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[ 1 ] Using GPS observations from 1996 to 2011, we
constrain postglacial rebound in Antarctica. Sites in the
Ellsworth mountains, West Antarctica, are rising at ≈5 ±
4 mm/yr (95% confidence limits), as in the postglacial
rebound model of Peltier, but ≈10 mm/yr slower than in
the model of Ivins and James. Therefore significant ice
loss from the Ellsworth mountains ended by 4 ka, and
current ice loss there is less than inferred from GRACE
gravity observations in studies assuming the model of Ivins
and James. Three sites along the coast of East Antarctica
are rising at 3 to 4 ± 2 mm/yr, in viscous response to
Holocene unloading of ice along the Queen Maud Land
coast and elsewhere. Kerguelen island and seven sites along
the coast of East Antarctic are part of a rigid Antarctica
plate. O’Higgins, northern Antarctic peninsula, is moving
southeast at 2.3 ± 0.6 mm/yr relative to the Antarctic plate.
Citation: Argus, D. F., G. Blewitt, W. R. Peltier, and C. Kreemer
(2011), Rise of the Ellsworth mountains and parts of the East Antarctic coast observed with GPS, Geophys. Res. Lett., 38, L16303,
doi:10.1029/2011GL048025.

1. Introduction
[2] Antarctica’s viscous response to late Pleistocene
unloading of ice is poorly constrained because there are few
Holocene relative sea level histories available [e.g., Bassett
et al., 2007]. Hence estimates of the contribution of Antarctic ice loss to Holocene global sea level rise vary greatly: 10 m
[Ivins and James, 2005], 14 m [Denton and Hughes, 2002],
18 m (ICE‐5G v1.3a [Peltier, 2007]), and 37 m [Nakada and
Lambeck, 1988].
[3] Geological observations constrain the start of significant Antarctic deglaciation to be after 14.2 ka, the time of
Meltwater Pulse 1A [Bentley et al., 2010]. Radiocarbon
dating of sediment cores shows that marine sedimentation
beneath the Larsen B ice shelf began at 10.5 ka [Domack
et al., 2005]; radiocarbon dating shows that deposition of
varved sediments on calving bay reentrants along the East
Antarctic coast began at 11 ka [Leventer et al., 2006]. The
observation that relative sea level on tropical Pacific islands
was at a 2 m high stand at 4 ka requires ice sheet loss from
Antarctic and elsewhere to have ended by 4 ka [Peltier et al.,
2002]. Mackintosh et al. [2011] find that ice loss from Mac
Robertson Land, East Antarctica, started slowly at 14 ka,
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increased greatly at ≈12 ka, and ended by 7 ka. In ICE‐5G
v1.3a [Peltier, 2007] Antarctic ice loss begins abruptly at
11.5 ka, the time of Meltwater Pulse 1B [Peltier and
Fairbanks, 2006], and ends at 4 ka.
[4] In this study we evaluate the fit of two postglacial
rebound models to space geodetic estimates of uplift of solid
Earth’s surface (Figure 1). The model of Peltier [2007] is
based on deglaciation history ICE‐5G v1.3a and mantle viscosity profile VM2 and has an elastic lithosphere 90 km thick.
The model of Simon et al. [2010] is based on deglaciation
history IJ05 [Ivins and James, 2005] and a three‐layer
mantle viscosity profile and also has an elastic lithosphere
90 km thick. Because postglacial rebound of West Antarctica
depends mostly on the viscosity of the upper mantle (see
Fréchet kernels in Figure 5 of Peltier [2004], with West
Antarctica being about the same size as Fennoscandia), and
because the mean upper mantle viscosity is nearly equal in the
models of Peltier [2007] and Simon et al. [2010], differences
between the predictions of the two models are due mainly to
differences in deglaciation history. Argus and Peltier [2010]
assess the fit of the model of Peltier [2007] to space geodetic
observations.
[5] In Antarctica the model of Peltier [2007] predicts
current uplift to have three local maxima: (Figure 2a, R)
10 mm/yr in the southern Antarctic peninsula, (S) 10 mm/yr
along the southern margin of the Ronne ice shelf, and
(T) 14 mm/yr along the southeast margin of Ross ice shelf.
The model of Simon et al. [2010], which is nearly identical to
that of Ivins and James [2005], predicts current uplift to be a
maximum of (Figure 2b, U) 20 mm/yr in the southern Antarctic peninsula. Herein we find that sites in the Ellsworth
mountains are rising at ≈5 ± 4 mm/yr (95% confidence
limits), as in the model of Peltier [2007], but ≈10 mm/yr
slower than in the model of Simon et al. [2010].

