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Abstract: The first Lithoprobe transect in 1984 across Vancouver Island had primary objectives to define the structure as-
sociated with subduction and constraints on the potential for great thrust earthquakes. The Lithoprobe results and the com-
prehensive multidisciplinary data collection and analyses that followed provide compelling evidence for past great
earthquakes along the Cascadia subduction zone from Vancouver Island to northernmost California, and for present elastic
strain build up toward future great events. There is evidence of sudden coastal subsidence up to 2 m and of deep-sea turbi-
dite deposits indicating strong shaking from huge earthquakes at irregular intervals averaging about 500 years, the last in
1700. Precision geodetic measurements define the present buckling of the coastal region, diagnostic of elastic strain accu-
mulation on a locked thrust fault. The landward extent of rupture and, therefore, shaking at coastal cities is constrained by
(i) the pattern of elastic strain buildup, (ii) the estimated temperatures on the fault, (iii) the updip limit of episodic tremor
and slip (ETS), (iv) the downdip change in reflection character of the thrust, and (v) the magnitude of coastal subsidence
in the most recent, 1700, and previous great events. The major earthquakes are very large, M9, rupturing most of the Cas-
cadia margin, but mainly offshore, limiting somewhat the shaking at inland cities but producing large tsunamis. The ETS
that occurs at intervals of just over a year appears to involve slow slip on the subduction thrust downdip of the rupture
zone that increases stress on the locked zone and may indicate time varying potential for great events.

Résumé : Les principaux objectifs du premier transect Lithoprobe traversant l’ı̂le de Vancouver en 1984 étaient de définir
la structure associée à la subduction et les contraintes sur le potentiel de grands tremblements de terre par chevauchement.
Les résultats Lithoprobe, et la collecte et l’analyse des très vastes données multidisciplinaires qui en ont découlé, fournis-
sent des évidences convaincantes pour d’anciens grands tremblements de terre le long de la zone de subduction Cascadia,
de l’ı̂le de Vancouver à l’extrémité nord de la Californie, et pour l’actuelle contrainte de déformation élastique qui s’ac-
cumule pour causer de futurs grands événements. Il existe des preuves d’une soudaine subsidence de la côte atteignant
2 m et la déposition de dépôts de turbidites dans les grands fonds océaniques, ce qui indique de fortes secousses de grands
tremblements de terre à des intervalles irréguliers, d’une moyenne d’environ 500 ans, le dernier ayant eu lieu en 1700.
Des mesures géodésiques précises définissent le flambage actuels de la région de la côte, diagnostiquant une accumulation
de contraintes de déformation élastique sur une faille chevauchante figée. L’étendue de rupture vers le continent, et donc
le tremblement aux villes côtières, est limitée par (i) les tendances d’accumulations de contraintes de déformation élas-
tique, (ii) la température estimée de la faille, (iii) la limite en amont-pendage de trémors et de glissements épisodiques
(TGÉ), (iv) le changement en aval-pendage du caractère de réflexion du chevauchement et (v) la magnitude de la subsi-
dence côtière lors des grands évé nements les plus récent, ceux de 1700 et les anciens. La plupart des principaux tremble-
ments de terre sont très gros, M9, brisant la plus grande partie de la bordure Cascadia surtout; cependant, au large,
limitant quelque peu le tremblement aux villes internes mais produisant de grands tsunamis. Les TGÉ qui se produisent à
des intervalles légèrement supérieurs à un an semblent impliquer un glissement lent sur le chevauchement de la subduction
en aval-pendage de la zone de rupture, ce qui augmente progressivement les contraintes sur la zone figée; ils pourraient
aussi indiquer un potentiel, variable dans le temps, pour de grands événements.

[Traduit par la Rédaction]

Introduction

It is well recognized that the coast of British Columbia
and the US Pacific Northwest has substantial earthquake
hazard. In the past 100 years, there was an M = 8.1 strike-
slip event on the coast of the Queen Charlotte Islands in
1949 (e.g., Rogers 1986), two major (M * 7) earthquakes
causing damage on Vancouver Island in 1918 and 1946
(e.g., Milne et al. 1978; Rogers and Horner 1991; Rogers
and Hasegawa 1978; Cassidy et al. 1988; Rogers 1998) and
in Washington State damaging Wadati-Benioff earthquakes
at a depth of about 60 km beneath Puget Sound in 1949
and 1965, and most recently in 2001 (Rogers et al. 1996;
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Preston et al. 2003; Rogers and Crosson 2002) (Fig. 1).
However, until the mid 1980s the risk of great subduction
thrust events was not appreciated (Fig. 2) because there had
been no giant earthquakes of the type characteristic of con-
vergent margins in the written historical record. It was even
questioned whether there was current subduction because
there is no clear trench and there was only limited historical
arc volcanism. The evidence that there is indeed active sub-
duction underthrusting was summarized by Riddihough and
Hyndman (1976), and the case for great earthquakes was
made more than 20 years ago (e.g., Heaton and Kanamori
1984; Heaton and Hartzell 1986, 1987; Rogers 1988),
although supporting data were limited. In the past 20 years,
however, the accumulated evidence has left little doubt that
great earthquakes and associated tsunamis have occurred
many times in the past and that they will occur and produce
damage in the future.

In this review article for Lithoprobe-related studies, we

emphasize data and analyses from the Vancouver Island por-
tion of the Cascadia margin, but include information on the
whole subduction zone from Vancouver Island to northern-
most California. Previous summaries have been provided by
Clague et al. (1995), Hyndman (1995a), Hyndman et al.
(1996), and Clague and Bobrowsky (1999). The initial Lith-
oprobe study was deep crustal-scale multichannel seismic re-
flection across the middle of Vancouver Island to define the
subduction zone structure (Yorath et al. 1985; Green et al.
1986; Clowes et al. 1987a; Clowes and Hyndman 2002).
That study provided a focus for many additional studies. A
major strength of the subsequent work has been the concen-
tration of multidisciplinary studies in this Vancouver Island
Lithoprobe corridor, its offshore extension, and inland exten-
sion into the Coast Mountains. The initial Lithoprobe land
study was followed by marine multichannel reflection across
the margin from the deep sea to the coast (Clowes et al.
1987b; Davis and Hyndman 1989; Hyndman et al. 1990,
1995b, and references therein) and the SHIPS (Seismic Haz-
ards Investigation of Puget Sound) program in Georgia Strait
and Puget Sound (Fisher et al. 1999; Brocher et al. 2001;
Ramachandran et al. 2005, 2006). There also were large-
scale seismic refraction experiments (Spence et al. 1985;
Spence et al. 1991; Graindorge et al. 2003). Other studies in-
cluded seismic tomography, seismic receiver function struc-
ture, seismicity, gravity, magnetics, magnetotellurics, heat
flow, seafloor sampling and mapping in the offshore, and de-
tailed surface geology across Vancouver Island (e.g., Yorath
et al. 1999). There also have been two programs of interna-
tional ocean drilling near the corridor (Ocean Drilling Pro-
gram/Integrated ODP (ODP/IODP) 146/311) justified in part
by the extensive concentration of multidisciplinary studies
characterizing the tectonic environment.

Earthquake statistics and seismic hazard in
the region

The earthquake hazard in a region is generally estimated

Fig. 1. Main Lithoprobe corridor, with summary of historical earthquakes in the region and the most recent, 1700, megathrust earthquake.
Stars, M > 6.5; circles, M > 3.

