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Abstract. Four years (1995-1998) of continuous Global Positioning System 
(GPS) data recorded by 11 permanent International GPS Service (IGS) stations 
in Antarctica and surrounding regions have been processed using an optimized 
method for regional geodetic networks. The 4-year time series has allowed us to 
extract nonlinear variations and constant horizontal velocities for all the stations. 
In December 1997 we have set up a permanent GPS station at Dumont d'Urville 
in Terre Ad•lie. The resulting data, along with those of the Scientific Committee 
on Antarctic Research (SCAR) campaigns (1995 and 1996) are included in our 
processing. A coseismic displacement (1 to 2 cm) is detected in the horizontal 
components of this station. We relate this to the March 25, 1998, M•,=8.1 Balleny 
Islands earthquake for which a dislocation model yields prediction in the right 
direction. For the six Antarctic stations the horizontal rates are very consistent 
with the rigid plate rotation, all the residual velocities are negligible (less than 
2 mm/yr), except at O'Higgins in the head of the peninsula (7 mm/yr toward 
the continent). The position of the rotation pole (62.0øN, 146.7øW) and its rate 
(0.264ø/Ma) are significantly different from the NNR-Nuvel-iA predictions for the 
Antarctic tectonic plate but are consistent with the Australian relative motion. 
The high horizontal residual in the peninsula area, where iceberg calving rates and 
ice shelf disintegration have recently increased, can be interpreted as the horizontal 
component of the elastic crustal response to the load variations. 

1. Introduction 

Present-day crustal motions occurring over the 
Antarctic continent can be produced by a variety of phe- 
nomena. First, variations of the mass of the Antarctic 
ice sheet since the Last Glacial Maximum (LGM) in- 
duce a viscoelastic response involving crustal and man- 
tle mechanisms [Farrell, 1972]. Variations of the ice 
thickness in East Antarctica as deduced from relative 

sea level records covering long periods [Nakada and 
Lainbeck, 1989; Peltier, 1994; Tushingham and Peltier, 
1991] could reach values superior than 1000 m since 
the LGM (18,000 years). It'has been shown by James 
and Ivins [1998] using the deglaciation model of Den- 
ton et al. [1991] than the resulting present-day vertical 
motions would reach 15 to 20 mm/yr near areas with 
the largest deglaciation rates, as the Ross Embayment 
but would remain inferior than 10 mm/yr on the East 
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Antarctic coasts. The expected associated viscous hor- 
izontal motions consist in a slight divergence of 1 to 
2 mm/yr over the whole continent, which could hardly 
be detected by current geodetic techniques. Moreover, 
uncertainties in the predicted rates of both vertical and 
horizontal components are important. The crustal be- 
havior is influenced by many parameters such as the 
lithospheric thickness, mantle viscosity and deglaciation 
history that remain largely unknown. 

In addition to these long-term ice mass changes, 
the Earth crust reacts more locally, elastically, to 
the present-day evolution of the Antarctic ice sheet. 
This behavior is controlled by accumulation, depend- 
ing mainly on climatic parameters like air tempera- 
ture and humidity and by the ablation rate of the ice 
shelves. The recent evolution of the West Antarctic Ice 

Sheet is still poorly constrained: the air temperatures 
are increasing on the Antarctic peninsula, resulting in 
higher accumulation and ablation rates. Different real- 
istic ice sheet models predict either rapid melting and 
collapse of the ice shelves or increasing accumulation 
rates without any change in the ablation rates [Bind- 
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schadler, 1997; Huybr'echts, 1994]. The predicted elastic 
uplifts around the Ross Ice Shelf and Filclmer-Ronne Ice 
Shelf are slightly more than 10 mm/yr but, reach only 
6-7 mm/yr on the peninsula [,James and I'vins, 1998]. 
This scenm'io does not include the recently observed 
celeration of melting on the major West Antarctic Ice 
Shelves. As far as the horizontal motions are concerned, 
the present-day ice mass unloading could result in a 
slight convergence around the main discharge centers. 
This is in contrast with the divergence obtained in the 
viscous case, an elastic trend involving both lithosphere 
and umlerlying mantle. 

At, a larger scale it is necessary to take into account 
dist)lacements of [he tectonic plates. Estimating current 
values of relative plate motions and comparing them 
witt• those over several millions years [DeMct• et al., 
1990] has been an important goal of Global Positioning 
System (GPS) analysis over the past 10 years 
and Hcfiiu, 1995]. The GPS network includes several 
stai ions on the tectonic plates surrounding Antarctica[, 
that is, Santiago (South America), Perth, Hobart and 
Auckland (Australi•t), and Chatlmm (Pacific), thus al- 
lowing •s to deduce the relative motion of the Antarctic 
plate. All the plate boundaries around Antarctica as 
chm'actcrized by seismic or magnetic profiles are ridges. 
A less-known region is located between the southeast 
end of South America and the Antarctic peninsula, 
with the Scotia microplate [Pelayo and W'iens, 1989]. 
The precise locations and mechanisms of the different 
}•oundarics of this plate are not, completely known yet. 
The soutl• boundary along the Antarctic plate is usu- 
ally defined as a set of ridges and transform faults called 
South Scotia Ridge. It, extends fi'om the Shackleton 
Fr•cture Zone and Bransfield Strait at its west end to 
the South Sandwich Trench at the east. From the in- 

traplate tectonic point of view, the Antarctic plate is 
characterized by a stable and quiet behavior. The seis- 
mic activity remains located on the plate boundaries 
[Okal, 1981] (Figure 1). Therefore we expect very lit- 
tle intraplate deformation from tectonic origin. 

Because of the expected low amplitude (less than 
10 mm/yr) and time dependence of the motions we want 
to determine, we have chosen to analyze the Antarctic 
International GPS Service (IGS) data with a specific 
processing strategy. This strategy is adapted to the 
tectonics and postglacial rebound of Antarctica, as op- 
posed to the processing strategy used by the global IGS 
analysis centers. 

To sum up, the aim of this study is to assess the level 
of rigidity of the Antarctic plate, to compare its overall 
motion to the Nuvel-lA model, and to detect horizon- 
tal crustal deformations due to past and present-day 
deglaciation. First, we shall give a detailed presenta- 
tion and discussion of our data analysis. Second, the 
quantitative results will be described. Readers inter- 
ested mainly in this second part can proceed and read 
it directly. 
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Figure 1. GPS stations used in this study. The 
tectonic plate boundaries •tre from the N•vel-1 model 
[DeMet•' et al., 1990] and the seismicity around the plate 
is after t he centroi{1 moment t{•sor ca talog, earthquakes 
witIx .h[• >_4.5 since 1977. 