2. Data and Methods
[6] From GPS observations we estimate position‐time
series from 1996 to 2011 (Text S1 in the auxiliary material).1
Eleven permanent GPS sites along the Antarctic coast have
8 to 15 yr of data [Dow et al., 2009], yielding tight velocity
estimates (Figure S1). Scientists established the (WAGN)
West Antarctic Campaign Network in four consecutive
summers beginning in January 2002; at six sites Bevis et al.
[2009] placed a permanent (ANET) Antarctic NETwork
GPS receiver at the WAGN mark, allowing us to estimate the
velocity of each site without solving for an offset (Figure S2).
[7] Following the method of Argus et al. [2010] we invert
estimates of velocity from GPS, VLBI, SLR, and DORIS for
the velocity of Earth’s center and the velocity of the plates.
1
Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048025.
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Figure 1. (a) Antarctic ice loss as a function of time in
models ICE‐5G v1.3a [Peltier, 2007] and IJ05 [Ivins and
James, 2005]. The contribution to global sea level rise in
m is given along the right‐hand axis. (b) Mantle viscosity as
a function of depth in models VM2 [Peltier, 2004], the
model of Simon et al. [2010], and models VM2–1 and
VM2–2 [Paulson et al., 2007].
Velocity models for VLBI, SLR, and DORIS are identical to
those of Argus et al. [2010].

3. Results
3.1. Earth’s Center
[8] The velocity of Earth’s center transforms 1 to 1 into all
estimates of site velocity [Argus et al., 1999]. Herein we
define Earth’s center to be (CE) the mass center of solid
Earth and simultaneously estimate the velocity of CE
assuming that, besides plate motion, the parts of the plates
not near the late Pleistocene ice sheets are moving negligibly
in the horizontal relative to CE [Argus, 2007; Argus et al.,
2010]. (Kogan and Steblov [2008] do so also, but describe
the definition of Earth’s center differently.) We minimize
the sum of the squares of the weighted differences between
the observed and predicted horizontal site velocities. The
horizontal components of site velocity constrain the velocity
of CE because changing the velocity of CE changes the
horizontal component of site velocity by a different amount
at different places and, if the velocity of CE were wrong,
then the plates would appear to be deforming. (Blewitt