Fig. 2. Schematic cross-section of the Cascadia subduction and
megathrust earthquake zone and the epicentres of some larger his-
torical earthquakes (stars).
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primarily from the statistics of the past earthquake record.
However, the hazard from subduction thrust earthquakes in
this region has been difficult to estimate from the past seis-
mograph record. There are some written descriptions of large
earthquakes in the 1800s in the news media but the first seis-
mograph in the region was a low-sensitivity instrument es-
tablished in Victoria in 1898. The first high sensitivity
instruments in southwestern Canada and northwestern United
States were installed in the 1950s to 1960s. The first routine
digital recording on the west coast of Canada started in 1975
(e.g., Milne et al. 1978; Rogers and Horner 1991; Rogers
1992; Cassidy et al. 2003). The seismic network expanded
in the mid 1980s to allow depth determination over most of
the Vancouver Island and northwestern Washington region.

Even if good earthquake statistics were available, in this
area the statistics of smaller earthquakes do not give a good
estimate of the frequency of megathrust earthquakes. The
occurrence rate of large and damaging but infrequent earth-
quakes in a region normally can be estimated reasonably
well from the statistics of more frequent small events using
the systematic recurrence relation between earthquake mag-
nitude and frequency of occurrence for active fault zones
(e.g., Gutenberg and Richter 1954). The average number of
earthquakes in a particular source region decreases with in-
creasing size in a predictable way up to the maximum mag-
nitude. The maximum magnitude can be estimated from the
size of the event that breaks the largest fault area in the re-
gion. The average occurrence of large earthquakes can thus
be estimated even if there have been no such events in the
historical record. The earthquake hazard, the probability
that a particular magnitude of ground shaking will be ex-
ceeded in a specified period of time, is usually based mainly
on this relation and used in building codes, such as the
Canadian National Building Code (e.g., Adams and Atkin-
son 2003). This relationship holds well for most continental
crustal earthquakes in the area and Wadati-Benioff earth-
quakes in the subducting plate (with exception of the area
of the 1918 and 1946 earthquakes on central Vancouver Is-
land that has had very few small events; Fig. 3). However, it
does not hold for the Cascadia subduction thrust fault be-
cause very few earthquakes of any size have been detected
on the Cascadia subduction thrust. The possible exceptions
are two earthquake clusters off Oregon (Tréhu et al. 2008)

and a M = 7.2 event in the Cape Mendocino region that
may have been on the subduction thrust or a slightly shal-
lower fault in the accretionary prism (Oppenheimer et al.
1993; Velasco et al. 1994; Wang and Rogers 1994).

In a global perspective, the lack of any subduction thrust
earthquakes is unusual. Most of the world’s great earth-
quakes (M ‡ 8) have occurred on subduction zone thrust
faults, and most subduction zones have experienced histori-
cal great earthquakes. The Cascadia subduction zone is an
anomaly. However, the global subduction zones that have
had the largest earthquakes (M * 9) Sumatra in 2004–
2005, Alaska in 1964, Chile in 1960, and Kamchatka in
1952, also have had very long times between events and
few small thrust earthquakes. For Cascadia, the written his-
torical record is short, with only a little more than 200 years
since the first European visits to the region by Captains Juan
Perez in 1774 and James Cook in 1778 (although the coast
native oral history of the effects of past great earthquakes
and tsunamis has proven remarkably descriptive, as noted
later in the text). This limited written history is in marked
contrast to the detailed Japanese record of great subduction
zone earthquakes and tsunami waves that extends back to
the 7th century (e.g., Ando 1975). There are three possible
explanations for the lack of historical Cascadia great earth-
quakes: (1) the Juan de Fuca plate is no longer converging
and underthrusting North America; (2) underthrusting is
continuing, but it is accommodated by smooth stable sliding,
not punctuated by the stick-slip behaviour of earthquakes;
(3) the thrust fault is completely locked with not enough
motion to generate even small earthquakes and the last great
event was before the written historical record. The first two
options imply that the earthquake hazard estimates for the
region based on historical seismicity are appropriate. The
third option implies that there is a potential for very large
and damaging earthquakes that was not been included in
hazard estimates until recently.

Thirty years ago the first option of no convergence was
much discussed, and Riddihough and Hyndman (1976) com-
piled a variety of evidence that there is ongoing conver-
gence and underthrusting. Since then, the evidence has
become conclusive. For example, folding and faulting are
seen in seismic reflection images of sediments at the base
of the continental slope, including Quaternary sequences
<1 Ma old (e.g., Davis and Hyndman 1989). They continue
to be scraped off the underthrusting oceanic crust by the
bulldozer blade of the continental crust. Another dramatic
evidence for active subduction was the volcanic eruption of
Mt. St. Helens in 1980, one of the chain of active (although
some historically quiescent) arc volcanoes from northern
California to southern British Columbia. The north–south
extent of the volcanoes matches the extent of the subducting
Juan de Fuca plate (Fig. 4).

The debate over the second possibility, smooth aseismic
underthrusting, continued until more recently. Again, the
contrary evidence is now strong, especially from paleoseis-
micity, the traces of past great earthquakes preserved in the
coastal and deep sea geological record, and from measure-
ments of present elastic strain building up in the continent
near the coast. The observed deformation corresponds to
that expected for a locked thrust fault. These two types of
evidence are discussed in the following sections. We are

Fig. 3. The three earthquake types of the Cascadia subduction
zone.
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left with the third alternative that great earthquakes do oc-
cur, but the last one was more than 200 years ago, prior to
the historical written record.

Oral record of 1700 great earthquake and
the tsunami record in Japan

Support for the conclusion of a great earthquake before
the written record is preserved in the oral tradition of a num-
ber of coastal native people in the region. They had a strong
oral record, but only a small amount remains. There are
clear accounts of an event not long before European contact
and written records (e.g., Kroeber 1976). They describe a
disastrous shaking and tsunami event on a winter night
(e.g., Heaton and Snavely 1985; Clague 1995; Ludwin et al.
2005). For example, there is a description of a strong earth-
quake that occurred at night followed by a large tsunami
that destroyed the village at the head of Pachena Bay on the
west coast of Vancouver Island (Arima et al. 1991). In an-
other account, the canoes came down in the trees. The oc-
currence on a winter night agrees with the time estimated
from the tsunami that damaged the coast of Japan, January
25, 1700, as discussed as follows.

A precise determination of the date of the most recent
great Cascadia great earthquake comes from the tsunami re-
ported on the coasts of Japan. A tsunami in the year 1700

with wave heights of 2 to 3 m, not caused by a local Japa-
nese earthquake, has been documented for five sites along
the coast of Japan by Satake et al. (1996) and Atwater et al.
(2005). These authors provided arguments for excluding
sources other than Cascadia and show computer-generated
wave models across the Pacific Ocean. Correcting for the
tsunami travel time to Japan and the time zone difference,
the source *M9 great earthquake must have occurred along
the North American coast on 26 January, 1700, at about
9 p.m.

Past great earthquakes in the geological
record: coastal subsidence and deep sea
turbidite sediments

We have information on the types of geological records
that remain after great subduction earthquakes from histori-
cal great events elsewhere (e.g., Satake and Atwater 2007;
Shennan and Hamilton 2006), especially the *M9 earth-
quakes that occurred in Sumatra in 2004–2005, Alaska in
1964, and Chile in 1960. These records include evidence of
coseismic vertical motions, especially down-dropped and
buried coastal marshes and corals, and adjacent deep sea-
floor landslide turbidite deposits. There is also coastal evi-
dence of sand sheet deposits associated with past great
tsunamis. The case is now strong that Cascadia great events
have occurred at intervals of several hundred to almost
1000 years according to paleoseismicity data from the coasts
and adjacent deep seafloor of southern British Columbia,
Washington, Oregon, and northernmost California.

