




energy cycles along the cascadia margin, based on 10,000 years of earthquakes: the sawtooth pattern represents the stor-
age of energy from plate motion (upticks) and energy loss from earthquakes (downticks). the complexity of this pattern 
suggests that simple models based on the most recent events underestimate earthquake potential, as occurred in tohoku. 
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look more deeply into how this great 
fault behaves over long periods of time. 
One thing that is obvious is that the tur-
bidites show an apparent clustering of 
great earthquakes into groups of four to 
five events, with 700- to 1,000-year gaps 
between the clusters. The turbidites also 
provide clues to the magnitudes of past 
events, and to the buildup and release 
of energy over time.

In the turbidite record, the bench-
mark 1700 earthquake is roughly aver-
age relative to 19 similar ruptures, in 
terms of turbidite thickness and mass 
over the past 10,000 years. About a half 
dozen turbidites are larger than the 
1700 event and a half dozen smaller; the 
rest are similar. Two obviously larger 
events are the 11th and 16th events back 
in time, at about 5,960 and 8,810 years 
ago. These turbidites are consistently 
two to five times larger than “average” 
turbidites at all core sites along the 
length of Cascadia, and may have been 
triggered by a magnitude-9.1 quake, 
which is 44 percent larger than a mag-
nitude-9 quake.

Our research shows that, despite the 
obvious simplifications involved, a 

connection between turbidite mass and 
energy release of the source earthquakes 
can be made because of consistency in 
the turbidite records along the length 
of the margin at multiple sites and mul-
tiple depositional environments. We also 
found a good correlation between tur-
bidite size and tsunami size at Bradley 
Lake along the southern Oregon coast, 
where an excellent 4,600-year tsunami 
record is found. This suggests that when 
paleoseismic records are long enough 
and of sufficient quality, we may be able 
to tease out more information about past 
earthquakes than just their timing.

We have also done further research 
on long-term patterns, looking at the 
energy balance between the Juan de Fuca 
and North American plates in Cascadia. 
Because the turbidite size is so consis-
tent among sites, the size of the turbi-
dites can be used as a crude measure of 
energy release and balanced against the 
energy gain from plate motion. Plotting 
the energy gain against energy loss, it 
is possible to generate a 10,000-year 
energy time series for Cascadia, show-
ing how energy is stored and released 
by the fault over time.

What this plot and a similar one cre-
ated for the Sumatran subduction zone 
show is that not only are earthquakes 
clustered in time, but there appears to be 
a long-term cycle of energy storage and 
release. The resulting sawtooth pattern 
reveals what we interpret as long-term 
energy cycling on the subduction zone, 
with some events releasing less energy 
and others releasing more energy than 
is generated from plate convergence 
alone. Earthquakes that are larger than 
the energy available from plate con-
vergence may have “borrowed” stored 
energy from previous cycles; at other 
times, energy is stored when less energy 
is released than is available.

The plots also show that when a fault 
is in a high- or low-energy state, its 
behavior can vary. For example, when 
Cascadia (and perhaps other faults) is 
at a high-energy state, it appears equally 
likely to rupture in single very large  
(maybe magnitude-9.1) earthquake or 
in a series of somewhat smaller (but still 
giant) magnitude-8.8 to -9 earthquakes 
to relieve stress. When at a very low-
energy state, Cascadia may go for long 
periods without any quakes, or it may 

research on the cascadia subduction Zone has caused scien-
tists to raise the earthquake hazard assessment for cities along 
the zone, like seattle, wash., (above) and portland, ore. (right). 
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shake in a series of earthquakes that only 
release a little of the accumulated energy 
over time — something that also clearly 
occurred for the 1,000 years prior to the 
2011 Tohoku earthquake.

The plots also suggest that the size of 
an earthquake is not that closely related 
to the time since the last earthquake. 
Think of a battery as representing the 
energy storage of a plate boundary: You 
can draw energy from it in any incre-
ment available at any time, limited only 
by the total energy available.

What this means for Cascadia and 
other subduction zones is that we cannot 
say very much about the next earthquake 
based on the few most recent ones. Long 
paleoseismic records help get around 
this problem. Turbidites from deep water 
in subduction zones and from lakes offer 
ways to build these long records. They 
have the advantage of being able to link 
the records between sites with physical 
stratigraphy and extend them further 
back in time.

othEr proBlEMs 
With short 
oBsErvation tiMEs

Where long paleoseismic records 
aren’t available, or in addition to 
paleoseismic evidence, scientists are 
frequently turning to geodetic data — 
data from GPS, strain gauges and tide 
gauges — to inform assessments of seis-
mic hazards based on how the land is 
deforming in real time. We now have 
a wealth of geodetic data that directly 
provides strain accumulation and slip 
rates on faults. These geodetic rates are 
commonly thought to be the best avail-
able data.

In some cases, geodetic rates over 
the last few years agree with long-term 
rates determined from geology, such 
as slip rates on faults and uplift rates 
of mountains; at other times, geodetic 
rates undershoot or overshoot these 
geologic rates. The reasons for the dif-
ferences are not always clear, but given 
the examples of very long-term cycling 
of earthquake energy release, it’s likely 
that one cause for the discrepancy in 
rates is linked to the short time frame 
of the observations.