Figure 2. Observations of uplift (vertical blue bars) and
subsidence (vertical red bars) are compared to the predictions of the postglacial rebound models of (a) Peltier
[2007] and (b) Simon et al. [2010]. Observed vertical rates
are given (in black) in mm/yr; error bars are 95% confidence
limits; the (small blue) ‘X’s are the model predictions;
predicted uplift rates are given (in light blue) where they
exceed observed rates by more than 5 mm/yr. The color
gradations show, as the legend specifies, the model predictions. The uplift maxima of Peltier [2007] are shown (in red)
as ‘R’, ‘S’, and ‘T’; the uplift maximum of Simon et al.
[2010] is shown (in red) as ‘U’. (c) Observations of uplift
and subsidence as a function of distance along profile A–A′
are compared to the predictions of the postglacial rebound
models of (blue) Peltier [2007] and (red) Simon et al.
[2010].
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Figure 3. Observations of horizontal velocity and two‐dimensional 95% confidence limits. The color of each ellipse and
site name designate the category to which the site is assigned: (black) on the Antarctic plate and moving insignificantly in
glacial isostatic adjustment, (red) on the Antarctic plate but moving in glacial isostatic adjustment, (brown) on the Shetland
plate. Earthquakes with body or moment magnitude greater than 5.2 from 1964 to 1995 are from Engdahl et al. [1998].
[2003] defines this constraint to be the (CL) center of lateral
movement of Earth’s surface.) We maintain that no phenomenon can sustain a significant velocity between CE and
the (CM) center of mass of solid Earth, oceans, and atmosphere [Argus, 2007; Argus et al., 2010, Appendix A]. The
inversion yields estimates of vertical motion that do not
depend on a postglacial rebound model.
[9] The velocity of CE that we estimate is nearly identical
to the velocity that Argus et al. [2010] estimate in an
identical manner (Figure S3). But our estimate of the
velocity of CE differs from the velocity of CM in ITRF2008
[Altamimi et al., 2011] along Z by 1.1 mm/yr. Therefore our
estimates of vertical rates in Antarctic have 1.0 mm/yr more
uplift than do those in ITRF2008 (Figure S4).
3.2. Vertical
[10] Five sites in the Ellsworth mountains (sugg, haag,
hown, w07, and w05) are rising at ≈5 mm/yr, consistent
with the uplift predicted by the model of Peltier [2007], but
a significant 5–12 mm/yr slower than predicted by the
model of Simon et al. [2010] (Figure 2 and Table S1). We
infer that significant ice loss from the Ellsworth mountains
ended by 4 ka, as in the model of Peltier [2007]. If there
were current ice loss from the Ellsworth mountains, then the
disagreement with the model of Simon et al. [2010] would
increase.
[11] Three sites along the East Antarctica coast (Vesleskarvet, Syowa, and Casey) are rising at 3–4 ± 2 mm/yr, in
viscous response to Holocene unloading of ice. GRACE
gravity observations near the three sites suggest current ice
loss to be small [Chen et al., 2009; Horwath and Dietrich,
2009]. We infer that there was more ice in these places at
11.5 ka than in ICE‐5G.
[12] O’Higgins, in the northern Antarctic peninsula, is
rising at 5.7 ± 1.3 mm/yr, 3 mm/yr faster than predicted by the
model of Peltier [2007]. Palmer is rising at 6.0 ± 2.2 mm/yr,
3 mm/yr faster than the prediction. From GRACE gravity
observations Peltier [2009] infers there to be current ice

loss from the northern Antarctic peninsula, which would
produce uplift that lessens the difference between the GPS
observation and the postglacial rebound prediction. Frei is,
however, falling at 3.4 ± 2.8 mm/yr, bringing some doubt
to that interpretation.
3.3. Horizontal
[13] Kerguelen island and seven sites along the East
Antarctic coast (Vesleskarvet, Syowa, Mawson, Davis, Casey,
Dumont D’ Urville, and McMurdo) are moving as part of the
rigid Antarctic plate (Figure 3). The weighted root mean
square of the eight residual speeds is 0.5 mm/yr.
[14] O’Higgins, along the northern coast of the Antarctic
peninsula, is moving relative to the Antarctic plate southeast
at 2.3 ± 0.6 mm/yr (95% confidence limits). This direction is
opposite that expected due to current or Holocene ice loss
from the peninsula. O’Higgins is 110 km south of Bransfield
basin, the continental rift between the Antarctic and Shetland plates [Bird, 2003], far enough for the site to be on the
Antarctic plate. Palmer is moving relative to the Antarctic
plate south at 1.8 ± 1.0 mm/yr.
[15] Frei, on the Shetland plate just north of Bransfield
basin, is moving relative to the Antarctic plate northwest at
6.5 ± 1.3 mm/yr, consistent with the observation of Taylor
et al. [2008] that Frei and three campaign sites are moving
northwest at ≈7 mm/yr as part of the Shetland plate.