Buried coastal marshes
In sheltered inlets and bays, marsh vegetation develops at

a level near high tide. Excavations beneath the marshes have
revealed buried peat layers at depths of up to 2 m consisting
of vegetation that is identical to that of the present marsh
surface (e.g., Fig. 5; e.g., Atwater 1987; Peterson and Da-
rienzo 1991; Atwater 1992; Nelson et al. 1995; Atwater and
Hemphill-Haley 1997; Clague and Bobrowsky 1994a, 1999;
Benson et al. 1999). The data for the whole Cascadia margin
have been recently summarized by Leonard et al. (2004,
2010) and Goldfinger et al. (2009). The 1700 event appears
not to have extended to the north of Nootka Island off cen-
tral Vancouver Island (coastal intersection of adjacent off-
shore Nootka transform fault; e.g., Benson et al. 1999). An
example of a buried marsh is shown in Fig. 6. The peat
layers are interpreted to be former intertidal marsh vegeta-
tion that was submerged by abrupt coastal subsidence at the
time of past great earthquakes. Following each great earth-
quake, coastal mud accumulated on the drowned marsh,
building the surface to mid-tide level and above, whereupon
intertidal marsh vegetation became reestablished. Estimating
the coseismic subsidence accurately requires paleoelevation
estimates from marsh organisms just above the buried marsh
tops, not just the depth of the buried marsh below the cur-
rent marsh, because of ongoing sea-level rise and interseis-
mic uplift (see Guilbault et al. (1996) for a detailed depth
zoning study of a west coast of Vancouver Island marsh).

Many of the buried marsh surfaces are covered by sand
layers (see Fig. 6; e.g., Clague and Bobrowsky 1994b;
Clague et al. 2000; Peters et al. 2003), interpreted to be car-

Fig. 4. Juan de Fuca plate and Cascadia subduction zone. The Cas-
cade arc volcanoes are limited to the extent of subduction.
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ried in by the great tsunamis that washed onto the subsided
coastal region. Both theoretical modelling and effects pre-
served in the geological record on the coast indicate that
the waves may have had heights commonly of about 6 m
on the open coast and much higher to possibly 16 m in
some confined inlets (e.g., Satake and Tanioka 1996; Priest
et al. 2000; Geist 1999, 2005; Geist and Yoshioka 1996;

Cherniawsky et al. 2007). The expected local runup is very
sensitive to the details of the coastline and near-shore bathy-
metry and has been precisely modelled for only a few loca-
tions. The modelled wave heights decrease substantially in
Georgia Strait and Puget Sound but are still significant. Ra-
diocarbon dating of marshes and growth ring studies of
drowned trees at sites from northern California to southern
British Columbia both show the last Cascadia great event to
have occurred a little over 300 years ago in 1700 (e.g., At-
water et al. 1995; Jacoby 1995; and summary reviews and
references by Leonard et al. 2004, 2010, and Goldfinger et
al. 2009).

Earthquake triggered deep sea turbidites
Other evidence for past great earthquakes comes from re-

peated sediment deposits on the floor of the Cascadia deep
sea basin at the base of the continental slope. Core samples
by Oregon State University (Griggs and Kulm 1970) showed
fine-grained mud layers alternating with sandier layers
(Fig. 7); such repeated sequences are usually denoted as tur-
bidites. An important recognition by Adams (1990) was that
the sandier layers have been formed by submarine landslides
triggered by great Cascadia earthquakes. The intervening
mud layers are formed by the slow continuous rain of finer
sediment between the turbidite events. The turbidite layers
in most cores have been concluded to be simultaneous along
all or most the Cascadia 1000 km coast, and therefore prob-
ably triggered by M9 great earthquakes that ruptured most
of the margin. Subsequent detailed coring studies by Gold-
finger and others (Goldfinger et al. 2003, 2009) have con-

Fig. 5. Schematic of changes in intertidal marsh following earth-
quake subsidence and subsequent sediment deposition (modified
from Leonard et al. 2004 and Atwater 1987).

Fig. 6. Example of northern Cascadia buried 1700 marsh top and
overlying tsunami sand (modified from Leonard et al. 2004).

Fig. 7. Example of alternating turbidite (thick) and interseismic pe-
lagic mud (thin) layers marking past great earthquakes (after
Adams 1990). See Goldfinger et al. (2009) for recent detailed core
studies.
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firmed this conclusion and better defined the great earth-
quake timing. The timing of the individual earthquakes is
still difficult to determine precisely because of the low accu-
racy of radiocarbon dates for the past few 1000 years, but an
important marker for the average rate is the volcanic ash in
the cores from the huge eruption of Mt. Mazama in Oregon
(Crater Lake) 7700 years ago. The inferred chronology is
very similar to that obtained from the coastal marshes. The
most recent major turbidite event in the cores was about
300 years ago. The intervals for the last 13 events range
mostly from about 300 to 900 years. The very long intervals
between Cascadia events compared with most subduction
zones means that there is large elastic strain buildup and,
thus, very large earthquake slip and large magnitude.

For events that produced clear turbidites along the full or
near-full length of the margin in the last 10 000 years, the
average recurrence interval is about 500 years with variabil-
ity of a few hundred years (Goldfinger et al. 2003, 2009;
Leonard et al. 2010). There is evidence for additional events
in the southernmost part of the Cascadia zone (Nelson et al.
2006; Goldfinger et al. 2003, 2009), which means segmenta-
tion of that region. There is little evidence for additional
events in the northern part off Washington and southern
Vancouver Island. The northern portion of Juan de Fuca
plate subduction, therefore, may rupture mainly in whole
margin events. There also is no evidence yet for great earth-
quakes on the Explorer plate segment of the subduction zone
to the north of the Nootka transform fault, although evi-
dence for plate convergence there is clear in (i) deformation
of offshore Quaternary sediments, (ii) contemporary geo-
detic deformation, and (iii) ongoing episodic tremor and
slip (ETS) activity (see later in the text).

One of the most promising recent discoveries that will
likely refine the estimates of the times of past great subduc-
tion earthquakes in northern Cascadia is the recognition that
these events have left signatures in Saanich Inlet and Effing-
ham Inlet, and perhaps other anoxic fiords on Vancouver Is-
land (Blais-Stevens et al. 2009; Dallimore et al. 2009). The
lack of bioturbation in the sediments at the bottom of these
anoxic inlets means that annual varve sediment layering is
preserved. Thus, turbidity deposits from underwater land-
slides caused by the lengthy strong shaking of subduction
earthquakes can be dated by their position in this laminated
sedimentary sequence.

The great earthquake cycle and locked fault
strain build up

Like all earthquakes, great subduction zone events are
complex when considered in detail. However, the basic
process is simple and may be represented by the elastic re-
bound model first developed for the San Andreas Fault
(Reid 1910). Ongoing convergence and underthrusting of
the oceanic plate results in elastic bending and buckling of
the continental crust and the accumulation of elastic stress
in the vicinity of the locked fault. After some time, the
stress exceeds the sliding strength of the fault, and there is
abrupt slip. The stored elastic energy radiates as seismic
waves. After a short period of after-slip and viscous read-
justment (e.g., Hu et al. 2004), the fault relocks and the
cycle resumes (Fig. 8). For the Cascadia subduction zone,

the rate of convergence between the Juan de Fuca plate and
North American plate is about 40 mm/year (40 km/Ma; Rid-
dihough 1984). This convergence represents a shortening be-
tween events and an average rupture displacement of about
20 m if the event interval is 500 years and there is no aseis-
mic slip. Rupture slips this large are thus expected in a Cas-
cadia great earthquake.

