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[1] On 3 November 2002 anMW7.9 earthquake occurred in
central Alaska. The earthquake ruptured portions of the
Susitna Glacier, Denali, and Totschunda faults. Inversion of
the GPS-measured displacement field indicates that the event
was dominated by a complex, right-lateral strike-slip rupture
along the Denali fault. GPS sites closest to the epicenter show
the effect of thrust motion on the Susitna Glacier fault. The
preferred coseismic slip model, with MW7.8, indicates
relatively low slip on the western part of the rupture and
high slip from about 60 km east of the hypocenter extending
to the junction of the Denali and Totschunda faults. We find
mostly shallow slip from the surface to 15 km depth, but the
inversion suggests one large deep slip patch about 110 km
east of the hypocenter. Our model predicts surface slip in
good agreement with surface geological observations, where
model resolution is good. INDEX TERMS: 1242 Geodesy and

Gravity: Seismic deformations (7205); 1243 Space geodetic

surveys; 7209 Seismology: Earthquake dynamics and mechanics;

8107 Tectonophysics: Continental neotectonics; 8158 Plate

motions—present and recent (3040). Citation: Hreinsdóttir, S.,

J. T. Freymueller, H. J. Fletcher, C. F. Larsen, and R. Bürgmann,
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Geophys. Res. Lett., 30(13), 1670, doi:10.1029/2003GL017447,

2003.

1. Introduction

[2] On 3 November 2002, an MW7.9 earthquake occurred
on the Denali fault, central Alaska. The earthquake was
preceded by anMW6.7 right-lateral strike-slip earthquake on
23 October, with its epicenter only 22 km west of the
MW7.9 epicenter [Eberhart-Phillips et al., 2003]. These
earthquakes are the largest earthquakes to occur on the
Denali fault in recorded history. The 2002 Denali fault
earthquake ruptured the surface for about 340 km along
three major faults. It first ruptured 40 km along the Susitna
Glacier fault, a thrust fault south of and splaying off of the
Denali fault. Then it ruptured for 220 km along the Denali
fault, with nearly pure right lateral slip, to the junction of the
Denali and Totschunda faults where it stepped over to the
Totschunda fault and ruptured another 80 km [Eberhart-
Phillips et al., 2003].

[3] Many existing GPS points in Alaska were surveyed
following theMW7.9 earthquake. Here we present coseismic
displacements for theMW7.9 Denali fault earthquake for sites
measured within one week of the earthquake and permanent
GPS sites in Alaska. We invert these GPS data to determine
the coseismic slip distribution of the earthquake.

2. GPS Data and Analysis

[4] We use data from 40 GPS sites in this study (Figure 1,
Table S11); 28 campaign GPS sites from the interior of
Alaska (21), south central Alaska (5), and the Yukon (2)
(triangles) and 12 permanent GPS sites in the interior and
south central Alaska (black squares). To limit the impact of
postseismic deformation on the coseismic displacements we
mostly used data from sites that were surveyed within one
week of the MW7.9 earthquake. To increase spatial coverage
of site distribution for the inversion we included data from a
few far-field sites measured about 10 days after the earth-
quake. We selected two sites in the Yukon that were closest
to the rupture south-east of the fault, and sites in south
central Alaska that had at least two days of post earthquake
measurements and antennas centered and leveled at pickup.
[5] All the sites used here had multiple years of measure-

ments prior to the earthquake, and most had precise veloc-
ities [Fletcher, 2002; Zweck et al., 2002]. Twelve of these
sites were surveyed following the 23 October MW6.7 earth-
quake, all within 80 km of its epicenter. Other sites were last
surveyed from 2 months to 2 years prior to the earthquake. In
addition to these measurements, 12 permanent GPS sites
were operating within 500 km of the epicenter.
[6] We analyzed the GPS data using the GIPSY/OASIS II

