
the shape and position of the two water of
hydration bands (Fig. 2) did not change much
for seven or more waters of hydration, but the
slope of the spectrum increased with degree of
hydration beyond about seven waters (12).
Thus, the hydrated minerals on Europa could be
more hydrated and/or of a larger grain size than
on Ganymede. Lastly, a third material other
than water ice and hydrated minerals could be
present, reducing the slope of the spectrum for
Ganymede.

These results suggest that brines or deposits
formed from brines reached the surface on
Ganymede at some time. This is consistent with
the interpretation of results from the Galileo
magnetometer investigation, suggesting a con-
ducting fluid layer just beneath the surface of
Ganymede (24). It is also consistent with the
identification of regions on Ganymede that ap-
parently have experienced severe surface dis-
ruptions, similar to that seen on Europa (25).
Thus, Ganymede, like Europa, may have a
large fluid region or regions beneath its icy
crust. We suggest that this liquid is a brine rich
in MgSO4 and that some of the brine material
reached the surface of Ganymede over the his-
tory of its evolution.
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A Silent Slip Event on the
Deeper Cascadia Subduction

Interface
Herb Dragert,* Kelin Wang, Thomas S. James

Continuous Global Positioning System sites in southwestern British Columbia,
Canada, and northwestern Washington state, USA, have been moving landward
as a result of the locked state of the Cascadia subduction fault offshore. In the
summer of 1999, a cluster of seven sites briefly reversed their direction of
motion. No seismicity was associated with this event. The sudden displace-
ments are best explained by ;2 centimeters of aseismic slip over a 50-kilo-
meter-by-300-kilometer area on the subduction interface downdip from the
seismogenic zone, a rupture equivalent to an earthquake of moment magnitude
6.7. This provides evidence that slip of the hotter, plastic part of the subduction
interface, and hence stress loading of the megathrust earthquake zone, can
occur in discrete pulses.

Great thrust earthquakes [moment magnitude
(Mw) . 8] repeatedly rupture the shallow
(,25 km) portion of the Cascadia subduction
interface (1, 2) where the oceanic Juan de
Fuca plate descends beneath the North Amer-
ica plate (Fig. 1). Geodetic measurements
over the past decade at sites on the Cascadia
margin have confirmed that this seismogenic
zone of the subduction fault is currently
locked (3–9). Continuous motion of the con-
verging plates produces tectonic loading of
the locked segment, eventually leading to
earthquake rupture. Downdip from the seis-
mogenic zone, temperature-controlled rheol-
ogy and friction allow smoother slip without
producing earthquakes (10). If there is insta-
bility in the deep segment caused by time-
varying rheology or friction, the aseismic slip
may be episodic and could at times trigger an
earthquake in the updip seismogenic zone
(11–13). The mode of the aseismic slip below
the seismogenic zone of subduction faults
between great earthquakes has not been ob-
servationally constrained, although theory
suggests that plastic instabilities in the pres-
sure-temperature environment of the upper
mantle and lower crust may give rise to tran-
sient enhancement of slip rates (14). Data
from a contiguous set of seven continuous
Global Positioning System (GPS) sites have
now provided evidence for the occurrence of
sudden aseismic slip over a large area of the
deeper Cascadia subduction interface.

Analyses of GPS data are routinely carried
out for the 14 continuous GPS sites identified in
Fig. 1. These sites were established specifically
for the study of crustal motions (15). Changes
in the latitude, longitude, and height of sites

relative to the GPS site at Penticton (DRAO)
are estimated from daily data (16).

To reduce further day-to-day scatter that
is common to all sites of the network, daily
residuals in individual components are com-
puted for each site by removing linear trends,
annual signals, and steps due to antenna set-
up changes and the slip event identified in
this study, all estimated simultaneously by
least-mean-squares regression. These daily
residuals are averaged for all network sites,
and these averages are subtracted from the
raw time series (Fig. 2). The application of
this regional filter reduces the means of the
daily (rms) scatter in the north, east, and up
components from 1.3, 1.4, and 4.7 mm to 0.8,
0.8, and 3.1 mm, respectively.