4. Discussion
[16] Estimates of current Antarctic ice mass loss from
GRACE gravity observations depend strongly on the postglacial rebound model corrected for. Chen et al. [2009]
estimate Antarctica to be losing ice at 190 Gt/yr (equivalent to a global sea level rise of 0.52 mm/yr), which they
determine to be the gravity decrease observed by GRACE
(−112 Gt/yr) minus the gravity increase due to postglacial
rebound (+78 Gt/yr). If Chen et al. [2009] were to instead
correct for the model of Paulson et al. [2007], then they
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would estimate Antarctic ice loss to be 250 Gt/yr (global
sea level rise 0.69 mm/yr). (The model of Paulson et al.
[2007] consists of deglaciation history ICE‐5G and mantle viscosity profile VM2‐2.) The estimates of Antarctic ice
loss of Velicogna and Wahr [2006] (global sea level rise of
0.38 mm/yr), Horwath and Dietrich [2009] (0.30 mm/yr),
and Peltier [2009] (0.34 mm/yr) also depend on the postglacial rebound model corrected for.
[17] The Ellsworth mountains are rising at ≈5 ± 4 mm/yr,
as in the model of Peltier [2007], but ≈10 mm/yr slower
than in the model of Simon et al. [2010]. Substituting the
model of Peltier [2007] for that of Ivins and James [2005],
we infer less current ice loss (or more current ice gain) near
the south coast of Ronne ice shelf than do Chen et al. [2009]
and Horwath and Dietrich [2009].
[18] Using cosmogenic 10Be dating of exposure of the
trim line in the Heritage range, Ellsworth mountains, Bentley
et al. [2010] conclude that the ice sheet there thinned by 230
to 480 m since 15 ka and that 80% of this thinning occurred
since 8 ka. In the Weddell Sea model of Bentley et al. [2010]
ice loss near the Ellsworth mountains is 800 to 1200 m,
consistent with the 1000 to 1500 m ice loss in ICE‐5G
v3.1a.

5. Conclusion
[19] The Ellsworth mountains are rising at ≈5 ± 4 mm/yr
(95% confidence limits), as in the postglacial rebound model
of Peltier, but ≈10 mm/yr slower than in the model of Ivins
and James. Significant ice loss from the Ellsworth mountains ended by 4 ka. Current ice loss there is less than
inferred from GRACE gravity observations in studies
assuming the model of Ivins and James [2005]. GPS observations of uplift in more places and GRACE observations of
gravity will distinguish between current ice loss and postglacial rebound elsewhere in Antarctica.
[20] Acknowledgments. We are grateful to the enthusiastic scientists
who deployed GPS sites in the harsh Antarctica terrain. We thank Michael
Bevis for providing us with the WAGN data and informing us how to connect the WAGN to the ANET benchmarks. We are grateful to T. J. Wilson
and the ANET principal investigators. We thank Karen Simon, Thomas
James, and Erik Ivins for sharing the predictions of their postglacial
rebound model. We thank Michael Bevis and an anonymous reviewer for
their constructive criticism. UNAVCO operates the Global GNSS Network
at the direction of JPL for NASA with support from NASA under National
Science Foundation Cooperative Agreement EAR–0735156. D. F. Argus
completed research at Jet Propulsion Laboratory, California Institute of
Technology, under contract with the (NASA) National Aeronautics and
Space Administration; G. Blewitt performed research under NASA grant
NNX09AM74G; W.R. Peltier performed research at the University of
Toronto under NSERC Discovery grant A9627.

References
Altamimi, X., X. Collilieux, and L. Metivier (2011), ITRF2008: An
improved solution of the International Terrestrial Reference Frame,
J. Geod., 85, doi:10.1007/s00190-011-0444-4.
Argus, D. F. (2007), Defining the translational velocity of the reference
frame of Earth, Geophys. J. Int., 169, 830–838, doi:10.1111/j.1365246X.2007.03344.x.
Argus, D. F., and W. R. Peltier (2010), Constraining models of postglacial
rebound using space geodesy: A detailed assessment of model ICE‐5G
(VM2) and its relatives, Geophys. J. Int., 181, 697–723, doi:10.1111/
j.1365-246X.2010.04562.x.
Argus, D. F., W. R. Peltier, and M. M. Watkins (1999), Glacial isostatic
adjustment observed using very long baseline interferometry and satellite
laser ranging geodesy, J. Geophys. Res., 104, 29,077–29,093,
doi:10.1029/1999JB000237.