Not only are the geodetic observations 
made at random times in the seismic 
cycle of nearby faults, they may well also 
be at random times in a long-term multi-
event “supercycle,” making the data 
less directly linked to average plate and 
fault block motions, and more difficult 

to interpret in terms of size and rates of 
future earthquakes.

With short records, almost every sig-
nificant earthquake is “new” to geolo-
gists. The magnitude-7.7 quake last 
October in the Queen Charlotte Islands 
off British Columbia was a thrust earth-
quake, a type not seen previously on 
that strike-slip fault, and the magni-
tude-8.6 strike-slip quake off the coast 
of Sumatra last April was the largest of 
its type ever recorded.

Another issue with short observation 
periods is the question of global cluster-
ing. Many people have noted that we 
have had a lot of really large earthquakes 
lately. Tohoku in 2011, Chile in 2010, 
Sumatra in 2004. Before that, there is a gap 
of 50 years following the 1964 Alaskan 
earthquake, with several other giants 
clustered between 1957 and 1964. These 
great earthquakes are clearly clustered in 
time, but is this just a random phenom-
enon, or does it mean something about 
global plate dynamics?

A couple of recent studies suggest 
global clustering of magnitude-9 earth-
quakes doesn’t exist, and can easily be 
explained as part of a random process. 
The problem, though, is that because 
the recurrence times of magnitude-9 
earthquakes can be hundreds of years, 
and for the largest events can be 5,000 to 
6,000 years, we mostly don’t have enough 
data to actually test this idea either way. 
Absent enough magnitude-9 events, 

the university of washington’s r/v 
thomas g. thompson leaving the dock 
in seattle, as researchers head out to 
study the cascadia subduction Zone.

the oregon state university 
coring team examines the 
upper section of a turbidite 
core recovered off the suma-
tran margin.  
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smaller earthquakes with higher fre-
quencies from other fault systems are 
used as proxies, but the comparison is 
dubious at best.

The observation that magnitude-9 
events worldwide have clustered twice 
in the last 100 years is also questionable 
because no mechanism to produce such 
clusters is known (of course, observations 
virtually always exist before explana-
tions are found). It’s likely that this ques-
tion will remain open for the foreseeable 
future, until we have long records from 
enough subduction zones to examine 
whether this phenomenon really exists, 
and if so, what it might mean and what 
mechanism could explain it.

thE nEXt Big onE
So, where will the next big one be? 

That’s impossible to say. But the recent 
surprises from Tohoku and Sumatra, cou-
pled with new evidence of long-term seis-
mic supercycles on faults like Cascadia 
and Sumatra,  imply that other subduction 
zones and other major fault systems may 
be capable of massive quakes.

Based on older models, relatively old 
subduction plate systems have been 
ignored as potential producers of mag-
nitude-9 earthquakes, but recent quakes 
show these zones are indeed at risk. Such 
areas include much of the west coast of 
South America, the remainder of the 
Japan Trench, the Himalayan Front, the 
Kuril Islands and the western Aleutians 
in the North Pacific, Java, Indonesia, in 
the South Pacific, the Antilles Islands in 
the Caribbean, the Makran coastal area 
in Iran and Pakistan, and the Manila, 
Sulu, Philippine and Hikurangi trenches, 
among many others.

Finally, the underlying cause of 
supercycles is unclear. They could be 
generated by intrinsic properties of 
the plate boundaries, cycling of energy 
among segments of an individual fault, 
transfer of energy between adjacent 
faults, or even energy transfer acting 
over larger distances. In addition, there 
is clear evidence of global clustering of 
magnitude-9 earthquakes, but we don’t 
have long enough records from around 
the world to say for sure whether this 

phenomenon is real or random, or 
what it means.

The earthquake community has had 
to take a step back and abandon older 
models of great earthquake occurrence. 
Today it’s not clear whether new global 
models will emerge, or whether local 
geology has the final say and that there 
are no universal governing relationships 
to guide model-based hazard assess-
ments. In either case, hazards can be 
addressed directly by gathering long 
earthquake records that don’t depend 
on models. Such records can answer the 
societal hazard questions in a straight-
forward way long before there is consen-
sus on global plate dynamics.

Goldfinger and Yeats are geologists in  
the College of earth, Ocean and atmo-
spheric sciences at Oregon state Univer-
sity. ikeda is a geologist in the depart-
ment of earth and planetary science at 
the University of tokyo in Japan. their 
work on long-term earthquake cycles will 
appear in an upcoming issue of seismo-
logical research Letters.

recent surprising earthquakes in Japan, sumatra and the Queen charlotte islands (circles), as well as new research along 
the cascadia subduction Zone (triangle), indicate that most any fault zone could rupture significantly. locations that have 
previously experienced “superquakes” are shown in orange. locations that researchers are starting to think could poten-
tially experience magnitude-9 quakes are shown in red. 
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