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oversampling ratio of � � SFFT/Sobject � 9
(the FFT size was 1024 pixels by 1024
pixels), which is much higher than the � � 2
condition required for the unique 2D recon-
struction (7 ).

The reconstructed image of the double-wall
carbon nanotubes from the experimental NAED
pattern of Fig. 1B is shown in Fig. 2 (left).
Inspection confirms that it is a double-wall tube.
The fact that wall spacing is about the same on
both sides provides direct support for the con-
centric tube model (22). By examining the im-
age intensity profile, we measured the diameter
of the outer wall as D1 � 4.04(1) nm; the inner
wall, D2 � 3.33(1) nm; and the distance be-
tween two walls of the nanotube, d � 0.35(1)
nm. Most importantly, the hexagonal structure
of the carbon sheet can be seen directly at
localized areas. The accurate carbon nanotube
diameters obtained from the image, coupled
with the measurement of chiral angles from the
diffraction pattern (23), allow a determination of
the DWNT structure. The chiral vectors are (35,
25) and (26, 24) for the outer and inner tube,
respectively. The two tubes are incommensurate
with each other with a difference of 4.2° in
helical angles. Figure 2 (right) offers a structure
model for this DWNT. In projection, the overlap
of four graphite layers creates Moiré fringes,
which we see in our image (marked by parallel
lines). There are areas of accidental coincidence
where the graphite sheets align with each other.
In each area, the carbon atoms are clearly re-
solved in the image (marked by hexagons). The
carbon bond length is 1.42 Å, and features on
the carbon nanotube walls are resolved with a
resolution of 1 Å (24). All of these results
support the structural model of two incommen-
surate, concentric, helical tubes.

We anticipate that the ability to record single-
molecule diffraction with the use of NAED and
the ability to reconstruct the image will find a
wide range of applications in structure determi-
nations of nonperiodic objects, from inorganic
nanostructures to biological macromolecules.
Because electrons interact with matter �104

times more strongly than x-rays, single molecule
diffraction, as we show here, can be carried out
with the use of available electron sources. The
resolution is diffraction intensity–limited. For
radiation sensitive samples, including most bio-
logical molecules, the resolution will be limited
by the amount of diffraction information that can
be recorded below the radiation damage thresh-
old. The threshold for macromolecule imaging
is � 10 e Å�2 (4). For the 50-nm-long DWNT,
an electron dose of �103 e Å�2 was needed for
diffraction information at 1-Å resolution. The
electron dose that a macromolecule with a large
molecular weight will require will be less. Cryo-
genic cooling can also raise the radiation limit.
Compared to the widely used phase-contrast im-
aging for biological samples, diffraction patterns
record high-frequency structural information that
is not limited by lens aberration and that has a

large signal-to-noise ratio for structures with a
high degree of order, such as carbon nanotubes.
Both are favorable factors for the use of NAED
for high-resolution imaging (25).
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Using 1-Hz GPS Data to Measure
Deformations Caused by the
Denali Fault Earthquake

Kristine M. Larson,1* Paul Bodin,2 Joan Gomberg3

The 3 November 2002 moment magnitude 7.9 Denali fault earthquake gen-
erated large, permanent surface displacements in Alaska and large-amplitude
surface waves throughout western North America. We find good agreement
between strong ground-motion records integrated to displacement and 1-hertz
Global Positioning System (GPS) position estimates collected �140 kilometers
from the earthquake epicenter. One-hertz GPS receivers also detected seismic
surface waves 750 to 3800 kilometers from the epicenter, whereas these waves
saturated many of the seismic instruments in the same region. High-frequency
GPS increases the dynamic range and frequency bandwidth of ground-motion
observations, providing another tool for studying earthquake processes.