software (release 5) developed at the Jet Propulsion Labo-
ratory (JPL) using the JPL non-fiducial orbits. Data from
each day were processed separately to obtain loosely con-
strained daily network solutions. The daily GPS solutions
were then transformed into the International Terrestrial
Reference Frame 1997 (ITRF97) [Boucher et al., 1999]
using about 15 global reference sites (variable day to day)
to define the 7 parameter Helmert transformation [Freymu-
eller et al., 2000].
[7] We used two different methods to estimate displace-

ments due to the earthquake. For permanent sites and sites
measured following the MW6.7 earthquake we averaged the
four days prior to and four days following the earthquake
and estimated displacements from these merged solutions.
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For other sites we fit a line plus offset to the station time
series. We only used the first 3 days of post-earthquake
measurements at each site to limit postseismic signal in the
data. The uncertainties in the displacements were scaled
based on the scatter in the measurements, considering each
component independently.
[8] The GPS data show a right lateral deformation field

(Figure 2 and Figure S11). North of the fault, sites show
eastward motion and sites to the south show westward
motion, relative to ITRF97. The largest measured horizontal
displacement of 3.107 ± 0.004 m was at a site (MEN) just

south of the main strand of the Denali fault, near where the
maximum surface offset was measured in the eastern part of
the rupture [Eberhart-Phillips et al., 2003]. Observed ver-
tical displacements were generally smaller than the hori-
zontal, indicating mostly strike slip motion (Figure S21).
With a few exceptions, sites north of the fault moved up and
sites south of the fault moved down. Only 6 sites had more
than 5 cm of measured vertical displacement and all but one
had less than 10 cm. The maximum subsidence of 0.246 ±
0.007 m was measured at MEN. Sites southwest of the
epicenter have a more northerly coseismic displacement
than expected for pure strike slip motion, supporting seismic
and geological data that indicate thrusting along the Susitna
Glacier fault [Eberhart-Phillips et al., 2003].

3. Inversion for Fault Slip Model

[9] We used a 9 plane geometric approximation to the
surface rupture of the Denali and Totschunda faults for the
inversion of the GPS data (Table S21). The model was
extended to the west, using the mapped Denali fault trace, in
order to span both the aftershock region for the MW6.7 and
MW7.9 earthquakes and thus test for re-rupture of the
MW6.7 segment. Each plane was split into 3 km � 3 km
tiles extending down to 18 km depth with a dip of 90� in
accord with teleseismic body wave analysis [Kikuchi and
Yamanaka, 2002]. We applied Laplacian smoothing be-
tween the tiles, with a zero slip boundary condition below
18 km depth. For the Susitna Glacier thrust fault we added
8 tiles with a strike of 81�. For the lower 4 tiles, intersecting
the Denali fault at about 8 km depth, a dip of 48� was
assumed based on the focal mechanism from the local
network [Eberhart-Phillips et al., 2003]. The upper 4 tiles,
intersecting the surface at the mapped surface rupture, were
fixed to 25� dip to match field observations [Eberhart-
Phillips et al., 2003], with Laplacian smoothing between the
tiles.
[10] We used a bounded variable least squares (BVLS)

inversion [Stark and Parker, 1995] to estimate coseismic
slip on each model fault tile, allowing only right lateral slip
on the Denali and Totschunda faults and only thrust motion
on the Susitna Glacier fault (both assumptions are consistent

Figure 1. GPS sites used in this study. Triangles show
campaign GPS sites and squares show permanent GPS sites.
Black sites were measured within a day of the earthquake,
white sites were measured more than a week after the
earthquake. Shades of gray show intermediate times. The
epicenter of the MW7.9 Denali fault earthquake is shown
with a white star and its surface rupture is shown with the
thick gray line [Eberhart-Phillips et al., 2003]. Black lines
indicate major faults in Alaska, gray lines show roads, and
the Trans-Alaska oil pipeline (TAP) is shown with a white
line. Names of selected sites are shown. Note that 6 GPS
sites are located between DH97 and SSWB, W and SW of
the epicenter. DF-Denali fault, TF-Totschunda fault.