Processing data with this precision has
resulted in the identification of an unexpected
episode of displacements at seven contiguous
sites (Table 1 and Fig. 3). Total horizontal
displacements, estimated from regression,
ranged from 2 to 4 mm. Estimates of the time
span for the displacements at individual sites
ranged from 6 to 15 days (Table 1 and Fig.
2). The longer term northeastward motion of
these sites, largest at outer coastal sites, is
consistent with convergence between the
Juan de Fuca and North America plates with
no slip at the locked part of the subduction
boundary that underlies the offshore conti-
nental slope. The newly detected transient
motion is in the opposite direction of this
northeastward motion (Fig. 1), and displace-
ments are largest at ALBH and PGC5, sites
that are located more than 100 km landward
of the locked zone. The displacements atten-
uate rapidly to the east and south and less
rapidly to the west and northwest. The time of
their occurrence varies systematically, being
earliest in the southeast and about 35 days
later in the northwest region of detection,
indicating a signal propagation parallel to the
strike of the subducting slab at an equivalent
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speed of roughly 6 km per day.
The fact that the transient motion is limited

to a subset of contiguous sites, shows a system-
atic delay in arrival at these sites, and is not
correlated with tropospheric parameters, rules
out its generation as an artifact of data process-
ing. Furthermore, the source of this transient
deformation is unlikely to be within the conti-
nental crust. The background crustal stress field
in the Cascadia forearc is characterized by com-
pression parallel to the plate margin as a result
of a secular northward motion of the forearc
sliver (17) and/or oblique subduction (18). The
motion of crustal faults in this stress environ-
ment should produce predominantly margin-
parallel displacements, but the observed dis-

placements are nearly perpendicular to the plate
margin. The direction of the displacements and
the along-strike propagation lead us to conclude
that slip occurred on the subduction interface.
No displacement was detected at PABH, and
the reduced, more northerly directed displace-
ment at SEAT suggests that the slip zone pinch-
es out just south of Seattle. No transients were
observed at HOLB, located at the northern tip
of Vancouver Island. The slip zone may end at
the Nootka Fault, which underlies central Van-
couver Island and marks the northern edge of
the subducting Juan de Fuca plate (Fig. 1).

We use a three-dimensional model of fault-
ing in an elastic half-space to constrain the
geometry of the slip zone and to fit the observed

displacements. The use of a purely elastic me-
dium is justified because of the short duration
of the transient event relative to the viscoelastic
time constant constrained by postglacial re-
bound analysis (19). The geometry of the sub-
ducting slab compiled by Flück et al. (20) is
used, and the rupture is allowed to propagate
along the curved upper surface of the slab. The
displacement at each GPS site is calculated by
numerically integrating the contribution from
every point on the entire fault surface using the
Okada point-source solution (21). The small
number of GPS sites and limited time resolu-
tion of the transient signal do not warrant a
temporally continuous rupture model. Conse-
quently, the evolution of the slip event is
presented in three snapshots (Fig. 4). For
each time step, the geometry of the slip area
and the slip distribution, which are kept as
simple as possible, are adjusted to fit the GPS
observations.

The best estimate of the slip distribution
along the plate interface (Fig. 4) consists of a
full slip area with 2.1 cm of slip (dark shad-
ing) in the plate-convergence direction and an
area where slip has been tapered linearly
from the full 2.1 cm to 0 cm updip (light
shading). This area of slip is downdip of the
nominal locked and transition zones (Fig. 1).
The 2.1-cm slip is equivalent to about half a
year of plate convergence (;4 cm/year) and

Fig. 1. Location of continuous GPS sites that are included in the routine analysis of GPS data carried
out at the Geological Survey of Canada (GSC). Sites in Canada are operated and maintained by the
GSC; U.S. sites, which form part of the PANGA (Pacific Northwest Geodetic Array) network, are
operated by a consortium of university and government agencies. Bold (red) arrows show
displacements (with respect to DRAO) due to the slip event. Error ellipses are double the 95%
confidence limits derived from the formal regression errors of Table 1. Thin (black) arrows show 3-
to 6-year average GPS motions with respect to DRAO (7). The two dashed lines show the nominal
downdip limits of the locked and transition zones from the model of Flück et al. (20). Inset shows
the approximate time interval of the transient signal at each site along a northwest-striking line.

Fig. 2. Daily changes in longitude at ALBH with
respect to DRAO. (A) shows the raw time series
from the Bernese 4.2 solutions. Linear trend
(assumed constant) and the magnitude of the
transient displacement were estimated from
these (and the commensurate latitude) data.
(B) shows the filtered time series where net-
work-averaged daily residuals have been re-
moved. (C) shows an expanded view of the
transient displacement where five-point trian-
gular smoothing has been carried out. Date of
occurrence and the duration of the transient
(shaded area) were estimated from these
smoothed longitudinal data. Dotted red line
shows linear trend.