2. Data and Measurements 

Our analysis includes all the permanent GPS sta- 
tions available on the Antarctic plate since 1995. Most 
of these stations belong to the IGS global network 
and were installed in 1995, providing a quasi contin- 
uous data flow since then: Casey, Davis, lXlcMurdo, and 
O'Higgins on the Antarctic continent itself and Kergue- 
len on the corresponding islands. Except for O'Higgins. 
all the stations are far away from the plate edge and 
should document the rigid plate rotation. In December 
1997 a new IGS-like permanent station was installed 
at the French base of Dumont d'Urville, thanks to the 
financial and technical help of the Institut Fran•ais 
pour la Recherche et la Technologie Polaire (IFRTP). 
This GPS station is now running continuously. Because 
of technical problems in data transmission by Interna- 
tional Maritime Satellite Organization, it is not possible 
to make them available within a reasonable time period. 
Nevertheless, this station should soon be included in the 
IGS network. The data. from late 1997 till the end of 
1998 have been processed in our analysis. The geodetic 
pillar chosen for this permanent station has been pre- 
viously used during the 1995 and 1996 Scientific Com- 
mittee on Antarctic Research (SCAR) campaigns. Data 
from these campaigns have also been included in our 
study. All analyzed sites are pictured Figure 1, while 
Figure 2 shows the data processed from 1995 to 1998. 

There are four IGS stations on the Antarctic con- 

tinent itself, providing data more or less continuously 
since 1995. All of them are located along the coasts. 
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Figure 2. Available GPS data for all the sites used in 
this network, since the beginning of 1995, tbr the sta- 
tions of Amundsen (AMUN), Auckland (AUCK), Casey 
(CAS1), Chatham Island (CHAT), Davis (DAV1), 
Dumont d'Urville (DUM1), Gough Island (GOUG), 
Hobart (HOB2), Kerguelen (KERG), Macquarie Is- 
land (I•IAC1), Mawson (MAW1), McMurdo (MCM4), 
0'Higgins (OHIG), Pahner (PALM), Perth (PERT), 
Santiago (SANT), and Sanae (VESL) (see Figure 1 fbr 
station identification). The stations within the Antarc- 
tic plate are marked by an asterisk. 

In Antarctica, the main difficulty in installing perma- 
nent GPS stations for geodetic or geophysical purposes 
is to find ice-free areas, with bedrock outcrops. Di- 
rect access to the solid earth is prevented by the cov- 
ering of the whole continent by an ice sheet up to 4500 
m, except on a few areas, all located near the edge of 
the continent. This distribution is not ideally suited 
for the detection of vertical glacial rebound, as the 
most important postglacial movements are expected in- 
land. Nevertheless, it provides a network geometry well 
adapted to measure plate tectonics velocities (with ex- 
cellent spatial coverage) and to detect postglacial hori- 
zontal divergence. Data from four additional stations in 
Sanae (Veslekarvet), Amundsen, Mawson, and Palmer 
are available since 1998 (see Figure 2). The Amundsen 
permanent station is located at the South Pole base and 

built on the ice. Its motion is representative of the ice 
displacement only, but we have chosen to include it in 
our network, in order to reinibrce the density of sites 
within the Antarctic continent. 

To those stations located on the Antarctic continent 

itself, we can add the Kerguelen station, within the tec- 
tonic plate, far enough from the Australian-Antarctic 
ridge. As already mentioned, the only station in the 
vicinity of a plate boundary is O'Higgins, at the head 
of the peninsula, near the Bransfield Strait rift. For 
two reasons we have chosen to include some IGS sta- 

tions outside the Antarctic plate in our network. The 
first reason is linked with the accuracy of our analysis. 
The addition of external stations increases the strength 
of the network. Second, we can use those additional 
stations to tie our network to a reference frame (Inter- 

national Terrestrial Reference Frame ITRF 97). This 
transformation will occur a posteriori relative to our 
GPS data analysis. Thus the sites used as reference sta- 
tions must exhibit a stable behavior for the period of 
the analysis (1995-1998). More precisely, their ITRF 97 
constant velocity must be representative of their motion 
during this period. 

Among all the IGS sites surrounding Antarctica, we 
choose to use the six stations shown on Figure 1. Sev- 
eral stations were elimina.ted for different rea. sons, such 
as poor geodetic quality of the data, like in La Plata 
(Argentina), or stations which are too remote from the 
center of our network (South African stations), or in- 
stalled too recently (Easter Island). Finally, some sta- 
tions would be redundant with others in the same area 

(Australian stations). All the data included in our pro- 
cessing are presented in Figure 2. 

3. Data Analysis 

GPS data processing in Antarctica suffers from sev- 
eral specificities of this area of the xvorld and benefits 
from a few of them. On the one hand, the size of the 
continent, the sparse network, and ionospheric activity 
considerably increase the difficulty of, the task. On the 
other hand, the extreme dryness of the atmosphere and 
the unusually long satellite orbital arcs create more fa- 
vorable conditions. All the data have been processed 
with the GPS scientific software GAMIT 9.1, devel- 
oped at Massachusetts Institute of Technology (MIT). 
The current version of this software is an evolution of 

the first version described by Kin# and Beck [1993]. 
GAMIT uses both carrier phase and pseudorange ob- 
servables. The most precise information can be ob- 
tained by the carrier phase, but with ambiguities on 
the integer number of wavelengths. An unambiguous 
signal can be obtained by fixing these real numbers to 
the most probable integer value. The success of this step 
depends essentially on the quality of the signal and the 
length of the baselines. It is usually considered that this 
procedure is valid for baselines under 500 to 700 kin. In 
Antarctica the ionospheric activity, which is especially 
high, introduces an additional noise which, under some 
circumstances, can produce cycle slips or prevent the 
signal recording itself. Using the ionosphere-free linear 
combination of two frequencies can help to remove the 
first-order of this ionospheric noise but results in an ac- 
centuation of the nondispersive noise. The lengths of 
the baselines of our netxvork, between 1000 and more 
than 10,000 kin, make ambiguity fixing impossible. All 
the solutions presented in this study leave the ambigu- 
ity nonfixed. 

The considerable length of the baselines in the 
Antarctic network also reduces the quantity of double 
difference data (two satellites, two stations) which can 
be used for the GPS inversion. In this respect the in- 
troduction of Amundsen station increased the average 
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number of double differences from 120 to 136 and signif- 
icantly contributed to the improvement of the repeata- 
bility after August 1998. 

The dry component of the zenith tropospheric delay 
is implemented in the software by the $aastaraoi•e• 
[1971] model. The wet component is estimated dur- 
ing the inversion, with zenith-delay adjustments every 
3 hours, which apparently correspond to the best trade- 
off between formal uncertainty and repeatability for two 
or more successive sessions [Walpersdorf, 1997]. How- 
ever, the tropospheric activity above Antarctica is quite 
simple to model, the atmosphere being one of the driest 
in the world. Di•culties in evaluating the tropospheric 
zenith-delay parameters are generally due to large and 
rapid variations in the atmospheric rate of humidity, 
but such a rate remains more or less constant in the 

southernmost latitudes. 