Our understanding of how faults rupture during
major earthquakes is limited by our observa-
tional capabilities; they also limit our under-
standing of the resulting ground deformation.
Within a distance range of about the same
dimension as the fault rupture (the near field),

the surface deformation pattern is composed of
a highly spatially variable permanent strain
field generated by permanent displacements
across the fault surface (coseismic offsets).
These displacements form within tens of sec-
onds and are superimposed on transient defor-
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mations generated by oscillating seismic waves
that may be observed globally for large earth-
quakes. Traditionally, accelerometers and seis-
mometers record rapid movements of the Earth
that occur on time scales of seconds. Acceler-
ometers record the strongest near-field ground
motions (measuring accelerations), and seis-
mometers record more distant seismic waves
(measuring velocities). GPS receivers, in con-
trast, record much slower displacements of the
Earth that develop over days to years. For ex-
ample, the slow, persistent uplift of a volcanic
edifice due to magma influx or motion of tec-
tonic plates can be measured with high resolu-
tion using GPS receivers (1).

A GPS receiver determines position in-
stantaneously—but imprecisely—by measur-
ing the distance between the receiver and four
or more satellites. By tracking the GPS con-
stellation over a 24-hour period, horizontal
precisions of 2 to 4 mm can be achieved (2,
3). Although many GPS receivers can operate
at 1 to 10 Hz, most geophysicists record
measurements at 0.033 Hz. In the past year, a
growing number of continuously operating
GPS receivers have increased their recording
rates to 1 Hz to support missions in low Earth
orbit (e.g., Gravity Recovery and Climate
Experiment and Challenging Minisatellite
Payload). Surveyors seeking solutions in real
time also operate their receivers at 1 Hz. Here
we examine whether 1-Hz GPS receivers can
be used to measure near-field deformation
and seismic waves radiated by the Denali
fault earthquake.

The moment magnitude (M) 7.9 Denali fault
earthquake ruptured the Susitna Glacier–
Denali-Totschunda fault system on 3 Novem-
ber 2002 (4). This earthquake was complex,
with an M � 7.0 thrust subevent followed by an
M � 7.9 strike-slip event that ruptured to the
east. Based on distant seismic recordings, the
estimates of fault displacements at depth reach
�12 m. One-Hz GPS receiver data were col-
lected from stations in Fairbanks (FAIR), An-
chorage (TSEA), and Skagway (TEM1) in
Alaska and from stations in Washington
(BREW), Montana (MSOL), Colorado
(AMC2), California (GOLD), and Maryland
(GODE) (5) (Fig. 1). One-Hz GPS data are
sensitive to the satellite constellation, both its
geometry in the sky and the number of satellites
in view. If the geometry of the constellation in
the sky is poor, one component may be better
determined than the other. This is the case with
FAIR, the site closest to the epicenter. At the
time of the earthquake, the satellites were lined

up in a way that leads to precise longitude
determinations but poor latitude determinations
(Fig. 1, left inset). For comparison, the visible
satellites at BREW are also shown. In general,
height is more poorly determined by GPS than
is the horizontal position.

We analyzed and compared the near-field
deformation recorded at FAIR with some
near-field seismic data. A recent study com-
pared GPS and accelerograph data from the
Hector Mine earthquake, but GPS sampling
rates of 30 s limited its conclusions (6 ).
The comparison we make is complicated
somewhat by the fact that FAIR is �20 km
from the nearest seismic station and almost
140 km from the epicenter. Accelerograms

from Fairbanks (station 8022 at 64.8735°N,
147.8614°W; Kinemetrics K2 instrumenta-
tion) were integrated twice to produce dis-
placement time histories. Accelerographs
have flat responses to acceleration and are
operated primarily to record large-amplitude,
high-frequency (1 Hz) accelerations for engi-
neering analyses. Integration to determine a
displacement time history, which constrains
the coseismic offset at depth, is inherently an
underdetermined problem and magnifies low-
frequency noise. Thus, we high-pass filtered
the acceleration measurements to remove
long-term drift (cutoff period of 40 s) and
then constrained the integration to agree with
surface coseismic displacements (4 ) (Fig. 2).