Figure 2. Coseismic displacements (black) from the MW7.9 earthquake with 95% confidence ellipses and inversion
results (white), for far-field (A) and near-field (B) sites. The white star shows the MW7.9 epicenter, circles show relocated
aftershocks [Ratchkovski et al., 2003], thick line indicates earthquake rupture [Eberhart-Phillips et al., 2003]. The white
line (B) shows the model fault used in this study. Displacements are shown at two different scales in the two panels.
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with seismic results). We computed the Green’s functions,
G, relating slip on each fault tile, si, to displacement at a GPS
site, ~dj, assuming an elastic half space and a Poisson’s ratio
of 0.25 [Okada, 1985]. For the inversion we used displace-
ments relative to the southernmost station in the network,
SELD. We used 117 data to estimate 770 model parame-
ters, so an additional constraint such as smoothing is
required to make the inversion stable. We measured rough-
ness using the Laplacian operator, L, weighted roughness
using a smoothing factor b, and minimized the (unitless)
weighted residual sum of squares (WRSS) and the rough-
ness of the model:

jjWðG~s�~dÞjj2
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

misfit

þ b2 jL~sj jj2
|fflffl{zfflffl}

roughness

ð1Þ

(WTW = ��1 where � is the GPS data covariance matrix.)
[11] Changing b changes the importance assigned to data

fit and smoothness, and produces a family of models with
varying misfit and roughness (Figure 3). We want to select a

smoothing factor for which the solution fits the data well,
but is not excessively rough. Selecting the smoothing factor
based only on a tradeoff curve can be highly subjective, so
we also used the Cross-Validation Sum of Squares (CVSS)
to determine the most reasonable smoothing factor [Mat-
thews and Segall, 1993; Freymueller et al., 1994]. The
CVSS is a measure of the model’s ability to predict
observations. Each station in turn in taken out of the data
set and its displacement predicted based on a model fit to
the other data. The CVSS is the sum of squares of the
predicted residuals. In this case, the three stations with the
largest coseismic displacements (MEN, LOG, and ATT)
turned out not to be predictable by the other stations and had
prediction residuals 1–2 orders of magnitude larger than the
sum of squares for all other sites. We therefore decided to
use the CVSS test without these three sites. This gives a
minimum CVSS for b � 1.3 km2/m which also gives a
reasonable roughness versus misfit tradeoff (stars in
Figure 3). The three sites excluded in the CVSS analysis
are located in very sensitive locations for the inversion.

Figure 3. Trade-off curve between roughness and misfit
(circles and solid line) and the CVSS as function of
smoothing factor (squares with dashed line). Dotted lines
connect two models with the same smoothing factor. We
exclude the three sites with the largest coseismic displace-
ment in estimating the CVSS. The stars show the preferred
model, with smoothing of b = 1.3 km2/m.

Figure 4. Coseismic slip distribution for the MW7.9 Denali fault earthquake for the preferred model. The model has up to
15 m of right lateral slip along the Denali fault and up to 4 m of thrusting on the Susitna Glacier fault. Most slip is found
above 12–15 km depth, but we find a deep slip patch just east of where the pipeline (TAP) crosses the fault. The star
indicates the hypocenter of the MW7.9 earthquake, located at the Sustina Glacier thrust fault.

Figure 5. Estimated right lateral surface offset of the
prefered model (line) compared to geological surface
measurements from Eberhart-Phillips et al. [2003]. By
inverting synthetic data of uniform slip we identified areas
of poor model resolution along the surface, with dark gray
areas showing <50% resolved and light gray <70%.
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MEN and LOG are closest to where the maximum geolog-
ical offset was measured and are relatively isolated from
other sites (40 km from the next site). ATT is located where
geological observations indicate a gradient in the surface
offset. This indicates that we might benefit from the use of
spatially variable smoothing, but for this paper we restrict
ourselves to a constant smoothing factor. The preferred
coseismic slip model is shown in Figure 4. The
corresponding predicted coseismic displacements are shown
in Figure 2 (white vectors).