We have chosen the elevation cutoff angle as a trade- 
off between the amount of data finally used in the pro- 
cessing and the relative accuracy. Tile geometry of the 
apparent orbits of the satellites over the South Pole, for 
positions at the Earth's surface below 60øS, is rather 
exceptional. Satellites avoid the zenith, remain for a 
long time at very low elevation, and make up for a bad 
zenithal distribution with a very good azimuthal layout. 
The elevation cutoff angle we used is 15 ø . This allows 
us to keep as much data as possible and to free our- 
selves from ionospheric and tropospheric noise coming 
from the lowest layers of the atmosphere. 

Because of the length of the baselines in our network, 
the accuracy of our positioning is greatly influenced by 
the orbit accuracy, according to a direct proportional 
law. We have used the IGS precise combined orbits, 
which were available since the beginning of our analysis. 
A comparative study demonstrated that their precision 
is weaker over the Southern Hemisphere, because of the 
lack of IGS tracking stations. Nevertheless, the preci- 
sion of these IGS orbits over the southernmost areas 

has been significantly improved from 1995 to 1998. All 
the data have been processed with fixed (not only con- 
strained) IGS combined orbits and International Earth 
Rotation Service (IERS) B Earth Orientation Parame- 
ters. Since loose constraints have been applied to the 
positions, the reference frame after the GPS inversion is 
implicitly determined by one of the IGS orbits, ITRF 93 
till the middle of 1996 and ITRF 94 after. 

For our GPS inversion we have used a priori position. s 
provided by the ITRF 96, when they exist. The weekly 
solutions currently used in IGS-type global processings 
introduce a smoothing effect in the time series. Since 
our intention is to obtain successive positions as discon- 
nected as possible in time and independent of geodetic 
constraints, we have chosen to process only daily solu- 
tions (24-hour sessions). 

4. Reference Frame 

In our daily GPS processing, the a priori station po- 
sitions are loosely constrained (100 m). Therefore the 

only constraint to a well-determined reference frame 
is implicitly provided by the fixed IGS orbits. This 
reference frame is absolute but arbitrarily defined and 
changes from day to day. In order to use the coor- 
dinates derived from our daily solutions for geophys- 
ical interpretation, we need to transform all our free 
solutions into a consistent and well-identified reference 
frame (ITRF 97) valid for the time span of our analysis. 

4.1. Reference Stations 

An optimal approach to express our free network in 
the ITRF is to select a subset of reference stations. Our 
daily positions on these stations and the ITRF 97 posi- 
tions are constrained to be the same. For these stations 
at least, this implies that we assume a more or less linear 
behavior, as described by the reference frame solution 
itself (ITRF 97 is limited to linear displacements for 
all sites). Our reference stations, outside the Antarctic 
continent, have been chosen according to geographical 
or geodetic criteria. The first set of reference stations 
consists of three stations among the class A or B IGS 
stations, as described in the ITRF 96 and ITRF 97 
quality assessment [AItamimi, 1998; Altamimi et al., 
1999]: Hobart (Australian plate), Kerguelen (Antarc- 
tic plate), and Santiago (South America). In Santiago 
we have to deal with a specific problem: although the 
IGS station belongs to the class A stations for posi- 
tion and velocity both in the ITP•F 96 and ITRF 97 
classifications, the geodetic quality of the data is poor 
(a manual cleaning is frequently required). In addi- 
tion, this station is located on the South American tec- 
tonic plate, in the vicinity of the Nazca subduction zone. 
The motion of Santiago, largely influenced by the elas- 
tic coupling with the subducting plate, could signifi- 
cantly differ from its ITRF 97 linear behavior. Using 
this station as a reference station can thus influence the 

final results. Nevertheless, Santiago is the only station 
on the South American part of the network providing 
data of acceptable geodetic quality for such a long pe- 
riod. Hence its inclusion in the set of reference stations. 

The choice of the reference stations (Hobart, Kerguelen, 
and Santiago) provides a very good geographic cover- 
age, with respect to the global geometry of our network 
(see Figure 1). In order to assess the sensibility of the 
results to the geometry of the reference stations, we 
have also tested an alternative set of reference stations 

with a weaker geometry. The comparison of the results 
shows negligible discrepancies. Therefore we have only 
used the first set, with the three stations above. We 
have tested two strategies to realize the reference flame 
with these reference stations. The first one is based 
on a Kalman filter, and the second one uses a seven- 
parameter transformation. 

4.2. Kalman Filter Strategy and Baseline 
Adjustments 

A solution is proposed by the GLOBK/GLRED 
software package developed as an interface with the 
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GAMIT software, combining global and regional GPS 
solutions using a Kalman filter literring, 1998]. It al- 
lows to combine individual sessions with station coordi- 
nates over several years of measurement, with or with- 
out stochastic parameters, resulting in station position 
and velocity estimations. In this study we assume that 
the behavior of the sites could be affected by nonlin- 
ear effects. We therefore seek to obtain time series 
of individual daily positions for each day of our GPS 
processing. Forcing time series positions to linear be- 
haviors with high constraints could produce network 
distortions. To get round this problem, two different 
strategies are possible. First, we can estimate an aver- 
aged position and velocity over the entire time period 
(4 years), for every station of our network, and then run 
a backward solution to obtain individual positions for 
every day of GPS session. These individual sessions, for 
each day of the time series, are relatively uncorre!ated 
if we introduce stochastic parameters in the backward 
solution for all the nonfiducial sites. When using this 
strategy for series longer than several years, the daily 
positions obtained on the reference stations (without 
stochastic parameters) are tightly constrained to the 
reference (ITRF) values, thus unsuited to our objec- 
tive, that is, the study of tectohic implications. 

The second way to proceed, using the same Kalman 
filter software, is to transform the free network into the 
ITRF values, estimating station positions only, with a 
daily session strategy. We obtain individual solutions 
for every 24-hour session, without explicit correlation 
between several successive sessions, even if it does not 
reflect the real geodetic behavior of the stations. The 
fiducial station positions will be closely constrained to 
the ITP•F positions but with independent variations for 
each day. On the nonfiducial stations the results should 
be very similar to those of the previous method. The 
main difference is that this strategy produces usable re- 
suits on the reference stations too, as their positions are 
not dependent any longer on ITRF values. In both cases 
nevertheless, using a Kalman filter leads to adjustments 
on the baselines, introducing an internal distortion in 
the network. These techniques will be especially sensi- 
tive not only to the choice of reference sites but also to 
data outage at the reference stations. For these reasons 
we have not used a Kalman filter method but a method 

of transformation, as described now. 