1Department of Aerospace Engineering Sciences, Uni-
versity of Colorado, Boulder, CO 80309 – 0429, USA.
2Center for Earthquake Research and Information,
University of Memphis, Memphis, TN 38152, USA.
3U.S. Geological Survey, Memphis, TN 38152, USA.

*To whom correspondence should be addressed. E-
mail: kristine.larson@colorado.edu

Fig. 1. Location of the
Denali fault earthquake
epicenter (star) along
with 1-Hz GPS sites
used in this study. The
inset on the right
shows the surface fault
rupture, locations of
FAIR and 8022, and the
Harvard centroid mo-
ment tensor (CMT ) fo-
cal mechanism for the
earthquake. (12). The
inset on the left shows
the satellite constella-
tion geometry at the
time of the earthquake
for FAIR and BREW. The
azimuth directions are
north, east, south, and
west; elevation angles of the satellites are given by the concentric circles, spaced evenly between 15°
and 60°. The center of the plot corresponds to the time when the satellite is directly overhead (elevation
angle of 90°).

Fig. 2. Integrated seismic accelerations for station 8022 compared with 1-Hz GPS positions for
FAIR. Time is relative to 3 November 2002 22 :12:41 UTC. The integration was constrained to agree
with the GPS-measured surface coseismic displacement. The coseismic displacements are derived
by averaging the coordinates of FAIR 4 days before and after the earthquake (4). The 8022
observations were shifted by 3 s.
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The 20-km separation between FAIR and
seismic instruments and the dispersive nature of
the large-amplitude seismic surface waves
mean that the two types of records will be out of
phase. Nevertheless, the agreement between the
records is marked. The difference in noise char-
acteristics of the east and north GPS records,
most apparent before the arrival of the seismic
signal, reflects the satellite geometry (Fig. 1).
Although there is still a long-period discrepan-
cy between the GPS data and seismic data, it is
clear from this example that 1-Hz GPS instru-
ments can capture the complete ground-motion
time history during large earthquakes, thus pro-
viding insights into fundamental fault-propaga-
tion mechanisms. Moreover, such instruments
provide a means of measuring static displace-
ment offsets that is less sensitive to noise con-
tamination than are seismic data. Accelerome-
ter noise level may be related to the amplitude
of the signal. For example, close to the rupture,
tilting of the ground surface locally beneath the
accelerometer may become large, and the ac-
celerometer cannot distinguish between rota-
tions and linear accelerations. However, close
to the rupture, the GPS noise level should be the
same as that at more remote sites, whereas the
signal would increase to about half the fault slip
(as much as 4 m for the Denali fault rupture).

Although signals from large earthquakes are
now routinely recorded on high–dynamic
range, broad-bandwidth seismometers, the De-
nali fault earthquake signal amplitudes still ex-
ceeded the recording capabilities out to distanc-
es of thousands of km (7). The largest ampli-
tude waves beyond the near field are dispersive
surface waves, with frequencies between �1
and 0.01 Hz and group velocities of �1 to 4

km/s. Our comparison of seismic and geodetic
records indicates that GPS can be used to mea-
sure these seismic waves without the saturation
problems of the seismometers. The east and
north component records from TEM1, BREW,
MSOL, AMC2, and GOLD show displace-
ments beyond the distance of any detectable
permanent coseismic deformation (Fig. 3).

The GPS data record the arrival of surface
waves at distances as far as 3800 km (AMC2).
Notably, the GPS records at TEM1 are on scale,
whereas the more distant broadband seismic
recordings at a seismometer (station DLBC at
58.437°N, 130.027°W) almost 300 km farther
from the earthquake epicenter are clipped. Such
observations are key for studying the focusing
of waves due to rupture directivity and dynamic
earthquake source processes. Our results, for
example, show larger ground motions in the
direction of rupture propagation and expected
strongest directivity (along a great-circle path
roughly through MSOL and AMC2), relative to
motions at GOLD that are the same magnitude
as the measurement noise. Such observations
also are critical for interpreting the pattern of
remotely triggered seismicity (8).

