
Cascadia is unusual; most subduction zones demonstrate trench-
parallel splitting6. This has been variously interpreted as rollback-
induced flow6, the influence of B-type olivine LPO in the mantle
wedge9, or the consequence of strong radial anisotropy in steeply
dipping, entrained flow10.

We analyse data from Cascadia Initiative seismometer
deployments2, including 27 onshore Transportable Array sites
and 70 ocean-bottom seismometers (OBS), deployed in ten-month
phases at 160 sites2. We analyse OBS data from years 1–3 of the
Cascadia Initiative and 4 years of records from the NEPTUNE
cabled seafloor observatory11. Public data from the X9 OBS array,
deployed along the Blanco Fracture Zone in 2012–2013 (ref. 2) are
also used (Supplementary Section 2).

Splitting parameters � and �t are determined for each station–
event pair using two open-source software packages, before results
are stacked to produce a single measurement at each site (see
Methods). Shear wave splitting with OBS data is challenging owing
to high noise levels within the S frequency band12,13 and uncertainty
in instrument orientation14. We generally obtain 1–4 good-quality
measurements per o�shore station, compared with 8–15 results for
the onshore sites (Supplementary Sections 3–6).

The Transportable Array stations produce a uniform splitting
pattern along the length of the subduction zone (Fig. 1). The mean
fast direction and delay times are N72� E and 1.34 s respectively, in
agreement with previous studies and sub-parallel to the subduction
direction of N60� E (refs 4,5). O�shore stations on the Juan
de Fuca Plate exhibit a more complicated pattern: except for
a single, ridge-parallel result near Cobb Hotspot, fast splitting
directions (FSDs) vary between the trench-perpendicular and
absolute plate motion (APM) direction. Alignment with the Juan
de Fuca APM direction increases towards the trench (Fig. 2).
The FSDs then rotate into the subduction direction as one
moves onshore.

Sites on the Gorda Plate produce a highly uniform pattern,
but are aligned with neither Gorda APM nor the subduction
direction. Their mean FSD of N66� W aligns with the motion of the
Pacific Plate (⇠N57� W; ref. 4) and with the ridge-perpendicular
orientation (⇠N67� W). A marked change in FSD is observed just
east of the trench in this region, where the fast directions rotate
approximately 70� into a trench-perpendicular orientation (Fig. 2a).
Results from stations situated on the Pacific Plate align well with
APM, featuring a mean direction of N60� W.

This study complements previous shear wave splitting results
from ocean basins15,16 and enhances coverage of the region. A
notable feature of the existing onshore pattern is the arcuate splitting
geometry observed south of the MTJ in northern California, which

1McCone Hall, Department of Earth and Planetary Science, UC Berkeley, California 94720, USA. 2Department of Earth Science and Engineering, Royal
School of Mines, Prince Consort Road, Imperial College London, London SW7 2BP, UK. *e-mail: rmartin-short@berkeley.edu
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Background	
  –	
  Database	
  -­‐	
  Code	
  

•  Shear	
  wave	
  spli-ng	
  database	
  –	
  IRIS	
  
– h<p://www.iris.edu/dms/products/sws-­‐db/	
  

•  Montpellier	
  Shear	
  Wave	
  Spli-ng	
  Database	
  
– h<p://www.gm.univ-­‐montp2.fr/spli-ng/DB/
index.html	
  

•  Splitlab	
  
– h<p://www.gm.univ-­‐montp2.fr/spli-ng/	
  

•  Now	
  updated	
  by	
  Rob	
  Porri<	
  
– h<ps://robporri<.wordpress.com/socware/	
  	
  