4.3. Seven-Parameter Transformation and 

Coordinate Set Comparison 

Another strategy is to transform sets of coordinates 
from the GPS analysis with a seven-parameter trans- 
formation. We have used the CATREF 1.1 software 

developed by Altamimi [1997] with the initial purpose 
of combining space geodetic solutions in positions or 
in both positions and velocities to produce ITRF so- 
lutions. Sets of coordinates from various spatial tech- 
niques are compared using a seven-parameter transfor- 
mation, with a least squares adjustment. In our analysis 

we first determine transformation parameters by com- 
paring day by day our free GPS solution with the ITRF 
corresponding solution. The seven-parameter transfor- 
mation is then applied to our daily GPS free solutions, 
in order to realize a consistent reference frame for the 

entire duration of our time series. Unlike most stud- 

ies transforming GPS coordinate sets into a reference 
frame, the different individual solutions are weighted 
using full variance-covariance matrices of the two sets 
in the least squares process. The station positions them- 
selves are not exactly constrained, but the sites can be 
more or less weighted within the network for the seven- 
parameter estimation. We realize one transformation 
of the GPS free solution with the corresponding seven- 
parameter set for each individual daily session. Thus 
we obtain as many solutions as 24-hour sessions, which 
are as disconnected as possible from the ITI•F constant 
velocities. We use this strategy in a day by day ap- 
proach, estimating positions for every day of our series, 
without any estimation of velocities. This transforma- 
tion strategy offers two noticeable advantages over the 
Kalman filter method. First, the global network geom- 
etry remains unchanged, as the seven-parameter trans- 
formation does not disturb the baselines. Their length 
is modified by the scale factor estimation, the global 
orientation and position of the network is changed by 
the rotation and translation parameters, but there are 
no other changes within the network. It also provides 
global transformation parameters, thus reflecting the 
time evolution of the transformed solution with respect 
to the initial reference frame. Second, the result is 
relatively independent from the choice of the fiducial 
stations. It minimizes the constraint effect brought by 
weighting on the comparison, which concerns all the 
points within the coordinate set. 

For this study we have selected this reference frame 
realization strategy, using a daily seven-parameter 
transformation and Hobart, Kerguelen, and Santiago as 
reference stations. One could basically achieve a similar 
type of analysis using the GLOBK/GLORG software, 
as described in its latest release. From the daily co- 
ordinate sets transformed into the reference frame, we 
obtain new time series allowing us to extract linear ve- 
locities and short-term behavior for every site. These 
rates are estimated for each station, independently from 
the behaviors at other sites, by using simple linear re- 
gression. 

4.4. Reference Frame: ITRF 97 

Another relevant question is the choice of the refer- 
ence frame itself, to transform our free solution. The 
IGS orbits were kept fixed all along our GPS process- 
ing and transformation into the reference frame. The 
implicit reference frame defined through the IGS or- 
bits is ITRF 93 from 1995 to June 1996, !TRF 94 after 
this date. The a priori station positions used as input 
in our GPS processing are from ITRF 96. For consis- 
tency reasons the logical choice for our reference frame 
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should be ITRF 96. Nevertheless, the new realization 
ITRF 97 brings a significant improvement with respect 
to ITRF 96, leading to the recommendation of the use 
of ITRF 97 instead of ITRF 96 [Attamimi et al., 1999], 
especially as far as the southern part of the IGS net- 
work is concerned. The IGS network has been locally 
densifted, the time series used in the estimation of veloc- 
ities are longer, the quality of the IGS orbits above the 
Southern Hemisphere has been improved. This yields a 
significant improvement of the positions and velocities 
of the IGS in and around Antarctica for the ITRF 97 
solution. Therefore the final transformation of our free 

network (ENS 97) has been realized into the ITRF 97. 
Although ITRF 96 and ITRF 97 are globally aligned 

in terms of datum definition, a nonzero transformation 
can occur between subsets of the two ITRF realizations. 
This is also true for the subset o• core stations included 
by all the IGS analysis centers in their orbit process- 
ing, even if the transformation parameters are negli- 
gible. We have not applied any global transformation 
prior to the seven-parameter transformation used for 
the comparison of coordinate sets. To proceed rigor- 
ously, we should first define the appropriate transfor- 
mation parameters from ITI•F 96 to ITRF 97 for our 
subset of stations (this stage is done anyway by the 
CATREF seven-parameter transformation), then apply 
this transformation to our free solution. This additional 

transformation is thus included in the global transfor- 
mation. To take into account the effect of changing the 
reference frame in the IGS orbit processing (ITI•F 93 to 
ITRF 94, in June 1996), we apply an additional seven- 
parameter transformation to our free solution during 
all the periods before June 1996. The parameters are 
extracted from Altamimi et el. [1999] and correspond 

to the IGS core station transformation from ITRF 93 
to ITRF 94 (13 common stations). All the time 
ties are then implicitly expressed in the ITRF 96; after 
that we can transform them into the ITI•F 97 using 
the CATREF 1.1 seven-parameter transformation. If 
we neglect this preliminary transformation on the 
riod prior to June 1996, it will not change anything on 
the final transformed results, but the transformation 
parameter values on this period will be affected, since 
the additional implicit transformation will be absorbed. 
In this situation we observe a gap in the transforma. 
tion parameter series when changing from ITRF 93 to 
ITRF 94 in the orbit processing. 

4.5. Summary 

Table 1 summarizes the processing strategy and pa- 
rameters, including the GPS processing itself and the 
transformation of the free solution into a reference 

frame, as explained above in details. Most of the GPS 
data we have analyzed (except Dumont) are included 
in the global IGS network processing. Nevertheless, the 
utilization of a processing strategy thoroughly adapted 
to reveal tectonic implications leads to significantly im- 
proved results with respect to global solutions. As a 
matter of fact, our strategy for analyzing the GPS data 
and transforming our results into a consistent reference 
frame has been adapted to the geophysical objective of 
our study: detecting internal deformations without ap- 
plying unconsidered external a priori constraints. Mor• 
over, the careful repro ces sing of a subset of stations 
makes an improved cleaning of the data possible. This 
is obtained both by adapting automatic edition param- 
eters to Antarctic conditions and by the manual super- 

Table 1. Data Analysis Summary 

Parameter Description 

GPS software 
Sessi. ons 
Orbits 

Earth orientation parameters 
Elevation angle cutoff 
Phase ambiguities 
Tropospheric dry delay model 
Tropospheric wet delay 
A priori station positions 
Station position constraints 

Transformation 
Reference frame 

Strategy 
Software 
Reference stations 

Velocity estimation 

GPS Processing 
GAMIT 9.1 
24 hours 

IGS precise orbits, fixed 
IEt{S bulletin B 
15 ø 

Free (not resolved) 
Saastamoinen 

Estimated every 3 hours 
ITRF 96 

Free network approach 

Transformation Into a Reference Frame 
Daily 
ITRF 97 

Seven-parameter transformation, full variance/covariance matrix 
CATREF 1.1 

3 (Hobart, Kerguelen, and Santiago) 
Linear fit on the transformed daily time series 
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vision and the edition of peculiar data sets. This repro- 
cessing leads to reincorporation of a significant amount 
of data (otherwise rejected by automatic procedures). 
Therefore, although it may come from the same orig- 
inal records, our final data set is cleaner and contains 
more information than the global sets of solutions. A 
considerable increase of the strength and precision of 
our solution is finally obtained. 