The first clear indication of horizontal strain build up on
the locked Cascadia subduction fault was by Savage et al.
(1991) using laser ranging. Dragert and Hyndman (1995)
showed the expected pattern of horizontal shortening using
initial precision global positioning system (GPS) data. From
repeated levelling data, Reilinger and Adams (1982) pointed
out that the coast was tilting landward, although how this
was to be interpreted was not clear. It was later recognized
that this tilting was as expected for a subduction thrust that
is locked offshore (Savage et al. 1991; Hyndman and Wang
1993). It was subsequently shown that the Cascadia subduc-
tion thrust was probably locked along most if not all of the
margin, and the downdip width of the locked zone was de-
fined using a series of high-precision repeated lines and
long-term tide gauges, mainly by US Geodetic Survey, per-
pendicular to the coast (e.g., Hyndman and Wang 1995;
Mitchell et al. 1994). More recently, widespread precision
GPS data, including inversions for the effective backslip on
the fault, have defined the locked zone and uncertainties
more precisely (e.g., Mazzotti et al. 2003; Wang et al.
2003; Yoshioka et al. 2005; McCaffrey et al. 2007; Goldfin-
ger et al. 2009). Across Vancouver Island, repeated preci-
sion levelling and gravity have also resolved the pattern of

Fig. 8. Simplified model of great earthquake elastic strain buildup
and release compared with uplift from levelling data. Current
shortening and uplift of coastal region are detected by GPS and
other geodetic techniques. Coseismic collapse of the uplifted area
buries coastal marshes and generates great tsunamis.
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vertical deformation. These data, and GPS and other vertical
data, suggest that this profile is special for the Cascadia
margin, having only a small amount of ongoing tilting up-
ward toward the coast (e.g., Wolynec 2000), perhaps owing
to the effect of long-term tectonic or postglacial rebound
processes.

Elastic deformation of the subduction earthquake cycle is
mainly limited to a zone several 100 km wide, close to the
plate boundaries (e.g., for northern Cascadia, Hyndman and
Wang 1995; Flück et al. 1997; Mazzotti et al. 2003). The
deformation through the earthquake cycle includes a viscous
component that gives a time dependence to the deformation
pattern and rate (e.g., Wang et al. 2003). However, after a
few tens of years, to a first approximation the response is
elastic and at a nearly steady rate between earthquakes. In
the simple subduction earthquake model, ongoing conver-
gence drags down the seaward nose of the continent and
causes an upward flexural bulge farther landward (Fig. 8).
There also is a region of crustal shortening (Fig. 8). At the
time of the earthquake, the edge of the continent springs
back seaward and the bulge collapses downward. The abrupt
coseismic uplift of the outer continental shelf and slope and
subsidence near the coast are mainly responsible for the
great tsunamis. Shaking-triggered subsea landslides may be
additional tsunami sources. The collapse of the flexural
bulge causes the sudden coastal subsidence recorded in
buried intertidal marshes.

Subduction zone structure and definition of
the megathrust

Accurate definition of the subduction thrust plane is re-
quired for models of the deformation associated with the
great earthquake cycle, for thermal models that estimate
temperatures on the subduction thrust and, therefore, the
downdip limit of seismic behaviour, and for a number of
other earthquake-related applications. The profile uncer-
tainty also has consequences for the shaking estimated from
great thrust events. The definition of the downgoing plate
was one of the primary objectives of the initial Lithoprobe
Vancouver Island transect. An excellent summary of the dip
profile data along the whole Cascadia margin has been pro-
vided by McCrory et al. (2006). However, even with the im-
portance of this definition and the much increased data now
available, we still have debates on which geophysical signa-
tures represent the subducting Juan de Fuca plate and the
subduction thrust fault along the Cascadia margin, especially
beneath Vancouver Island, even though we have the most
data in that region. Three different depth profiles have been
suggested, that may be designated shallow, mid, and deep.
Fortunately, for the Lithoprobe area the uncertainty in depth
of the thrust is mainly beneath Vancouver Island; there is
little uncertainty beneath the outer continental shelf where
most rupture displacement is inferred to occur.

The subduction zone structure and constraints on the meg-
athrust fault come from a number of sources:

(1) Multichannel seismic reflection and wide-angle refrac-
tion surveys both offshore and onshore of Vancouver Is-
land provide important constraints that have defined the
subduction zone structure and current tectonic regime
(e.g., review by Hyndman 1995b); the critical uncer-

tainty is whether the E-zone of landward-dipping reflec-
tivity (Fig. 9) is associated with or is above the
subducting oceanic plate.

(2) The second constraint on the subduction thrust location
and structure come from Benioff-Wadati earthquakes in
the downgoing oceanic plate; an important uncertainty is
where these earthquakes occur in the crust and where
they occur in the uppermost mantle. The uppermost
events are interpreted to occur in the upper oceanic crust
(Cassidy and Waldhauser 2003; Wang and Rogers 1994;
Preston et al. 2003).

(3) Seismic tomography has defined the top of the high-ve-
locity upper mantle of the subducting plate in the Geor-
gia Strait – Puget Sound region (Ramachandran et al.
2005; Preston et al. 2003).

(4) Receiver function data interpretations of the converted
waves from distant earthquakes at broad-band seismic
stations in the coastal region define a low-velocity zone
that may be associated with the reflective E-zone. This
zone may be a shear zone located above the thrust (Cas-
sidy and Ellis 1993; Cassidy and Waldhauser 2003) or
the low-velocity downgoing oceanic crust (Nicholson et
al. 2005; Audet et al. 2008, 2009). There is a deeper
low-velocity zone associated with the original F reflector
(Clowes et al. 1987a) that also has been interpreted as
the downgoing oceanic crust (Cassidy and Ellis 1993;
Cassidy and Waldhauser 2003).

Offshore Vancouver Island, the top of the oceanic crust is
well defined in multichannel seismic profiles, and the sub-
duction thrust has been concluded to be close to the top of
the downgoing oceanic crust based on most of the frontal
thrust faults extending down to nearly that depth. This re-
flector can be followed to beneath the mid continental slope.
However, there is still some uncertainty in this interpretation
since at other subduction zones, substantial sediments are
sometimes subducted so the detachment is above the top of
the oceanic crust, and sometimes there may be erosion of
the overlying fore-arc crust, such that the thrust cuts upward
as it moves landward (e.g., von Huene and Scholl 1991).
Further landward beneath the inner shelf and especially be-
neath Vancouver Island where there is Lithoprobe land vi-
broseis reflection data, there have been several
interpretations. Beneath Vancouver Island, there is a strong
band of landward-dipping reflectors, the ‘‘E-layer,’’ that was
first interpreted using just Lithoprobe land data to be associ-
ated with the top of the plate (Yorath et al. 1985). Clowes et
al. (1987a) proposed that the top of the plate was at the base
of the E-layer (Fig. 9). With the addition of adjacent marine
seismic reflection data, the top of the oceanic plate was sub-
sequently associated with the deeper F reflectors (e.g., Hy-
ndman et al. 1990). Subsequent receiver function data
indicated a low-velocity zone at the depth of the E-layer
(Cassidy and Ellis 1993), and magnetotelluric data was in-
terpreted to have resulted from a high-porosity layer above
the subducting slab (Kurtz et al. 1986; Hyndman 1988).
Cassidy and Ellis (1993) noted that there was a deeper less-
pronounced low-velocity zone below the E-layer that was in
better agreement with the Benioff-Wadati earthquake data
and with the F-layer; they concluded that the F-layer is the
top of the oceanic crust. Subsequent studies have resulted in
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a number of options for the depth of the megathrust and the
depth of the underthrusting oceanic plate.