4. Discussion and Conclusions

[12] The modeled slip distribution varies considerably
from west to east along the Denali fault. Relatively low
slip is estimated for the westernmost 60 km of the rupture
but further east, to the junction of the Denali and Tot-
schunda faults, high slip is resolved. Little to no slip is
found on the Totschunda fault but up to four meters of thrust
motion is estimated on the Susitna Glacier fault. The total
moment release of the preferred model is 5.8 � 1020 Nm
(MW7.8), slightly lower than estimated from teleseismic
data [Eberhart-Phillips et al., 2003].
[13] The modeled surface slip shows a similar pattern to

the measured surface offsets, varying from little to no
dextral offset in the epicentral region to about 10 m of slip
just west of the Denali-Totschunda fault junction (Figure 5).
The surface slip observations were not used in the inversion,
so they provide an independent test of the model. Although
there are slight offsets between the locations of peak slip in
the two data sets, the overall agreement is good. The
average 2 m of thrust motion on the Susitna Glacier fault,
corresponding to an MW7.0 subevent, is also consistent with
surface observations but has a slightly lower seismic mo-
ment than estimated from teleseismic data [Eberhart-Phil-
lips et al., 2003].
[14] Surface measurements resolve dextral offsets of up

to 2 m along the Totschunda fault but in the preferred model
very little slip is found on the fault. The Totschunda fault is
not well covered by the coseismic GPS data and tests with
inverting synthetic data of uniform slip at given depth
indicate that model resolution for shallow slip on the fault
is very poor. Resolution for slip from 6–12 km depth is
good, so the lack of slip in the model may indicate that
coseismic slip on the Totschunda fault was shallow.
[15] No slip is estimated west of the epicenter where the

MW6.7 earthquake ruptured the Denali fault prior to the
MW7.9 earthquake. Tests with synthetic data show that this
part of the model is well resolved, so the lack of model slip
shows that the MW7.9 earthquake did not re-rupture the
MW6.7 rupture zone. Very little slip is found on the Denali
fault near the hypocenter, although model resolution here is
not as good as to the west. About 2–4 m of deep slip is
found below the thrust fault which might indicate rupture of
both faults, or might be the result of a trade off between slip
on the Susitna Glacier fault and the Denali fault.
[16] In general, slip on the fault extends from the surface

to 10–15 km depth. However, the model has a patch of very
deep slip just east of the pipeline crossing, corresponding to
an MW7.4 subevent. All relocated aftershocks are less than
10 km deep and do not give any indication of deep slip
[Ratchkovski et al., 2003]. We have done several tests,

removing stations from the inversion, adding potential splay
faults to the model, and allowing dip slip motion along the
fault, but we find a similar deep slip patch in all inversions.
These tests indicate that this result is probably real and
reflects some local complication. The deep slip is found in a
complex area where there are many splay faults both north
and south of the Denali fault [Plafker et al., 1994]. After-
shocks are spread over a broad area and the largest after-
shock of the Denali fault earthquake, M5.8 on 3 November,
occurred in this region (no focal mechanism is available for
this aftershock, as it occurred within the coda of the MW7.9
event) [Ratchkovski et al., 2003].
[17] The GPS coseismic displacements from the MW7.9

earthquake agree with right lateral strike slip motion along
the Denali and Totschunda faults and thrust motion on the
Susitna Glacier fault. The earthquake did not re-rupture the
MW6.7 rupture zone. Variations in coseismic slip along
the fault and with depth reflect the complex nature of the
earthquake. Our results are in good agreement to surface
offsets and seismic measurements.
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