5. Results 

The 4-year-long time series we have obtained 
(ENS 97) allows us to extract various types of periodic 
or short-term variations. As an example, Figure 3 de- 
picts the three components (north, east, and ellipsoidal 
height) for the position of the Antarctic station of Casey 
(variations are in meters). From these daily positions 
we can evaluate with an extremely good accuracy a lin- 
ear trend for the two horizontal components. For clarity 
the formal uncertainties (between 0.3 and 1.2 cm) are 
not represented. At the beginning of 1997 we observe 
an abrupt variation of the ellipsoidal height reaching ap- 
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Figure 3. Time series for the three components in 
Casey, from the beginning of 1995 till the end of 1998' 
(top, middle) horizontal components and (bottom) ver- 
tical variations. The variations of the daily positions 
tied to the ITRF 97 are given in meters. The vertical 
component shows the 8-cm excursion corresponding to 
the damage of the radome covering the GPS antenna. 
The vertical line indicates the date of the change of the 
radome. 

proximately 8 cm, followed by the rapid return to the 
mean value in November 1997. This probably reflects 
the damage of the radome covering the GPS perma- 
nent antenna, which occurred during spring 1997. This 
radome has been replaced by a new one by the end of 
the year 1997, as suggested by the time series variations. 
The date for the change of this radome, as given by IGS 
log for Casey, is approximately 1 month later than the 
jump observed in the time series. A possible scenario, 
according to B. Twilley (personal communication, 2000) 
is the following: the hole in the radome, covering one 
third of its surface, let the snow accumulate over the 
antenna itself and produced the first change in the ver- 
tical component; in November this snow all melted out, 
and the height measured returned to its mean value be- 
fore the change of the radome (December 9, 1997). This 
point underlines the necessity of working with continu- 
ous and dense data in order to measure very tiny and 
slow displacements, especially on the height component, 
and the importance of getting reliable and precise infor- 
mation about the status of antennas and receivers. This 

information, which is easily obtained inside populated 
areas, is of critical importance for remote and unaccessi- 
ble sites like Antarctica. The examination of those time 

series shows a high scatter of the daily positions during 
1995 (due to the poor relative quality of the IGS orbits 
over the Southern Hemisphere), which reduces progres- 
sively until 1997 (improvement of the IGS orbits). In 
1998 the introduction of new permanent GPS stations 
in the Antarctic network improves the constraint on the 
continental domain and reduces again the scatter of po- 
sitions. Linear trends were fitted, in the least squares 
sense, to the time series on the whole period 1995-1998. 

5.1. Dumont d'Urville 

At Dumont the velocities have been extracted from 

time series including the SCAR 1995 and 1996 campaign 
data (10 days in January 1995 and 20 days in January 
and February 1996; see Figure 4). Close analysis of 
the recent continuous time series (Figure 5) shows an 
anomalous motion around March 25, 1998. At this date 
the largest intraplate earthquake ever recorded occurred 
in the vicinity. The hypocenter has been located near 
the Balleny Islands (62.9øS, 149.5øE) off the George 
V Land coast. This Mw=8.1 event occurred to the 
West of the Antarctic-Australian-Pacific triple junction 
(250 kin). It seems to have ruptured a fault, or a series 
of strike-slip fault segments, nearly 300 km long, with 
a quasi-vertical slip [Nettles el al., 1998]. The strike of 
the faults, according to the aftershocks, is 287 ø , nearly 
perpendicular to the north-south trending fossil fracture 
zones, forming the most visible bathymetric features of 
this region. Although this earthquake is well studied us- 
ing teleseismic data and aftershock locations, the lack of 
recording stations and of surface displacement data in 
the area introduces a 25 km uncertainty in the location 
of the fault rupture. Its depth should not exceed 30 km 
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Figure 4. Time series for the horizontal components 
in Dumont (variations in meters) from the beginning of 
1995 till the end of 1998. The SCAR campaign data 
(January 1995 and January 1996) are included. The 
trends correspond to uncorrected velocities (see text). 

are 12 mm/yr and-15 mm/yr for east and north com- 
ponents, respectively. For the period after the event, 
we obtain 26 mm/yr and -10 mm/yr for east and north 
components, respectively. The uncertainty on the rate 
after the earthquake is larger than the uncertainty be- 
fore, as the time series is shorter. The step between the 
two linear trends gives us the value of the instantaneous 
coseismic displacement as measured by GPS. It reaches 
13 mm on the east component and 4 mm on the north 
component, less than the predicted values from the dis- 
location models estimation (22.4 mm and 19.4 ram) but 
quite compatible in orientation. Therefore the fact that 
the measurements exhibit, despite rough assumptions 
and high uncertainties, a displacement in the same di- 
rection and with a comparable amplitude than the pre- 
dicted displacement clearly indicates that this is not an 
artifact. These horizontal coseismic displacements have 
been removed from the horizontal linear velocities at 
Dumont. The corrected velocities for the whole period 
are 15 mm/yr on the east component and-13 mm/yr on 
the north component. This matches well with the linear 
rates for the period before the earthquake (12 mm/yr 
and-15 mm/yr ). 

5.2. Global Plate Motion 

The horizontal velocities, for all the stations in our 
network (including the stations outside the Antarctic 

but is not yet known with better accuracy. The static 
Coulomb failure stress change related to this event has 
been calculated by Toda and Stein [2000] using four 
rough models for the dis!ocation mechanisms. The near- 
est GPS station to the assumed epicenter of this event 
is the new permanent station of Dumont, located at 
66.4øS, 140.0øF,, approximately 600 km from the main- 
shock. The induced coseismic displacement at the site 
of Dumont has been computed using an elastic disloca- 
tion code based on the equations of Okada [1992], which 
is very consistent with the McGuire et al. [1998] model. 
The predicted coseismic displacement according to this 
model is 22.4 mm along the east component, 19.4 mm 
along the north component, with large uncertainties due 
to errors on the main rupture location, the seismic mo- 
ment, and to the plane approximation inherent in aI1 
dislocation codes (see Figure 6). We attempted to ex- 
tract the observed coseismic displacement from the GPS 
time series in Dumont, for both north and east compo- 
nents, and compare them to the predicted values. The 
date of March 25, 1998, is indicated on the time series 
for the horizontal components in Dumont (Figure 5). 
We have evaluated linear trends to obtain horizontal 

velocities for the period before the seismic event (from 
the beginning of 1995 till March 25, 1998, thus includ- 
ing the 1995 and 1996 SCAR data) and for the period 
following the event (from March 25, 1998, till the end of 
the year 1998). The observed velocities before the event 
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Figure 5. Time series for the horizontal components 
in Dumont. The date of March 25, 1998, is clearly 
indicated, and the trends are deduced before and after 
the event. The SCAR campaign data (January !995 
and January !996), although used for computing the 
preseismic velocities, are not shown here. 
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Figure 6. Location of the March 25, 1998, 8.1 event 
near Balleny Islands, with focal mechanism. At Du- 
mont the uncorrected velocity (shaded arrow) and cor- 
rected velocity (open arrow) are indicated, as well as the 
coseismic displacements (solid segments) deduced fi'om 
the GPS time series and predicted by the dislocation 
model. 

plate), are summarized in Table 2. The uncertain- 
ties given in this table are of two different types. The 
95% confidence limits on the velocities correspond to 
white noise assumption on the station behavior and are 
clearly underestimated. We also indicate the uncertain- 
ties corresponding to the differences on the horizontal 
rates obtained by using different ways of tying our free 
network to a reference system, as described previously. 
They are larger than the formal uncertainties but re- 
flect the precision we can expect from our analysis in 
a more realistic way. Figure 7 shows these horizontal 
velocities for all the stations of the network, with re- 
lated error ellipses. Our solution is compared with the 
rates predicted by the NNR-Nuvel-IA model [Argus and 
Gordon, 1991] and the ITRF 97 velocities when exist- 
ing. The ITRF 97 solution includes IGS solutions, but 
also satellite laser ranging, doppler orbitography and 
radiopositioning integrated by satellite (DORIS), and 
very long baseline interferometry data. 