The deep Benioff-Wadati seismicity beneath southern
Vancouver Island and adjacent areas is interpreted to be in
two zones, one in the subducting upper oceanic crust and
one in the uppermost mantle (Cassidy and Waldhauser
2003; Preston et al. 2003). The seismicity defines a plate
depth that is consistent with the oceanic Moho interpreted
as the deeper F reflectors. This seismicity is centered more
than 10 km deeper than the E-layer under Vancouver Island.

An especially strong constraint to the position of the oce-
anic plate, but not necessarily the thrust detachment, comes
from the large velocity contrast at the subducting oceanic
Moho in seismic tomography studies. The tomography in-
cluded joint inversion for improved earthquake hypocentres.
Both compressional and shear-wave seismic tomography re-
sults are consistent with the depth to the top of the subduct-
ing oceanic mantle (oceanic Moho) from the seismicity
interpretation, 5–10 km below the F-layer (Ramachandran
et al. 2005, 2006; Preston et al. 2003).

More recently the low velocity zone associated with the
E-layer, defined by very detailed receiver function data
across the margin, has been interpreted to represent the low
shear-wave velocity subducting oceanic crust (Nicholson et
al. 2005; Audet et al. 2008, 2009), so the depth interpreta-

tion to the subducting plate remains uncertain. They inter-
preted the low velocity and high Poisson’s ratio in the E-
layer to represent high pore pressure in the oceanic crust as-
sociated with progressive dehydration processes downdip.
This interpretation places the subduction thrust at a shal-
lower depth than either of the two previous estimates.

Another alternative model is a complex deformation zone
above the subducting plate and associated with the E-zone
that accommodates the subduction thrusting. Green et al.
(1986), Calvert et al. (2003), Calvert (1996), and Calvert
and Clowes (1990), argued that the main zone of thrust de-
formation is above the subducting oceanic crust (Fig. 9). In
this interpretation, the inter-plate boundary may be up to
16 km thick and may comprise two megathrust shear zones
that bound a >5 km thick, *110 km wide region of imbri-
cated crustal rocks (Calvert 1996, 2004). This model is sup-
ported by the ETS tremor that may represent thrust shearing,
being concentrated at the depth of the E-layer (Kao et al.
2009). Such a model is attractive since it accommodates the
strong E-layer reflection band with low velocity from re-
ceiver function as a detachment zone well above the top of
the underthrusting oceanic crust. However, it has the diffi-
culty of requiring that the current structure be a geologically
short-term transient, since there is a space problem with
long-term imbrication. If it persists, this imbrication should

Fig. 9. (a) Multichannel seismic cross-section across Vancouver Island in area of Lithoprobe corridor (after Clowes et al. 1987a). (b) Com-
posite seismic section in Vancouver Island region from offshore to mainland (after Calvert 2004), illustrating the E-zone reflection band,
interpreted to be above the downgoing Juan de Fuca plate (see text for various interpretations). JdF, Juan de Fuca plate; LRF, Leech River
Fault; M?, Moho?; Serp.?, possibly serpentinized.
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cause very large deformations at the surface that are not evi-
dent. In this interpretation, a significant part of the lower
fore-arc crust may be carried rapidly downward to some un-
known depth.

We recognize that the thrust dip plane under Vancouver
Island is not yet conclusively resolved. Fortunately, the un-
certainty is not large beneath the continental shelf where
megathrust events are concluded to occur. From recent de-
tailed modelling tests, the effect of the range of thrust dip
possibilities on the landward extent of the locked zone from
thermal and geodetic constraints, and on seismic hazard, is
not large (K. Wang and S. Mazzotti, personal communica-
tion, 2009).

Processes that control the updip and
downdip rupture limit

Only a portion of the thrust fault ruptures in great earth-
quakes. Definition of the rupture area is critical both for the
size of the events and for magnitude of the shaking inland.
The extent of the locked seismic zone that is interpreted to
rupture (actually the locked plus transition zones as defined
later in the text) is limited both updip and downdip. Some
subduction zones exhibit thrust earthquakes of various sizes
within these limits. However, for Cascadia and other mar-
gins having M9 earthquakes, the subduction thrust appears
to usually rupture the full downdip seismogenic extent, with
very few smaller thrust events. The landward downdip limit
of rupture is important for seismic hazard since it deter-
mines the source’s closest approach to the major population
centres located 100–200 km inland of the outer coast. The
seaward updip limit is important for tsunami generation.
The total seismogenic width perpendicular to the margin
has an important influence on the maximum size of great
earthquakes.

Seaward updip seismic limit
The seismic zone is bounded seaward by a region that

does not generate earthquakes, and there must be a transition
zone of some width between the fully locked and updip free
slip zone. There are no good direct constraints for the sea-
ward limit of rupture in past great Cascadia earthquakes,
only very broad constraints to near the seaward limit of the
subduction thrust from the size of the 1700 tsunami (e.g.,
Priest et al. 2000). However, there are suggested physical
limits to elastic strain buildup and rupture that appear to ex-
plain observations from other subduction zones. Free slip in
the updip aseismic zone may be a consequence of the stable
sliding clay minerals that are common in the region of sub-
duction zone faults. At a depth of *10 km, the sediments
are no longer unconsolidated muds and sands, but have
been compressed and lithified to sedimentary rock that may
have sufficient strength to sustain elastic strain buildup.
With increasing temperature, clays become compacted and
dehydrated, and they transform to stronger minerals in com-
plex processes, such as to exhibit seismic behaviour (see
discussion by Underwood 2007). The fault may become
seismogenic where the temperature reaches 100–150 8C
(see discussion by Hyndman and Wang 1993). On other sub-
duction zones, Harris and Wang (2007) showed how the up-
dip limit varied in position with varying thermal regimes in

the incoming plate, but was still at *150 8C. At the basal
detachment of most of the frontal thrusts of Cascadia, the
temperature is over 200 8C. Therefore, if this 150 8C tem-
perature limit is correct, the seaward limit of the Cascadia
locked zone is beneath the base of the continental slope in
the region of the accretionary sedimentary prism complex
frontal thrusts.

Landward downdip seismic limit
Many factors have been suggested for the controls of the

downdip limit of the locked seismogenic zone (e.g., discus-
sions by Tichelaar and Ruff 1993; Hyndman 2007), but two
appear to dominate, (i) for hot subduction zones (such as
Cascadia), there is a maximum temperature limit for seismic
rupture behaviour (e,g., Hyndman and Wang 1993); and (ii)
for most of the more common cool continental subduction
zones, aseismic fore-arc mantle serpentinite appears to pro-
vide the downdip limit (e.g., Hyndman et al. 1995; Peacock
and Hyndman 1999; Hyndman and Peacock 2003). At some
depth, a temperature is reached on the thrust fault where the
rocks behave plastically. More precisely, the critical depth is
where the fault zone no longer exhibits frictional instability
(Scholtz 1990). Laboratory measurements on continental
crustal rocks indicate that the critical temperature marking
the transition to stablesliding is about 350 8C (e.g., referen-
ces listed by Hyndman and Wang 1993). Great earthquakes
that are initiated where the temperature is <350 8C may rup-
ture downdip with decreasing offset to where the tempera-
ture reaches about 450 8C. The 350 to 450 8C region, thus,
corresponds approximately to the transition zone used to
model the geodetic data. This temperature control agrees
well with other constraints for landward limits to great
earthquake rupture on the Nankai margin of southwest Japan
and several other hot subduction zones (Hyndman et al.
1995; Oleskevich et al. 1999; Currie et al. 2002; Hippchen
and Hyndman 2008). Thermal modelling applied to a num-
ber of cool subduction zones found that the thermal limit
was deeper than the fore-arc Moho, and serpentinized fore-
arc mantle is inferred to provide the downdip rupture limit
in most cases. There are a few subduction zones where the
downdip limit has been concluded to be deeper than either
of these limits.