L16303

Argus, D. F., R. G. Gordon, M. B. Heflin, C. Ma, R. J. Eanes, P. Willis, W. R.
Peltier, and S. E. Owen (2010), The angular velocities of the plates and the
velocity of Earth’s center from space geodesy, Geophys. J. Int., 180,
913–960, doi:10.1111/j.1365-246X.2009.04463.x.
Bassett, S. E., G. A. Milne, M. J. Bently, and P. Huybrecths (2007), Modelling Antarctic sea‐level data to explore the possibility of a dominant
Antarctic contribution to meltwater pulse 1A, Quat. Sci. Rev., 26,
2113–2127, doi:10.1016/j.quascirev.2007.06.011.
Bentley, M. J., C. J. Fogwill, A. M. Le Brocq, A. L. Hubbard, D. E. Sugden,
T. J. Dunai, and S. P. H. T. Freeman (2010), Deglacial history of the West
Antarctic Ice Sheet in the Weddell Sea embayment: Constraints on past
volume change, Geology, 38, 411–414, doi:10.1130/G30754.1.
Bevis, M., et al. (2009), Geodetic measurements of vertical crustal velocity
in West Antarctica and the implications for ice mass balance, Geochem.
Geophys. Geosyst., 10, Q10005, doi:10.1029/2009GC002642.
Bird, P. (2003), An updated digital model of plate boundaries, Geochem.
Geophys. Geosyst., 4(3), 1027, doi:10.1029/2001GC000252.
Blewitt, G. (2003), Self‐consistency in reference frames, geocenter definition, and surface loading of the solid Earth, J. Geophys. Res., 108(B2),
2103, doi:10.1029/2002JB002082.
Chen, J. L., C. R. Wilson, D. Blankenship, and B. D. Tapley (2009), Accelerated Antarctic ice loss from satellite gravity measurements, Nat. Geosci., 2, 859–862, doi:10.1038/ngeo694.
Denton, G. H., and T. J. Hughes (2002), Reconstructing the Antarctic ice
sheet at Last Glacial Maximum, Quat. Sci. Rev., 21, 193–202,
doi:10.1016/S0277-3791(01)00090-7.
Domack, E., D. Duran, A. Leventer, S. Ishman, S. Doane, S. McCallum,
D. Amblas, J. Ring, R. Gilbert, and M. Prentice (2005), Stability of the
Larsen B ice shelf on the Antarctic peninsula during the Holocene
epoch, Nature, 436, 681–685, doi:10.1038/nature03908.
Dow, J. M., R. E. Neilan, and C. Rizos (2009), The International GNSS
Service in a changing landscape of Global Navigation Satellite Systems,
J. Geod., 83, 689, doi:10.1007/s00190-009-0315-4.
Engdahl, E. R., R. van der Hilst, and R. Buland (1998), Global teleseismic
earthquake relocation with improved travel times and procedures for
depth determination, Bull. Seismol. Soc. Am., 88, 722–743.
Horwath, M., and R. Dietrich (2009), Signal and error in mass change
inferences from GRACE: The case of Antarctica, Geophys. J. Int., 177,
849–864, doi:10.1111/j.1365-246X.2009.04139.x.
Ivins, E. R., and T. S. James (2005), Antarctic glacial isostatic adjustment:
A new assessment, Antarct. Sci., 17(4), 541–553, doi:10.1017/
S0954102005002968.
Kogan, M. G., and G. M. Steblov (2008), Current global plate kinematics from GPS (1995–2007) with the plate‐consistent reference frame,
J. Geophys. Res., 113, B04416, doi:10.1029/2007JB005353.
Leventer, A., E. Domack, R. Dunbar, J. Pike, C. Stickley, E. Maddison,
S. Brachfield, P. Manely, and C. McClennan (2006), Marine sediment