For all the stations outside the Antarctic tectonic 

plate, the agreement 'between our solution and the 
ITRF 97 velocities is excellent. This confirms, from the 
geodetic point of view, the very good quality of our solu- 
tion. For all the stations inside the Antarctic plate, we 
observe significant discrepancies between our solution 
and the ITRF 97. The most important difference is ob- 
tained in Dumont. We must point out that the ITRF 97 
solution in Dumont is derived from DORIS data only 
partly because the new permanent GPS station on the 
French base is not yet included in the IGS network, as 
the data are not available in real time. In this situation, 
with collocation by two different techniques (GPS and 

DORIS), we infer a significant disagreement between 
them. We think that the GPS-determined velocity is 
probably more reliable since it is more consistent with 
other GPS velocities on the continent and with the plate 
rotation discussed below. 

In Kerguelen, another place with GPS/DORIS col- 
location, the evolution of the velocities shows a conver- 
gence of the ITRF solutions toward our solution. More 
precisely, the ITRF 96 velocity on Kerguelen was very 
different from the NNR-Nuvel-IA (NNR-A) prediction. 
The ITRF 97 velocities come closer to both NNI:L-A and 

our solution, which itself remains untouched by the shift 
from ITRF 96 to ITRF 97. Still, both ore' and ITRF 97 
solutions slightly and consistently differ from NNR-A. 

The systematic disagreement between the two geode- 
tic solutions (ENS 97 and ITRF 97) on all the Antarc- 
tic sites is related here to the misuse of the data from 

this part of the network in the global IGS processings 
conducted by most IGS analysis centers. Because the 
IGS global analysis includes stations covering the en- 
tire world, with a greater density of sites in the North- 
ern Hemisphere (mainly North America and Europe), 
an obvious tendency is to neglect the data of poorer 
geodetic quality from the southern part of the network. 
One of the interests of our study is precisely to focus on 
the only stations on and around Antarctica. It leads, 
with an appropriate processing method, to results of in- 
creased quality on these stations. 

On the stations outside the Antarctic plate, the 
agreement with the NNR-Nuvel-IA predictions is rather 
good. The sites showing discrepancies are located near 
the plate boundaries and are affected by local tectonic 

Table 2. Station Velocities V, 95% Confidence 
Limits assuming White Noise (or) and Standard 
Deviations Corresponding to Realistic Estimate 
of Confidence Limits (A), ENS 97 

East North 

Station 1/• cr A V cr D. 

AUCK 6 +1 4- 6 32 4-1 4- 7 
CAS1 8 4-1 4- 6 -13 4-1 4- 5 
CHAT -40 4-1 4- 5 27 +1 4- 6 
DAV1 2 4-1 4- 6 -10 4-1 4- 4 

DUMI* 19 4-2 4-10 -12 4-2 4- 3 
DUM1 c 15 4-2 4-10 -13 4-2 4- 3 
HOB2 15 4-1 4- 4 50 4-1 4- 5 
I<ERG 8 4-1 +10 -10 4-1 4- 3 
MAC1 -9 4-1 4- 6 25 4-1 4- 4 
MCM4 14 4-1 4- 8 -11 4-1 4- 5 
OHIG 13 4-1 4- 5 5 4-2 4-20 
PERT 40 4-1 4- 2 49 4-1 4- 2 

SANT 20 4-1 4- 7 14 4-2 4-20 

dUnits are in mm/yr 
s Noncorrected velocity 
c Coseismic displacement removed 
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Figure 7. Velocities for our solution (open arrows), in comparison to the ITRF 97 velocities 
(solid arrows) [Boucher et al., 1999] and the NNR-Nuvel-IA (shaded arrows) velocities [Ar•7us 
and Gordon, 1991]. The scale of 10 mm/yr is given at the top of the figure. The error ellipses 
represent the differences between all the solutions obtained when transforming our network into 
the ITRF 97 with different methods. The two main ice shelves of Filchner-Ronne (F-R) and Ross 
are indicated in light grey. 

motions, like in Santiago and Macquarie Islands. The 
horizontal velocity in Macquarie Islands is very con- 
sistent between the two geodetic solutions but slightly 
differs in amplitude and orientation from the NNR-A 
model predictions. This can be related to the vicinity 
of the Australian-Pacific plate boundary. The motion 
of Santiago in the NNR-A model is assumed to reflect 
only the South American plate motion, while the elas- 
tic coupling with the nearby Nazca subduction zone is 
obvious in both geodetic solutions, with an additional 
component of more than 20 mm/yr parallel to the sub- 
duction direction. 

For all the stations located in the stable Antarctic 

plate interior, the discrepancies with the NNR-A pre- 

dictions are significant. For example, our estimate in 
t(erguelen disagrees by more than 45 ø in orientation 
with the NNR-A velocity. All our horizontal rates on 
the stable Antarctic plate, even though they are signif- 
icantly different from the NNR-A predictions, happen 
to strongly point to a rigid plate rotation. We have 
evaluated a rotation plate motion, expressed as usual 
in terms of best pole of rotation and angular speed cor- 
responding to the stations velocities by the way of the 
very simple relation written as 

v=xr (1) 

where v is the velocity of the site, • is the angular ve- 
locity of the Antarctic plate, and r is the position of the 
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Table 3. Best Rotation for the Antarctic Plate (rotation velocity in 
degrees per millions of years and position of the pole), in Comparison 
With the NNR-Nuvel-IA Predictions a 

Angular Velocity deg/Myr Latitude 
o N 

Longitude 
o W 

ENS 97 0.264 62.0 146.7 
NNR-Nuvel-IA 0.24 63.0 115.9 

aRotation velocity in degrees per millions of years and position of the 
pole 

site inside the plate. All the velocities v, which could 
be three-dimensional, are here explicitly horizontal (two 
components per station). In what follows, all the plate 
velocities are expressed in terms of position of the pole 
of rotation (latitude, longitude) and angular velocity. 