Because the subducting Juan de Fuca plate is young and
there are thick insulating sediments on the incoming oceanic
crust, the temperatures on the Cascadia subduction thrust are
very high. The result is a thermal seismogenic landward
limit that is especially shallow.

Cascadia downdip rupture limit
The downdip landward limit of the Cascadia rupture zone

can be estimated from five constraints:

(1) The current locked zone on the thrust based on compar-
ison of geodetic data that constrain the pattern of current
interseismic deformation and the predictions of locked
fault elastic dislocation models (e.g., Savage 1983).

(2) The downdip limit of past great earthquake ruptures
based on the subsidence recorded in coastal marshes
compared with predictions of elastic dislocation models.

(3) The thermal limit for seismic behaviour of 350–450 8C
based on laboratory data, and the downdip variation in
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temperatures on the Cascadia thrust plane from numeri-
cal thermal models.

(4) The change in multichannel reflection character at the
downdip transition from brittle seismic behaviour to dee-
per aseismic slip, from a thin boundary to a thick shear
zone (including the E-layer).

(5) The updip limit of ETS slow slip and tremor that may
define the downdip earthquake rupture limit.

Geodetic constraints to downdip limit of locked zone
The extent of the locked zone on the thrust fault that may

approximate the rupture zone can be determined from the
pattern of interseismic crustal deformation (e.g., Fig. 8). If
the locked zone is narrow, extending only a short distance
downdip, the zone of elastic deformation is narrow. If the
locked zone is wide, the deformation zone will extend a
long distance inland (e.g., Wang et al. 1994). Comparison
of the deformation from geodetic surveys with the predic-
tions of models for a locked thrust fault shows, firstly, that
the subduction thrust fault is probably locked along the
whole coast from southern British Columbia to northern
California, with very little if any aseismic slip. Secondly,
the variations in downdip width of the locked zone along
the coast have been mapped (Hyndman and Wang 1995;
Miller et al. 2001; Murray and Lisowski 2000; Svarc et al.
2002; Mazzotti et al. 2003; Wang et al. 2003; Yoshioka et
al. 2005; McCaffrey et al. 2007; Goldfinger et al. 2009).
Figure 10 also illustrates the effect of locked zone width
through a comparison of the vertical deformation over the
narrow locked zone of northern Cascadia at Vancouver Is-
land and the wider locked zone of southwest Japan.

The rates of deformation are very slow and very precise
measurements are required, able to resolve deformation rates
of a few millimetres/year. Five types of geodetic data have
defined the pattern of current deformation across the Casca-

dia margin. They include (1) continuously recording and re-
peated campaign GPS station networks, (2) repeated survey
levelling lines, (3) long-term tide gauge records, (4) repeated
gravity surveys. All three types of measurements of vertical
motion (levelling, tide gauges, and gravity) give similar re-
sults although there are still large uncertainties (e.g., Woly-
nec 2000 for Vancouver Island). For the Cascadia margin,
there is present uplift at rates that vary along the coast from
1 to 4 mm/year. The uplift rate decreases to near zero at
100 km inland from the point of maximum uplift. The value
for the southwest coast of Vancouver Island is unusually
small for the Cascadia margin (*1 mm/year), which has not
yet been adequately explained, although it is *3 mm/year as
expected from elastic dislocation models for the coast of
the Olympic Peninsula just to the south.

Horizontal deformation across the coastal region was first
found from repeated distance measurements using laser
ranging between mountain tops, initially shown for the Seat-
tle – Olympic Peninsula region (e.g., Savage et al. 1991). In
more recent years, the satellite GPS has permitted horizontal
and vertical level measurements over distances of hundreds
of kilometres with sufficient accuracy to detect earthquake-
related strain build-up. The horizontal deformation is much
easier and more accurate to measure than the vertical, and
the horizontal now provides the most precise constraints,
although fore-arc deformation adds some complexity. Dra-
gert and Hyndman (1995) reported a rate of shortening of
about 7 mm/year between Victoria on the coast and Pentic-
ton 300 km inland, which is nearly fixed relative to stable
North America. The uncertainty is only about 1 mm/year
over this distance. Numerous subsequent measurements
have shown about 10 mm/year across the 100 km wide
coastal zone rate (e.g., Mazzotti et al. 2003), about 25% of
the 40 mm/year total plate convergence (e.g., Wilson 1993).
Example sites are shown in Fig. 11; there now are more
than 50 Cascadia continuous and many more repeat cam-
paign GPS sites that define the ongoing deformation. Most
of the remainder of the plate convergence is taken up as

Fig. 10. Pattern of vertical motion from repeated levelling across
northern Cascadia and southwest Japan compared with elastic dis-
location models for the megathrust locked and transition zone,
showing the effect of different landward extents of locked and
transition zones. These kinds of data provided the first definition of
the width of the locked zone along this margin. subsid., subsidence.

Fig. 11. Three examples of many continuous and repeated GPS
measurements of coastal shortening associated with locked mega-
thrust. See Mazzotti et al. (2003) for a summary of such measure-
ments in the southern Vancouver Island area.
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shortening farther seaward across the continental shelf. The
horizontal rate measured on Vancouver Island, if continued,
represents 10 km/Ma; the vertical rates represent 1–4 km/Ma
This would produce very high coastal mountains in a short
time, so the measured deformations must be short-term elas-
tic transients that will be released in the rebound accompa-
nying the next great earthquake.

The downdip extent of the locked zone has been esti-
mated by comparing the geodetic data with mathematical
models of the elastic deformation (e.g., Dragert et al. 1994;
Hyndman and Wang 1995; Wang et al. 2003; Yoshioka et
al. 2005; McCaffrey et al. 2007; Goldfinger et al. 2009).
The models include a transition zone on the fault, between
the fully locked and downdip fully free slip portions, since
an abrupt transition is physically unrealistic. The rupture
displacement of great earthquakes is assumed to decrease to
zero at the downdip limit of this transition zone. The effect
of various versions of this transition zone has been exam-
ined by Wang et al. (2003). Interseismic transient deforma-
tion also may be important (e.g., Hu et al. 2004), although
Cascadia is approximately half way through the interseismic
period so non-elastic transients are probably less important.

Block motions of the fore arc have added complexity to the
modelling of the deformation associated with the locked
subduction thrust fault. The map of Fig. 12 shows one sim-
ple summary of the locked and transition zone based on
geodetic data for the whole Cascadia margin by Hyndman
and Wang (1995). Other similar but more detailed models
have been obtained by McCaffrey and Goldfinger (1995),
McCaffrey et al. (2000, 2007), Yoshioka et al. (2005), and
Goldfinger et al. (2009). There are clear variations along
the Cascadia margin in the pattern of uplift and shortening.
The inferred widths of the locked and transition zones are
widest off the Olympic Peninsula of northern Washington
where the plate dip is shallow and narrowest off central Or-
egon (Fig. 12). A cross-section across the Vancouver Island
continental margin also illustrates the positions of the locked
transition and free slip zones (Fig. 13).