record from East Antarctica margin reveals dynamics of ice‐sheet
recession, GSA Today, 16(12), 4–10, doi:10.1130/GSAT01612A.1.
Mackintosh, A., et al. (2011), Retreat of the East Antarctic ice sheet during
the last glacial termination, Nat. Geosci., 4, 195–201, doi:10.1038/
ngeo1061.
Nakada, M., and K. Lambeck (1988), The melting history of the late Pleistocene Antarctic ice sheet, Nature, 333, 36–40, doi:10.1038/333036a0.
Paulson, A., S. Zhong, and J. Wahr (2007), Inference of mantle viscosity
from GRACE and relative sea level data, Geophys. J. Int., 171,
497–508, doi:10.1111/j.1365-246X.2007.03556.x.
Peltier, W. R. (2004), Global glacial isostasy and the surface of the ice‐age
Earth: The ICE‐5G (VM2) model and GRACE, Annu. Rev. Earth Planet.
Sci., 32, 111–149, doi:10.1146/annurev.earth.32.082503.144359.
Peltier, W. R. (2007), History of Earth rotation, in Treatise on Geophysics,
vol. 9, Evolution of the Earth, edited by G. Schubert, pp. 243–293,
Elsevier, Oxford, U. K., doi:10.1016/B978-044452748-6.00148-6.
Peltier, W. R. (2009), Closure of the budget of global sea level rise over the
GRACE era: The importance and magnitudes of the required corrections
for global glacial isostatic adjustment, Quat. Sci. Rev., 28, 1658–1674,
doi:10.1016/j.quascirev.2009.04.004.
Peltier, W. R., and R. G. Fairbanks (2006), Global glacial ice volume and
Last Glacial Maximum duration from an extended Barbados sea level
record, Quat. Sci. Rev., 25, 3322–3337, doi:10.1016/j.quascirev.
2006.04.010.
Peltier, W. R., I. Shennan, R. Drummond, and B. Horton (2002), On the
postglacial isostatic adjustment of the British Isles and the shallow viscoelastic structure of the Earth, Geophys. J. Int., 148, 443–475,
doi:10.1046/j.1365-246x.2002.01586.x.
Simon, K. M., T. S. James, and E. R. Ivins (2010), Ocean loading effects on
the prediction of Antarctic glacial isostatic uplift and gravity rates,
J. Geod., 84, 305–317, doi:10.1007/s00190-010-0368-4.
Taylor, F. W., M. G. Bevis, I. W. D. Dalziel, R. Smalley Jr., C. Frohlich,
E. Kendrick, J. Foster, D. Phillips, and K. Gudipati (2008), Kinematics
and segmentation of the South Shetland Islands‐Bransfield basin sys-

4 of 5

L16303

ARGUS ET AL.: POSTGLACIAL REBOUND IN ANTARCTICA

tem, northern Antarctic Peninsula, Geochem. Geophys. Geosyst., 9,
Q04035, doi:10.1029/2007GC001873.
Velicogna, I., and J. Wahr (2006), Measurements of time variable gravity
show mass loss in Antarctica, Science, 311, 1754–1756, doi:10.1126/
science.1123785.

L16303

G. Blewitt and C. Kreemer, Nevada Bureau of Mines and Geology and
Seismological Laboratory, University of Nevada, 1664 N. Virginia St.,
MS 178, Reno, NV 89557‐0088, USA.
W. R. Peltier, Department of Physics, University of Toronto, 60 St.
George St., Toronto, ON M5S 1A7, Canada.

D. F. Argus, Satellite Geodesy and Geodynamics, Jet Propulsion
Laboratory, California Institute of Technology, 4800 Oak Grove Dr., MS
238‐600, Pasadena, CA 91109‐8099, USA. (donald.f.argus@jpl.nasa.gov)

5 of 5