The rotation motion is estimated using the stations 
of Casey, Davis, Dumont, Kerguelen, McMurdo and 
0'Higgins, all located in the intermr of the Antarctic 
plate. The time series obtained from the data of the 
geodetic pillar in Dumont is covering a time period of 
almost 4 years, as for the other stations running con- 
tinuously. We have thus used the Dumont velocity to- 
gether with the other Antarctic rates in our estimation. 
To confirm that its use will not modify the global plate 
motion, we have compared both solutions obtained with 
or without including this station. The difference be- 
tween both solutions is less than 0.01ø/Ma in the angu- 
lar speed, and less than 0.3 ø in latitude and longitude 
for the best pole position. Table 3 lists our pole position 
and angular velocity along with the NNR-A predictions. 

Figure 8 depicts the residual velocities, obtained for 
each site: differences between observed velocities and 

those corresponding to the rigid plate rotation. They 
are all negligible (less than 2 mm/yr, see Figure 8), ex- 
cept for the O'Higgins station. Such a result cannot 
be obtained from the ITRF 97, for example, since the 
residual velocities remain significant and inconsistent 
for several stations. This confirms the good geodetic 
quality of our results, together with the rigid behavior 
of the Antarctic plate at this level of precision. It also 
confirms the reality of the coseismic step in Dumont 
time series, since the residual at this station reaches 
a value close to zero only when this correction is ap- 
plied. Interestingly enough, the position of our pole of 
rotation (see Table 3) is significantly different from the 
NNR-A prediction for the Antarctic plate. This point 
is discussed in the next section. 

At O'Higgins, we observe a significant residual veloc- 
ity of more than 7 mm/yr, directed toward the interior 
of the continent. The station is located at the head of 
the peninsula, in an ice-shelf collapse area. The data 
about the present-day ablation rate of the ice sheet in 
this part of West Antarctica are still lacking, but this 
rate is suspected to be high. It is likely that the thinning 
rate, hence the glacial vertical and horizontal motions, 

are still underestimated by the current models. This 
horizontal residual velocity of 7 mm/yr could be inter- 
preted here as the horizontal component of an elastic 
rebound local motion (for the Antarctic peninsula) di- 
rected toward the center of maximum ice load changes 
(foot of the peninsula or Filchner-Ronne Ice Shelf). 

6. Discussion 

Except at the O'Higgins station, which is affected 
by glacial rebound or local tectonics, all our horizontal 
velocities are very consistent xvith a rigid plate rotation 
but show a significant and systematic discrepancy with 

180' 

Figure 8. Residual velocities for the Antarctic sta- 
tions after removal of the best rigid rotation estimation 
(open arrows) in comparison with the ITRF 97 residual 
velocities (solid arrows) for the same sites. The scale of 
10 mm/yr is given at the top of the figure. The positions 
for the respective best pole positions are indicated by 
the corresponding open and solid points. The shaded 
point indicates the position of the NNR-Nuvel-IA rota- 
tion pole. The two main ice shelves of Filchner-Ronne 
(F-R) and Ross are indicated by the light grey areas. 
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Table 4. Absolute Rotation Pole for the Australian Plate From Different So- 
lutions 

Angular Velocity deg/Myr Latitude Longitude 
oN øE 

M.B. Heftin (JPL website) 0.64 34.1 43.5 
ENS 97 0.55 33.7 40.2 
Larson eta!. [1997] 0.61 31.4 40.7 
NNR-Nuvel-IA 0.65 33.8 33.2 

the NNR-A predictions, suggesting a further search for 
additional confirmations. 

6.1. Plate Rotation 

The Nuvel-1 model for the Antarctic plate is mainly 
constrained by the relative motion with the Aus- 
tralian plate. More precisely, the data concerning the 
Australian-Antarctic ridge provide a better geometric 
coverage with respect to the Euler pole for the relative 
motion on this boundary, than, for example, the data 
from the Antarctic-South American boundary [.DeMet• 
et al., 1990]. On the Antarctic-African plate bound- 
ary too, the Nuvel-1 motion is deduced from closely 
spaced data, providing only a weak constraint. The 
less-known relative motions concern the Pacific plate, 
where data are especially sparse, and the Scotia plate, 
which is not taken into account in Nuvel-1. All the mo- 

tions deduced by Nuvel-1 from the data on the bound- 
aries with the African and South American plate yield 
systematically poor fits, with rates 1-3 mm/yr slower 
than observed [DeMets et al., 1990]. This effect is even 
enhanced in Nuvel-lA [DeMets et al., 1994]. Therefore 
it makes more sense to compare relative motions for the 
Antarctic-Australian boundary derived from our results 
to the same relative motions predicted by Nuvel-lA, 
than to compare absolute plate motions. As pointed 
out by Larson et al. [1997], relative motions are less 
sensitive than absolute plate motions to reference frame 
errors in the geodetic results, or the no-net-torque as- 
sumption used in NNR-A. We can compare relative 
velocities for the Antarctic-Australian plates with the 
relative motion predicted by Nuvel-lA. Our results on 
Australia (stable interior) include only three stations 
(Auckland, Hobart and Perth), so we cannot expect 
to deduce a precise pole for this plate. Another re- 
cent result from spatial geodetic techniques concern- 

ing the Australian plate is provided by M.B. Heftin 
(World Wide Web site of the Jet Propulsion Labo- 
ratory, http ://sideshow.jpl. nasa. gov/mbh/series.h•mI), 
(hereinafter referred to as JPL website) for the IGS 
global solution of the Jet Propulsion Laboratory (JPL). 
This solution, one among many IGS analyses, has the 
advantage to include recent data, the time series cover- 
ing all the 1998 data. Using the method previously ex- 
posed, horizontal velocities on the stations of Auckland, 
Canberra, Cocos, Hobart, Perth, Tidbinbilla and 'i•'a- 
gadee supply an angular velocity and pole position wi•h 
an extremely good accuracy (see Table 4). The position 
of the pole and the angular speed obtained after M.B. 
Heftin (JPL website) are also significantly different from 
the NNR-A predictions for the Australian plate but rel- 
atively close to our results for the same plate (less than 
3 ø on the east and north component of the pole po- 
sition, estimated from three stations only). We can 
thus estimate a relative motion for the two Australian 
and Antarctic plates, using our results on the Antarc- 
tic plate and M.B. Heftin (JPL website) velocities on 
the Australian plate. The relative angular motion is 
obtained very simply by differencing the absolute angu- 
lar velocities of the two independent plates. We have 
compared our relative velocity (pole position and an- 
gular relative speed) with the geodetic results obtained 
by Larson ei al. [1997] for the same relative motion and 
the Nuvel-lA predictions [DeMets et al., 1994] (see Ta- 
ble 5). Larson et al. [1997] used GPS data during 
the time span 1991-1996 to estimate the absolute and 
relative global plate velocities. Only the sites providing 
more than 2 years of data were included in the analy- 
sis: the Antarctic plate motion is determined from only 
the two stations of McMurdo and O'Higgins, and should 
be taken with great care. The Australian absolute mo- 
tion is derived with a better accuracy using the 6 sites 

Table 5. Relative Angular Motions for the Australian/Antarctic Plates From Different 
Solutions 