The thermal downdip limit for seismic behaviour
Numerical thermal modelling using the finite element rou-

tines of K. Wang has been carried out for a series of profiles
across the Cascadia margin to obtain the temperatures on the
subduction thrust fault (Hyndman and Wang 1993, 1995;
Oleskevich et al. 1999; Currie et al. 2004; K. Wang, per-
sonal communication, 2009). Measurements of the heat flux
from the earth, both on land and the seafloor, provide a
model constraint (Lewis, et al. 1988; Fig. 13). An important
uncertainty in the thermal models is the importance of hy-
drothermal heat transfer in cooling the subducting oceanic
crust (Kummer and Spinelli 2009). The positions of the 350
and 450 8C temperatures from the conductive model are in
good agreement with the downdip limits of the locked and
transition zones inferred from the deformation data dis-
cussed earlier in the text. Figure 13 shows that the inferred
seismogenic zone lies beneath the prism of sediments
scraped off the incoming oceanic crust. The temperatures
on the Cascadia thrust plane are unusually high because the
young incoming oceanic plate is hot and because there is a
thick insulating sediment cover. As a result, a temperature
of about 225 8C is reached at the top of the oceanic crust at
the base of the continental slope. The high temperatures on
the thrust plane mean that the 350 and 450 8C temperature
limits for the inferred full rupture and transition zone are
reached at an unusually short distance landward on the fault,
under the edge of the continental shelf.

The landward limit from coseismic subsidence recorded
in coastal marshes

Subsided and buried coastal marshes owing to coseismic
subsidence of great earthquakes were discussed earlier in
the text. Important support for the conclusions of the geo-
physical elastic dislocation modelling is provided by a com-
parison of predicted coastal great earthquake subsidence
with that inferred from the studies of buried coastal marshes.
The present coastal uplift rate of 1 to 4 mm/year, accumu-
lated over an interseismic period of 500 years, gives an ex-
pected earthquake subsidence range of 0.5 to 2 m. The
marsh subsidences associated with great earthquakes, esti-
mated from the past and present faunal-constrained intertidal
water depths just above and below the marsh tops, give sim-
ilar earthquake subsidences (Fig. 14 after Leonard et al.
2010). Similar subsidences are also estimated from the most

Fig. 12. The locked, transition and episodic tremor and slip (ETS)
zones on the Cascadia subduction thrust based on geodetic (GPS
and repeat levelling) and thermal constraints (modified from Hynd-
man and Wang 1995). See text for similar recent inversion models.
EXPL., Explorer.
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recent event burial depths, after allowing for eustatic sea-
level rise, postglacial rebound and the interseismic earth-
quake cycle uplift, since the event. However, the accuracy
from the latter approach is low. Variations along the coast
are also in general agreement. For example, regionally, there
is the smallest present uplift rate and shallowest marsh bur-
ial depth for the coast of central Oregon. However, there are
differences in detail that remind us that we have simplified
the complex earthquake process. Southern Vancouver Island
is an anomaly with small interseismic uplift and small co-
seismic subsidence, as noted earlier in the text. Although
the resolution is low, the marsh subsidences provide a strong
constraint that the past great earthquake ruptures were well
offshore, not extending beneath the coast, except for a small
area of southermost Cascadia.

Change in multichannel reflection character at the
downdip seismogenic limit

It has been concluded by Nedimovic et al. (2003) that
there is a change in the seismic reflection character from a
thin sharp reflector, where the subduction thrust is inferred
to be seismic, to a broad reflection band at greater depth,
where there is aseismic slip. They pointed out that deep seis-
mic reflection images from Alaska, Chile, and southwest Ja-
pan show a similar broad reflection band above the
subduction thrust in the region of stable sliding and thin
thrust reflections further seaward, suggesting that reflection
imaging may be a globally important predictive tool for de-
termining the maximum expected rupture area in megathrust
earthquakes.

For Cascadia, this interpretation is applicable only if the
megathrust fault motion is associated with the E-zone rather
than at the top of the downgoing oceanic plate, if the latter
is deeper (see earlier discussion; Fig. 9). Combining the

deep multichannel reflection images from surveys offshore
of Vancouver Island, marine surveys in Georgia Strait – Pu-
get Sound, and Lithoprobe land Vibroseis land surveys on
Vancouver Island permitted mapping variations in the re-
flection nature of the interplate interface from the deep sea
deformation front to where the megathrust interface reaches
the fore-arc mantle corner. Despite considerable variation in
the reflection character of the subduction thrust on the seis-
mic lines, there is a consistent downdip change from a thin
(<2 km) reflection zone offshore to a broad reflection band
(E-layer) some 5–7 km thick, near or just seaward of the
west coast of Vancouver Island (see seaward end of Fig. 9).
This limit agrees very well with that from both geodetic data
and thermal constraints.

Temperature estimates on the megathrust (see earlier in
the text) and fluid-filled porosity estimates within the E-re-
flection zone led Nedimovic et al. (2003) to propose that
ductile banding is the prevailing type of deformation in the
E-layer shear zone. Laboratory and field studies of rocks
from now-exposed deep faults and shear zones show that, at
depths of 10–15 km or more and temperatures above about
350 8C, ductile processes begin to dominate and mylonites
are usually formed. The temperature at the base of the E-re-
flection band beneath the east coast of Vancouver Island is
about 400 8C, increasing to about 500 8C further landward.
Mylonite zones from exhumed ductile shear zones are often
as wide as the E-reflection band and are inferred to be very
reflective. However, the E-reflection band must contain sig-
nificant fluid-filled porosity to explain its high electrical
conductivity and inferred high Poisson’s ratio.

Downdip rupture limit from the updip limit of seismic
tremor and slow slip (ETS)

Another indicator of the downdip limit of megathrust rup-

Fig. 13. Compilation of heat flow data across the northern Cascadia margin at Lithoprobe corridor and corresponding numerical thermal
model. The thermal limits to the locked (350 8C), transition (450 8C), and episodic tremor and slip (ETS) zones are shown. Accr. Seds.,
accreted sediments; BSR, bottom-simulating reflector; ODP, Ocean Drilling Program.
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ture is the updip limit of episodic tremor and slip discussed
in the next section. Since most, if not all, of the plate con-
vergence is accounted for in slow slip events (e.g., Dragert
et al. 2004; Chapman and Melbourne 2009), there can be lit-
tle elastic strain build up at the depths of ETS for subse-
quent earthquake rupture. The tremor locations are difficult
to determine accurately because they have no clear phase
onsets. However, they have been studied in detail and are
quite well located, although scattered (e.g., Kao et al. 2009,
and references therein). The slow slip events are less well
located since the locations depend on matching the surface
displacements to dislocation models and are sensitive to the
assumed thrust fault depth profile. However, the seaward
slow slip limit must be quite close to that of the tremor.
The ETS tremor intensity and modelled slow slip taper sea-
ward and the locked fault geodetic model and thermal rup-
ture limit models taper landward (Figs. 12, 13), but there
may be a gap between them (e.g., Dragert et al. 2004; Chap-
man and Melbourne 2009). In any case, the seaward ETS
limits are approximately parallel to the downdip seismo-
genic limits so, with a possible as yet poorly calibrated
downdip offset, the ETS distribution may provide an impor-
tant landward rupture constraint.

