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Subduction and Seismology

Geoffrey Abers • Boston University

Material that forms at mid-ocean ridges descends into the mantle at subduction zones, along with mineralogically bound 
fl uids and sea fl oor sediments.  Some of the fl uid leaves rapidly as pressure and temperature increase, while some migrates into the 
mantle wedge to fuel arc volcanism, and some descends to great depth. Hence, subduction zones form the primary site of material 
return into the Earth s̓ mantle, controlling the behavior of subcrustal earthquakes, triggering and feeding most of the planet s̓ de-
structive volcanism, and regulating the long-term budgets of the atmospheric gases.  The anomalous buoyancy of subducting plates 
also exerts the primary control on mantle circulation.  Seismology has provided several important advances in the last fi ve years 
Until recently, the seismological tools for studying subduction zones remained crude compared to the characteristic scale of many 
problems, making it diffi cult to address even basic questions.  For example, subducted oceanic crust is 6 km thick, but traditional 
body-wave tomography rarely resolves mantle structures to better than 25-50 km. The advent of digital broadband seismology, and 
its deployment through the GSN and PASSCAL programs, has revolutionized our understanding of these systems. High-fi delity 
recordings at a range of frequencies are critical for resolving features at the scale of subducted crust, which are turning out to be 
some of the largest seismic velocity anomalies within the earth s̓ mantle.

Seismology provides constraints on a suite of elastic parameters (Vp, Vs, Q, refl ectivity) that bear only passing resemblance to 
those needed to actually interpret critical processes (e.g., chemical composition, pressure, temperature, melt and fl uid abundance). 
Mineral physics measurements are beginning to remove ambiguity from interpreting seismic data, and petrologists and geodynami-
cists have begun working directly with seismologists to understand the conditions at which intermediate-depth earthquakes occur, 
the thermal structure and geodynamic regime of the mantle wedge, and have begun relating seismic images of the sub-arc mantle to 
magma chemistry. Large interdisciplinary collaborations are now leading to a new level of understanding.

The December 26, 2004, Sumatra earthquake served as a sobering reminder of the broader signifi cance of earthquake 
source studies. Our methods for analyzing slip on “normal” M < 8 earthquakes clearly are inadequate for events of this size, 
as considerable energy is expended at frequencies below those accessible with body wave methods. Reconciling seismic and 
tsunami excitation seems possible although challenging, and it remains to be seen whether signifi cant aseismic slip is neces-
sary to explain the tsunami and geodetic signals observed. At greater 
depth, the very existence of subduction-zone earthquakes below the 
brittle-ductile transition remains a mystery. At intermediate depths, 
many recent papers have appealed to dehydration embrittlement as 
an enabler of seismicity.  Most intermediate-depth seismicity cor- re-
lates well in distribution with that predicted for water release it from 
dehydration reactions at the top of the slab, although the mech- a-
nism by which dehydration triggers earthquakes remains poor- ly 
understood.  However, the well-documented existence of double seismic 
zones requires that at least some intermediate-depth earthquakes occur 
20-40 km into the mantle, where the presence and release of water 
remains uncertain.  Either another mechanism triggers earthquakes here, or 
some process must deliver water to great depths in oceanic litho-
sphere.  Seismology addresses this problem both by describing these in-
intraslab earthquakes, and by imaging the environment in which they 
occur.

The triggers for deep earthquakes seem even less clear. Ten years ago, much excitement surrounded the theory that the trans-
formation of metastable olivine to spinel structure could occur catastrophically and generate seismic shear instabilities.  However, 
careful examination of seismic observations from PASSCAL experiments show that some deep earthquakes nucleate outside of the 
region where olivine should be metastable, and theoretical work has questioned the presence of widespread metastability in most 
subduction zones.  One possibility is that deep earthquakes occur because of fl uid release, either H2O or CO2. Alternatively, deep 
earthquakes may be runaway ductile shear instabilities, an exotic phenomenon rarely observed in rock-forming materials but theo-
retically possible. A major challenge will be to fi nd diagnostic seismic signals to distinguish this mechanism from others.

In the last fi ve years, several fundamentally new signals have been discovered.  One of the most exciting is non-volcanic 
tremor, a high-frequency signal documented in southern Japan and Cascadia subduction zones, associated with the down-dip limit 

[Endgahl and Gubbins, 1987]
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Figure 1.  State-of-the-art seismic modeling of the 
subduction zone modeling two decades ago.
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of thrust faulting. This tremor correlates closely in space and time with aseismic 
creep events on the plate interface, contributing to a coupled phenomenon called 
episodic tremor and slip (ETS). The physics behind ETS remains poorly understood, 
but a wide range of new experiments and analyses are now underway to explore this 
phenomenon. These experiments take advantage of both the PBO and USArray com-
ponents of Earthscope and the fl exible telemetered arrays developed by PASSCAL, 
which provide new tools to characterize the tremor.