Angular Velocity deg/Myr Latitude Longitude 
ON øE 

M.B. Heftin (JPL website)/ENS 97 
Larson et al. [1997] 
Nuvel-lA 

0.66 10.92 41.6 
0.65 9.8 43.2 
0.65 13.2 38.2 
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of Canberra, Hobart, Perth, Townsville and Yaragadee 
(see Table 4). This Australian GPS motion is close to 
the recent (M.B. Heftin, JPL website) solution, as the 
pole position discrepancy is less than 3 ø in both latitude 
and longitude and 0.03 ø/Ma in angular speed. Our rel- 
ative Antarctic/Australian angular velocity (Table 5) is 
very close to the œarson et a•. [1997] relative motion 
and to the Nuvel-lA estimate (0.01ø/Ma difference on 
the angular speed and less than 3.5 ø on the position of 
the pole, both components). The two GPS solutions 
(ENS 9?/Heftin and Larson et al.) are thus very consis- 
tent with each other and show a good coherence with 
the Nuvel-lA prediction too. Since this Nuvel-lA rel- 
ative motion provides the main constraint on the ab- 
solute motion of the Antarctic plate itself, our result, 
associated with the M.B. Heftin (JPL website) solution, 
agrees finally very well with the Nuvel-lA predicted rel- 
ative motion for the Australian and Antarctic plates. 

We can turn back to our Antarctic angular velocity, 
which is significantly greater than the absolute NNI•-A 
prediction. For Nuvel-1, f)m•F•ts ½t al. [1990] mention 
a systematic underestimation of observed opening rates 
between Antarctica and the South American, African, 
and Nazca plates. This misfit, which increases in the 
Nuvel-lA correction [D•M•t• el M., 1994], is attributed 
to nonclosure within the three-plate circuit (Antarctica, 
South America, and Africa). Therefore we consider that 
i• is not very surprising that a direct determination of 
the Antarctic rotation pole, from space geodetic tech- 
niques, significantly differs from the Antarctic pole in 
Nuvel-lA. 

6.2. Glacial Elastic Rebound 

On the O'Higgins station, at the head of the 
peninsula, our important horizontal residual velocity 
(? mm/yr toward the interior of the continent) could 
reflect the horizontal component of an elastic glacial re- 
bound displacement. This velocity might be consistent 
with an elastic convergence around the discharge center 
located in the head of the peninsula. Opposite to the 
horizontal part of the viscoelastic long-term glacial re- 
bound which consists in a slight divergence, the elastic 
instantaneous response to a removal of the load results 
in a convergence around the main discharge center. In 
addition, the associated vertical velocity, although less 
accurately determined, indicates a significant uplift (10 
•o 15 mm/yr for the Mastic part) [Bo•, 19991, reflect- 
ing the recent increase of the ice melting on the penin- 
sula and, partly, on the West Antarctic Ice Sheet. This 
vertical velocity of 10 to 15 mm/yr would correspond 
to a steady ablation rate of the ground ice sheet, of 60 
to ?5 cm/yr, according to the simple loading/unloading 
model proposed by Y•m½s • I•n• [1998], using the 
?•rr• [1972] values. These values are higher than as- 
sumed in most of the commonly used ice sheet models 
[Bentley and Giovinetto, 1991; Giovine•to and Bentley, 
1985; Verbitsky and $altzman, 1995] but still compara- 
ble with the maximal melt rates considered by one of 

the models of Jacobs et al. [1992], reaching 689 mm/yr 
locally. This model is the only scenario taking into ac- 
count glacial thinning over West Antarctica in a more or 
less realistic way. It should be noted that all these rates 
are mean values and generally neglect the acceleration 
of iceberg calving and ice shelf collapse, as observed 
along the peninsula coasts since the beginning of the 
1990s [Rott et al., 1996; $kvarca, 1994]. If we assume 
that such events affect not only the marine ice shelves, 
but also the ground ice sheet, the present-day ablation 
is largely higher than assumed in the ice sheet mod- 
els. On restricted areas of grounded ice sheet, leveling 
surveys coupled with radar measurements have shown 
a steady ablation rate of 32 cm/yr during 20 years on 
the Rothera ramp [Smith et al., 1998]. The present- 
day ice behavior on the peninsula, which is still un- 
known for a l•arge part, is probably consistent with an 
important increase of the ablation rates. This could be 
confirmed by leveling studies on the Japanese base of 
Syowa showing a regular uplift (10 mm/yr) during the 
last 20 years [Kamimuna, 1998]. Another explanation 
for O'Higgins motion might be local tectonics related 
with the Bransfield Strait and the Scotia microplate 
but without any evidence from, for example, $albach 
•g Ar•e•eier [1998] and Dfe•ricA [1998]. 

7. Conclusion 

In this paper we have presented the results for the 
analysis of a 4-year series of GPS data in Antarctica. 
The data from the newly installed (end of 1997) Dumont 
GPS permanent station and from the previous SCAR 
campaigns (same point, 1995 and 1996) were included in 
our processing. All the other stations are IGS stations. 
Most of the data we used were already included in the 
global IGS analysis. Our analytical method has been 
carefully adapted to our geophysical goal. This effort 
aims specifically at tying our free network to an interna- 
tional reference frame without polluting local displace- 
ments by inappropriate constraints. The horizontal ve- 
locities extracted from our time series show very good 
accuracy. We have also paid a great attention to the 
data, cleaning and editing them carefully, which is an 
impossible task for global IGS processing, but still man- 
ageable for a subset of chosen stations. We are able to 
compare our velocities with those of other geodetic anal- 
yses (namely, the multitechnique ITRF 9?) and with 
the absolute plate motion model NNR-Nuvel-IA. For 
all the non-Antarctic sites the agreement between our 
solution and the ITRF 9? results is excellent, except for 
a few sites, located near the plate boundaries (Santiago 
and Macquarie Islands). On the Antarctic plate itself, 
we point out a significant and systematic discrepancy 
at all the stations. Our rates are very consistent with a 
rigid plate motion for Antarctica, but significantly dif- 
ferent from the NNR-Nuvel-IA predictions. Our pole 
is located at 62.0øN, 146.7øW, with an angular speed 
of 0.264•/Ma, faster than the NNI•-A predicted rota- 
tion. We have compared the relative motion deduced 
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from our angular velocity for Antarctica and from the 
newly proposed motion of M.B. Heftin (JPL website) for 
the Australian plate, with the Nuvel-lA relative mo- 
tion as well as that obtained by Larson et al. [1997]. 
The agreement being extremely good, we can propose a 
new plate motion for Antarctica, in agreement with the 
M.B. Heftin (JPL website) new solution for Australia. 
All the residual velocities are less than 2 mm/yr, except 
at O'Higgins, on the peninsula. This residual velocity 
is interpreted here as the horizontal component (shrink- 
ing) of the elastic rebound corresponding to the present- 
day acceleration of melting on the Antarctic peninsula 
and accompanied by a rapid uplift of this station. At 
Dumont the accuracy of our time series allows us to de- 
tect a coseismic displacement, related to the March 25, 
1998, Mto=8.1 earthquake, in good agreement with the 
dislocation model predictions. 
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