Episodic tremor and slip

The recent discovery of episodic tremor and slip (Rogers
and Dragert 2003; Kao et al. 2009) has added to our under-
standing of the subduction seismic and aseismic slip process
in the Cascadia subduction zone. Similar ETS has been ob-
served on the margin of southwest Japan (e.g., Obara 2002)
and a few other subduction zones. These recurring events

(Fig. 15) mainly appear to be limited to subduction zones
with oceanic lithosphere ages of up to a few tens of millions
of years, although the required careful monitoring is avail-
able only for a few subduction zones globally. The associa-
tion with young ages suggests that only the warmer
subduction zones have ETS. It appears that most of the
time the subduction interface is locked to a considerable dis-
tance downdip of the megathrust rupture zone. This short-
term locking extends updip to about the west coast of Van-
couver Island and includes a zone where the temperatures
are higher than for normal brittle seismic behaviour. The
strength of the fault on the downdip portion is exceeded
after about a year (about 14 to 15 months in the case of the
southern Vancouver Island segment), and it fails in a slow
slip process. The slip propagates along strike at a rate of up
to 10 km/day, and it takes the order of two weeks to com-
plete a typical event. These ETS events are detected in two
ways, geodetically by a reversal in the direction of continu-
ous GPS installations in the coastal region, and by the onset
of almost continuous pulsating sequences of non-earthquake
seismic signals called ‘‘tremor.’’ They consist of multiple
overlapping bursts of shear-wave energy that, unlike earth-
quakes, have no sharp phase onset. During the entire rupture
episode there are tremor sequences that have durations of
minutes to hours (e.g., Kao et al. 2009, and references
therein). Some smaller tremor sequences, and probably ac-
companying slip, occur between the main ETS events (e.g.,
Fig. 15; Creager 2009; Kao et al. 2009). Beneath Vancouver
Island the tremors are mainly concentrated at the depth of
the Lithoprobe ‘‘E’’ layer (Fig. 16a), where the underlying
‘‘F’’ layer, interpreted to be the top of the oceanic plate, is
at depths of 30–50 km (Fig. 16b).

Fig. 14. Compilation of Cascadia coseismic coastal subsidence data for the 1700 (dark band) and earlier great events (light band) compared
with (a) the predictions for 500–800 years of strain build up and (b) for 10–50 m of rupture displacement (after Leonard et al. 2010).
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Fig. 15. Correspondence of slow slip events detected by GPS and tremor events detected by seismographs at Victoria, B.C. (Updated from
Rogers and Dragert 2003).

Fig. 16. (a) Colour contours of tremor intensity in the area of the Lithoprobe corridor (after Kao et al. 2009). Tremors are concentrated near
the depth of the E-layer reflective band and receiver function low-velocity zone. (b) Map of tremor activity locations 1997–2007 (after Kao
et al. 2009). Tremor appears to avoid area of two large crustal earthquakes on Vancouver Island. ETS, episodic tremor and slip.
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In the ETS process, the stress that had accumulated on the
deeper slow slip portion of the fault is transferred to the
upper more strongly locked portion that will eventually fail
in a great subduction earthquake (Dragert et al. 2004). Be-
cause the stress is accumulated incrementally rather than
continuously, it is expected that the subduction zone will
preferentially fail during one of these incremental increases
in stress (Dragert et al. 2001; Mazzotti and Adams 2004).
However, it is now recognized that different portions of the
Cascadia subduction zone have slow slip events at different
times and have different return periods (e.g., Brudzinski and
Allen 2007), so we cannot yet use the ETS events to use-
fully estimate time variations in Cascadia great earthquake
rupture probability.

A number of observations provide constraints to the proc-
ess responsible for ETS. One constraint on the nature of the
ETS process in the Cascadia Subduction Zone is provided
by frequently repeated high-precision absolution gravity
measurements (Lambert et al. 2006). The ETS events are ac-
companied by gravity changes that are most likely caused
by mass redistribution and not height change. Another im-
portant observation is that ETS activity appears to be modu-
lated by earth tides (Rubinstein et al. 2008; Lambert et al.
2009). Concentrations of tremor activity are observed with
periods of 12.4 and 24–25 h, the same as the principal lunar
and lunisolar tides. This indicates that the small stresses as-
sociated with the solid-earth and ocean tides influence the
genesis of tremor much more effectively than they do the
genesis of normal earthquakes. Because the lithostatic
stresses are 105 times larger than those associated with the
tides, it is argued that tremor occurs on very weak faults
(e.g., Rubinstein et al. 2008). Slip may be mediated by pres-
sure fluctuations of fluids rising from the subducting slab.
Julian (2002) and others have argued that the fluids come
from especially strong dehydration of the downgoing slab
beneath the fore-arc region in hot subduction zones, as for
example shown by Peacock and Wang (1999).

The great earthquake hazard
A detailed discussion of the hazard associated with great

subduction zone earthquakes in Cascadia is beyond the
scope of this article, but we present here a few general com-
ments. Different locations across the margin will have dif-
ferent experiences. The outer coast, which is approximately
above the down-dip limit of the earthquake rupture, will be
subject to strong shaking, which is likely to damage many
structures, trigger landslides, and cause liquefaction in sus-
ceptible regions. The outer coast also will be subject to
abrupt subsidence of 0.5–2 m and to very large tsunami
waves. The major urban regions of Cascadia are at a dis-
tance inland such that the shaking is not as severe as on the
outer coast. However, the long duration of several minutes
of shaking may trigger landslides and make some structures
vulnerable, structures that would not be seriously affected by
stronger shaking with a shorter duration. Because of attenu-
ation with distance of high-frequency waves, longer period
waves become dominant at landward locations. Some struc-
tures may be especially vulnerable to such waves.

Great progress has been made in understanding the hazard
from great subduction earthquakes since the first Lithoprobe

studies on Vancouver Island. Scenario development (e.g.,
Cascadia Regional Earthquake Work Group 2005) using in-
formation from other great earthquakes, such as Sumatra
(2004) and Alaska (1964), has facilitated detailed planning
by emergency organizations. The hazard from great subduc-
tion earthquakes is now included in the latest editions of
building codes in both Canada (e.g., Adams and Atkinson
2003) and the USA (e.g., Petersen et al. 2008).

The attenuation of shaking with distance relationships
currently used in Cascadia hazard assessments depend
mainly on strong motion shaking recorded from great earth-
quakes in other subduction zones (e.g., Atkinson and Macias
2009; Gregor et al. 2002). More accurate estimates of the
attenuation with distance specifically for Cascadia are
needed and structural studies, such as Lithoprobe pioneered,
can provide new constraints. Such studies are likely to play
an increasing role in the next generation of seismic hazard
assessments. Detailed knowledge of the structure in the sub-
duction region coupled with wave amplitude modelling can
identify regions that are subject to especially high shaking.
Examples of possible causes of high amplitudes are where
there is focusing by low-velocity fore-arc mantle serpenti-
nized regions (McNeill et al. 2004), sub-critical reflections
off the Moho of the subducting plate (Cohee et al. 1991;
McNeill 2005), and the effects of sedimentary basin re-
sponse (e.g., Olsen et al. 2008). The earthquake threat for
the coastal region of British Columbia and Washington is
large even without great earthquakes. The evidence for giant
subduction zone events results in hazard estimates that are
similar to regions well known for substantial earthquake
hazard, such as California and Japan.
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