Table 1. Horizontal site displacements relative to Penticton (DRAO). Total displacements are estimated
by assuming a single step at the midpoint of the transient signal. Columns marked “Start” and “End” give
day of year (DOY) 1999 for the transient signal’s start and end dates estimated from graphs; dN, Nsig
and dE, Esig are the estimated displacements and their errors for the North and East components,
respectively.

Site
Latitude
(degrees)

Longitude
(degrees)

Start
DOY

End
DOY

dN
(mm)

Nsig
(mm)

dE
(mm)

Esig
(mm)

NANO 49.295 –124.086 265 272 –1.66 0.21 –1.91 0.17
UCLU 48.926 –125.542 267 272 –0.84 0.17 –1.87 0.21
PGC5 48.649 –123.451 237 248 –2.59 0.18 –3.17 0.18
ALBH 48.390 –123.487 230 246 –2.10 0.15 –3.72 0.18
NEAH 48.298 –124.625 241 250 –0.48 0.22 –2.67 0.21
SEDR 48.522 –122.224 230 242 –1.19 0.16 –2.09 0.12
SEAT 47.654 –121.691 230 240 0.63 0.16 –1.90 0.15
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generates a maximum surface strain signal of
the order of 20 3 1029 to 30 3 1029 (SW-
NE extension to the east and SW-NE com-
pression to the west of ALBH). The downdip
boundary of the slip zone is relatively sharp,
as required by the rapid landward decrease in
the observed GPS site displacements, where-
as the updip boundary requires a more grad-
ual transition from full slip to no slip. Ten
days after its initial detection, the rupture is
limited to an area south of Vancouver Island,
with the full slip zone roughly bounded by
the 30- and 40-km depth contours of the plate
interface. The rupture then propagates (or
steps) along strike to the northwest with a
gradual decrease in width. Assuming a rigid-
ity of 40 GPa, the total cumulative moment of
the rupture is 1.35 3 1019 Nzm, equivalent to
an earthquake of Mw 5 6.7. As the rupture
propagates, the downdip limit of the slip zone
is kept constant at a depth of about 42 km,
where the temperature along the plate inter-
face is about 500°C (22).

This slip model replicates the observations
well. Refinements such as heterogeneous slip
directions and magnitudes are possible, al-
though they will not alter the main features of,
nor the underlying physical processes reflected
by, the model of Fig. 4. Observations of vertical
displacements were not used in the derivation
of the slip model because of their larger (3 to 4
mm) uncertainties, but they were generally con-
sistent with the model predictions, which
ranged from –3 to 13 mm.

No obvious seismic trigger could be identi-

fied for the silent rupture. In the 5-day period
marking the beginning of the reversal of motion
at SEAT, SEDR, and ALBH, the largest earth-
quake observed in the southern part of the
model zone had a surface wave magnitude (Ms)
of 2.8. During the slip, background seismicity
was typical for both the overriding and down-
going plates, totaling about 80 regional events,
none of which exceeded Ms 5 3.0. A moderate
in-slab earthquake (Ms 5 5.5, depth ;41 km)
occurred 103 km WSW of Seattle 45 days
before the slip event, and the long time separa-
tion makes a direct causal connection unlikely.
The suggestion is that the convergent plate
motion across the deeper plate interface varies
with time. There can be longer periods (possi-
bly years) of slower sliding, punctuated by brief
periods (possibly days) of more rapid slip,
brought on not by seismic triggers but by sud-
den changes in rheology or friction. Such epi-
sodic creep events may be common and char-
acteristic of deep slab interface dynamics, but
detection of the subtle signals with GPS de-
mands densely-spaced continuous monitoring
using stable monuments, combined with exact-
ing data processing.

The time-varying coupling of plates across
the deeper subduction interface can cause aver-
age annual motion of GPS sites to fluctuate
with time. For example, the average velocity of
ALBH relative to DRAO from 1993 to 1998 is
4.7 6 0.4 mm/year at N57.7°E 6 3.0° (7),
whereas the velocity estimate based on the lin-
ear trend observed before and after the slip
displacement (Fig. 2) is in the same direction

but almost twice as large (9.2 6 0.8 mm/year).
The increase is consistent with stress accumu-
lation on the deeper interface augmenting the
deformation velocity due to the offshore locked
thrust zone. This time-varying behavior must be
considered when inferring crustal deformation
from shorter spans of GPS data.