Subducting basaltic crust should eventually metamorphose to high-density 
eclogite, which has seismic properties very similar to mantle peridotites and hence 
diffi cult to observe.  Several studies have shown that a low-velocity layer persists to 

depths of 150 km or more at the top of subducting plates, which likely 
corresponds to hydrated, subducted oceanic crust. If these layers are 
indeed hydrated, their presence places constraints on the large-scale trans-
port of water into and through the lower mantle, and the physical condi-
tions at which intraslab earthquakes operate. In the last several years, 
IRIS facilities have made it possible to fi nd the traces of subducted crust 
throughout the planet.  Strategically placed GSN stations on arcs have 
provided signals from regional and teleseismic events that interact with 
the downgoing plate.  These signals form the basis for a global sample 
of subduction structure. Recently, dense broadband arrays have begun to 
show striking images of subducting plates, resolving features a few kilo-
meters thick. Apparently, subducted crust remains slower than mantle to 
depths of 150 km beneath many arcs.  Slow crust has not yet been imaged 
at greater depths, although some very deep sources of scattered energy 
may be metamorphosed gabbro.

Applying scattered-wave migration, Bostock and colleagues imaged 
the apparent dehydration of the Cascadia slab directly below a low-veloc-
ity portion of the hydrating mantle.  This and subsequent work has indi-

cated that serpentinization of the cold lithosphere may constitute a signifi cant global reservoir for water. It is less clear how water 
is transported into the deeper, hotter portions of the wedge, where it plays a critical role in melt generation. In the melt generation 
region, collaborative, interdisciplinary research will be needed to address fi rst-order questions such as where melt is generated, 
how it is transported, what regulates eruptive volatile content, and why volcanic fronts form at all. Seismic experiments are fi nding 
that the rapid fl ux of cold lithosphere into the transition zone raises and lowers the 410 and 660 km discontinuites, respectively, in 
accordance with expectations based upon the minerology of the olivine phase changes. However, the results of shear-wave splitting 
studies have not been easy to interpret in terms of mantle chemistry.  In many tectonic environments, shear-wave splitting measure-
ments have been found to be consistent with mantle fl ow through the induced alignment of olivine crystallographic axes, and fl ow 
patterns appear simple over large regions. In subduction zones, however, the fast axes often lie parallel to the arc within the mantle 
wedge, but exceptions are numerous enough to make any generalization diffi cult. Interpretation of these data has been complicated 
by discoveries of new microstructural mechanisms for producing anisotropy, through water- and stress-controlled activation of 
other crystal slip systems, and through the alignment of melt or fl uid conduits. Until recently, sparse networks provided spot mea-
surements that probably spatially alias the fl ow fi eld in the wedge, but the PASSCAL facility now has begun to support multiple 
dense arrays, at suffi cient density to sample mantle fl ow.

The next fi ve years should see signifi cant advances.  Through EarthScope, Continental Dynamics and the MARGINS pro-
gram, several large fi eld experiments are now underway in subduction zones around the world, and will produce signifi cant new 
observations. Among the enduring questions this new generation of experiments should help address: What causes deep and inter-
mediate depth earthquakes? (phase changes, dehydration embrittlement, plastic instabilities or something else?) How much H2O 
and CO2 are deeply subducted, how do they descend, and where do they reside? What triggers melting below arc volcanoes, and 
what produces the volcanic front? How does slip on the thrust zone, both seismic and aseismic, affect other dynamic phenomena? 
What happens between the downdip end of the seismic thrust zone and the fl owing part of the mantle wedge? What is the pattern 
of fl ow in the mantle wedge?  How do slabs interact with transition-zone discontinuities, and what is the ultimate fate of subducted 
material?  Answers to these questions, and the formulation of new ones, will come about through partnership between laboratory 
and theoretical practitioners and the analysis of new signals coming out of the Earth that the IRIS facility will provide.

Two examples of current attempts at modeling the 
structure of the Alaskan subduction zone. (Top) Ronde-
nay, Abers and Ferris (2004). (Bottom) Abers, van Keken, 
Kneller, Ferris, and Stachnik (2005).