Our results demonstrate that GPS provides
another important tool for studying earth-
quakes. Specifically, we show that GPS can
resolve displacement changes that vary on time
scales of seconds. For several types of measure-
ments key to earthquake studies, GPS offers
several advantages over seismic instrumenta-
tion. Estimation of earthquake-generated co-
seismic offsets and strain fields requires mea-
surement of ground displacements. The pro-
cessing required to estimate these from seismic
data inherently enhances noise. In GPS, dis-

placements are the basic measurement and,
thus, estimates do not suffer from this noise
source. In addition, seismic wave amplitudes
vary over many orders of magnitude and, al-
though the dynamic ranges of the best seis-
mometers can capture most of these, many
saturate for the largest—and most interesting—
earthquakes. The accuracy of GPS data actually
improves as the magnitude increases and there
is no saturation. Ultimately, quantitative assess-
ment of the accuracy of both seismic and GPS
measurements will require data to be recorded
at the same location. Of the sites shown in Fig.
3, only GOLD has a nearby seismometer (sta-
tion GSC, at 35.302°N, 116.806°W, �15 km
from GOLD). Even though the signal is small-
est at GOLD, there is still considerable agree-
ment between the seismic data and the GPS
data (fig. S2). At greater distances it becomes
difficult to separate differences in waveforms
associated with local geologic structure and
radiation pattern from those due to measure-
ment imprecision.

These results also suggest an interesting,
although not yet realized, possibility for mea-
suring temporally and spatially rapidly vary-
ing strains associated with seismic waves,
which can cause ground failure and certain
types of structural damage. Differenced dis-
placement data recorded by high–sample rate
GPS receivers deployed as arrays with aper-
tures on the order of hundreds of meters or
less (fractions of seismic wavelengths) would
provide direct strain measurements. These
could be deployed both in the field for studies
of earthquake processes and within built
structures for engineering studies. Attempts
to make such measurements with integrated

Fig. 3. East and north component
GPS surface-wave observations at
TEM1, BREW, MSOL, AMC2, and
GOLD (body waves are not appar-
ent). Time is relative to 3 Novem-
ber 2002 22 :12:41 UTC. The dom-
inantly strike-slip Denali fault
earthquake mechanism favors the
generation of Love waves (horizon-
tally polarized transverse shear mo-
tion). This is consistent with the
generally larger amplitudes on the
components oriented closest to
perpendicular to the rupture strike
(e.g., the east component at MSOL).
Vertical-position estimates are also
available (fig. S1).
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seismic array data suffered from noise en-
hancement associated with integration and
from the limited bandwidth of most seismic
instrumentation (9).

Another advantage to using GPS instru-
mentation to augment seismic arrays is cost.
The cost of a geodetic-quality GPS receiver
does not depend on the sample rate. All con-
tinuously operating GPS receivers in the
United States could be run at 1 Hz; the only
additional cost is for transmitting and archiv-
ing the data. The National Science Founda-
tion (NSF) Earthscope initiative (10) propos-
es to add about 800 GPS receivers to the
western United States. Our study strongly
suggests that they be operated at 1 Hz. Final-
ly, the resolution of high-frequency GPS has
not been fully examined. It would be ex-
tremely useful to study GPS capabilities in
the 1- to 10-Hz frequency band.
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Seismic Imaging of the
Downwelling Indian Lithosphere

Beneath Central Tibet
Frederik Tilmann,1*† James Ni,1 INDEPTH III Seismic Team2

A tomographic image of the upper mantle beneath central Tibet from INDEPTH
data has revealed a subvertical high-velocity zone from �100- to �400-
kilometers depth, located approximately south of the Bangong-Nujiang Suture.
We interpret this zone to be downwelling Indian mantle lithosphere. This
additional lithosphere would account for the total amount of shortening in the
Himalayas and Tibet. A consequence of this downwelling would be a deficit of
asthenosphere, which should be balanced by an upwelling counterflow, and thus
could explain the presence of warm mantle beneath north-central Tibet.