In other seismically active areas of the
world, continuous strainmeter and GPS moni-
toring have detected a number of slow earth-
quakes occurring with slip rates over a range of
time scales (23). Many observations suggest
that the brittle, seismogenic part of a fault can
slip aseismically (24–26), whereas evidence for
slip events on the deeper part of faults in the
plastic regime is more limited. A slip event in
the western end of the Nankai subduction zone
lasted for about a year in 1997 (23, 27), and the
event occurred along the plate interface at about
40 km depth, similar to the Cascadia event.
Extrapolating from a thermal model for central
Nankai (28), the Nankai event likely occurred
where the plate interface temperature is about
400° to 500°C and, therefore, is also downdip
from the seismogenic zone. The 1-year duration
of the Nankai event and the much shorter Cas-
cadia event show that the deeper part of sub-
duction faults can slip aseismically at a variety
of time scales.

Silent deep-slip events could play a key role
in the cumulative stress loading of the shallow-
er seismogenic zone, each event bringing the
locked zone closer to failure. It is conceivable
that one of these slip events may keep propa-
gating updip and evolve into a trigger mecha-

Fig. 3. Filtered time
series of daily varia-
tions in relative longi-
tude with respect to
DRAO. Annual signals
have also been re-
moved. Red lines show
the best-fitting linear
trends, which are as-
sumed constant be-
fore and after the
transient. The vertical
green bars indicate
the earliest date of
detection (day 230) of
the transient.
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nism for a great subduction thrust earthquake.
The process of deep slip leading to a thrust
earthquake is considered responsible for the
1960 (Mw 5 9.5) Chilean earthquake (12) and
the 1944 and 1946 (both Mw 5 8.2) Nankai
Trough earthquakes (13), and suggests that en-
hanced seismic hazard may accompany silent
slip events. Denser continuous GPS networks
spanning Puget Sound and Georgia Strait could
characterize the timing and spatial distribution
of episodic silent slip, thereby allowing real-
time monitoring of the seismic potential of the
subduction megathrust.
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Age, Sex, Density, Winter
Weather, and Population

Crashes in Soay Sheep
T. Coulson,1*† E. A. Catchpole,2 S. D. Albon,3 B. J. T. Morgan,4

J. M. Pemberton,5 T. H. Clutton-Brock,6 M. J. Crawley,6

B. T. Grenfell7

Quantifying the impact of density, extrinsic climatic fluctuations, and demog-
raphy on population fluctuations is a persistent challenge in ecology. We
analyzed the effect of these processes on the irregular pattern of population
crashes of Soay sheep on the St. Kilda archipelago, United Kingdom. Because
the age and sex structure of the population fluctuates independently of pop-
ulation size, and because animals of different age and sex respond in different
ways to density and weather, identical weather conditions can result in dif-
ferent dynamics in populations of equal size. In addition, the strength of
density-dependent processes is a function of the distribution of weather events.
Incorporating demographic heterogeneities into population models can influ-
ence dynamics and their response to climate change.

Much recent ecological research has fo-
cused on the relative impact on population
dynamics of density dependence, density-
independent environmental effects, and un-

explained variation (1–3). However, to un-
derstand the mechanistic basis of popula-
tion fluctuations, we also generally need to
allow for the demographic structure of the

Fig. 4. Three-dimensional model of slip on the
subduction interface. Dashed lines are depth con-
tours of the interface. Slip direction is set con-
stant at 235°, the direction of motion of the
North America plate with respect to the Juan de
Fuca plate. Dark shading indicates the plate inter-
face area with full (2.1 cm) slip; lighter shading
indicates area where slip tapers linearly from
2.1 cm to 0 cm updip. Panels, marked by the
day of year 1999, show the total area of slip on
the interface in three time slices and the com-
mensurate evolution of the surface displace-
ment vectors [broad (yellow) 5 model; thin
(red) with error ellipses 5 observed]. Day 240 is
within the time interval of the GPS transient at
PGC5 and ALBH, and their observed displace-
ment vectors have been scaled, assuming a
linear increase of the displacement with time.
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