The Himalayan Tibetan orogen provides one of
the best natural laboratories to study the com-
plex ways in which continents respond to col-
lision. This orogen was created by collision and
subsequent penetration of India into Asia start-
ing sometime between 50 and 65 million years
ago (Ma) (1). The mode of convergence (cur-
rently at 4 cm/year) has been attributed to (i)
escape tectonics, the east-to-southeast–directed
lateral extrusion of Tibet along strike-slip faults
(Fig. 1); (ii) distributed thickening of the Tibet-
an crust and mantle lithosphere; and (iii) under-
thrusting of the Indian lithosphere along a de-
tachment and imbricate Himalayan thrust
sheets (2). The more or less uniform elevation
of the plateau of �5 km hides marked differ-
ences in the structure of the mantle beneath.
Various surface-wave studies (3–6) and obser-
vations of Pn and Sn (7, 8) show that immedi-
ately beneath the 70- to 80-km-thick crust, fast
and presumably cold and strong mantle prevails
in southern Tibet, whereas slower, presumably
warmer and weaker mantle, with increased at-
tenuation and a reduced S-wave velocity gradi-
ent below the Moho, is found north of 32°N
(about 0.5°), near the Bangong-Nujiang Su-
ture (BNS) (for the purpose of this paper, north-
ern and southern Tibet are defined to be sepa-
rated by this boundary) (Fig. 1A). The mantle
heterogeneities are generally interpreted as ev-
idence of underthrusting of Indian lithosphere
to near the middle of the plateau. However, a
simple consideration of either the total conver-
gence since the collision of about 1800 to 2500
km estimated from magnetic anomalies (9) or

an estimate of the minimal shortening in the
Himalayan fold-thrust belts of 500 to 700 km
(9, 10) or even a simple-minded extrapolation
of the present-day convergence of �15 mm/
year between India and the Indus Yarlung Su-
ture (11) would put an undeformed Indian man-
tle lithosphere entirely or partially into the re-
gion of warmer mantle beneath northern Tibet.
These estimates imply that either the under-
thrusted Indian lithosphere has shortened
substantially since collision, or additional litho-
sphere exists in the upper mantle beneath
central Tibet.

As part of the INDEPTH III (I3) multidis-
ciplinary project, a quasilinear array of �40
broadband and intermediate-band stations re-
corded teleseismic and regional earthquakes
from July 1998 to June 1999 (Fig. 1B). These
data are supplemented by six stations from the
1994 INDEPTH II (I2) deployment, which ap-
proximately extend along the line of the I3
stations, and the permanent CDSN station LSA.
Here, we present a tomographic image along
the strike of the combined array, about north-
northwest–south-southeast from 29°N to
33.5°N, centered at �90°E. We assumed that
there is no large variation of the mantle struc-
ture in the east-west direction because in the
study region both major geologic structures and
the regions delineated by Pn and Sn propagation
studies are nearly east-west trending. We only
used earthquakes whose backazimuths differed
by no more than 30° from the average strike of
the I2 and I3 arrays (153°) or that have very
steep incidence angles in order to reduce bias
due to the possible three-dimensionality of the
structure. Altogether 32 out of 98 picked earth-
quakes during I2 and 36 out of 120 picked
earthquakes during I3 fulfilled this criterion and
yielded data of sufficient quality for further
analysis (12).

The preferred model resulting from the to-
mographic inversion (Fig. 2) can resolve struc-
tures between 29°N and 33.5°N and between
depths of �100 to 400 km, and has a resolving
power of �60 km horizontally and �100 km
vertically (13). The velocity model is represen-
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