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SUMMARY

A new model of the deglaciation history of Antarctica over the past 25 kyr has been developed,
which we refer to herein as ICE-6G_C (VM5a). This revision of its predecessor ICE-5G (VM2)
has been constrained to fit all available geological and geodetic observations, consisting of:
(1) the present day uplift rates at 42 sites estimated from GPS measurements, (2) ice thickness
change at 62 locations estimated from exposure-age dating, (3) Holocene relative sea level
histories from 12 locations estimated on the basis of radiocarbon dating and (4) age of the
onset of marine sedimentation at nine locations along the Antarctic shelf also estimated on
the basis of '“C dating. Our new model fits the totality of these data well. An additional nine
GPS-determined site velocities are also estimated for locations known to be influenced by
modern ice loss from the Pine Island Bay and Northern Antarctic Peninsula regions. At the 42
locations not influenced by modern ice loss, the quality of the fit of postglacial rebound model
ICE-6G_C (VMS5A) is characterized by a weighted root mean square residual of 0.9 mm yr'.
The Southern Antarctic Peninsula is inferred to be rising at 2 mm yr !, requiring there to be less
Holocene ice loss there than in the prior model ICE-5G (VM2). The East Antarctica coast is
rising at approximately 1 mm yr~!, requiring ice loss from this region to have been small since
Last Glacial Maximum. The Ellsworth Mountains, at the base of the Antarctic Peninsula, are
inferred to be rising at 5-8 mm yr!, indicating large ice loss from this area during deglaciation
that is poorly sampled by geological data. Horizontal deformation of the Antarctic Plate is
minor with two exceptions. First, O’Higgins, at the tip of the Antarctic Peninsula, is moving
southeast at a significant 2mmyr' relative to the Antarctic Plate. Secondly, the margins of
the Ronne and Ross Ice Shelves are moving horizontally away from the shelf centres at an
approximate rate of 0.8 mmyr ', in viscous response to the early Holocene unloading of ice
from the current locations of the ice shelf centers. ICE-6G_C (VMS5A) fits the horizontal
observations well (wrms residual speed of 0.7 mmyr'), there being no need to invoke any
influence of lateral variation in mantle viscosity. ICE-6G_C (VMS5A) differs in several respects
from the recently published W12A model of Whitehouse et al. First, the upper-mantle viscosity
in VM5a is 5 x 10%° Pas, half that in W12A. The VMS5a profile, which is identical to that
inferred on the basis of the Fennoscandian relaxation spectrum, North American relative
sea level histories and Earth rotation constraints, when coupled with the revised ICE-6G_C
deglaciation history, fits all of the available constraints. Secondly, the net contribution of
Antarctica ice loss to global sea level rise is 13.6 m, 2/3 greater than the 8§ m in W12A. Thirdly,
ice loss occurs quickly from 12 to 5ka, and the contribution to global sea level rise during
Meltwater Pulse 1B (11.5ka) is large (5 m), consistent with sedimentation constraints from
cores from the Antarctica ice shelf. Fourthly, in ICE-6G_C there is no ice gain in the East
Antarctica interior, as there is in W12A. Finally, the new model of Antarctic deglaciation
reconciles the global constraint upon the global mass loss during deglaciation provided by
the Barbados record of relative sea level history when coupled with the Northern Hemisphere
counterpart of this new model.

Key words: Satellite geodesy; Global change from geodesy; Glaciology; Dynamics of
lithosphere and mantle; Antarctica.
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Figure 1. Locations of the 62 ice thickness change data and 12 relative sea level (RSL) histories. The ice thickness change data (pink circles) are from
Whitehouse et al. (2012a). The RSL data are from this study (Fig. 13). Given for the RSL data (blue circles) is the present rate of RSL decrease in millimetres
per year estimated from the youngest sea level marker data available at each site, which are 6-2 ka. Poorly constrained rates of RSL fall are given in parentheses.
RSL sites: AP (Ablation Point), BI (Beak Island), JRI (James Ross Island), L (Larsemann), MB (Marguerite Bay), PIB (Pine Island Bay), S (Soya coast), SC
(Scott Coast), SSI (South Shetland Islands), TNB (Terra Nova Bay), V (Vestfold hills), W (Windmill islands).

1 INTRODUCTION

The uplift of Antarctica in viscous response to the unloading of ice
subsequent to Last Glacial Maximum at 26 ka (Peltier & Fairbanks
2006), and that continued until approximately 4 ka (Peltier et al.
2002), is not well constrained by radiocarbon dating of relative sea
level (RSL) histories alone, as is the case for both Fennoscandia
and Laurentia (e.g. Peltier 1998). (The abbreviation ‘ka’ is em-
ployed herein to indicate thousands of years Before the Present, BP.)
Whitehouse et al. (2012a) have compiled estimates of ice thickness
change during deglaciation of Antarctica based on exposure age
dating at 62 locations, thereby usefully enriching the constraints
on the deglaciation history that drives the postglacial rebound pro-
cess of the southern continent (Fig. 1). Moreover, the increasing
quantity and quality of GPS observations of vertical motion are
also constraining glacial isostatic adjustment in Antarctica (Capra
et al. 2007; Zanutta et al. 2008; Bevis et al. 2009; Argus et al.
2011; Sjoberg ef al. 2011; Thomas ef al. 2011) to a degree that has
significantly improved over the past decade.

Furthermore GRACE observations of time-dependent gravity are
also providing important constraints on the current rate of loss of
grounded ice. However, the accuracy of these estimates depends
strongly on the quality of the model of the global process of glacial
isostatic adjustment (GIA) that must be employed to decontaminate
the gravity observations from the lingering influence of the mass
loss that occurred during the last deglaciation event of the current
ice-age (e.g. Velicogna & Wahr 2006; Peltier 2009; Shepherd et al.,
2012). In this study we will first employ GPS observations of vertical
and horizontal crustal motion to estimate the velocities at 59 sites
in Antarctica. Vertical rates at the 42 GPS sites recording primarily
postglacial rebound are then employed as a primary target for the

revision of the Antarctic component of the previous global model
of the GIA process denoted ICE-5G (VM2) that was described in
detail in Peltier (2004). The space- and time-dependent ice thickness
is adjusted in order to enable the model to best fit the inferred GPS
uplift rates as well as the available ice thickness change data of
Whitehouse et al. (2012a), and 12 of the most useful RSL histories
contained in the University of Toronto RSL data base. We then
compare the new ICE-6G_C (VM5a) model with the W12A model
of Whitehouse et al. (2012b) and assess the meaningfulness of
the differences. By way of further introduction we will proceed
immediately to enumerate the differences we have been led to infer
and the fundamental physical reasons that underlie their existence.

Postglacial rebound models consist of three highly correlated
characteristics, namely the thickness of the ice sheet as a function
of location and time (the glaciation history; Fig. 2), the viscosity
of the sublithospheric mantle as a function of depth (Fig. 3), and
the thickness of the elastic lithosphere. Errors in the knowledge
of deglaciation history, the mantle viscosity profile, or lithospheric
thickness may propagate into the inference of the other two param-
eters. The assumption of lateral homogeneity of the viscoelastic
structure may also introduce additional uncertainty.

In constructing the Antarctica component of the new model
ICE-6G_C (VM5a), we will continue to assume that the viscoelastic
structure may be approximated as spherically symmetric. We will
therefore construe the ability of the model to fit the data, subject
to this assumption, to constitute a test of the ability of the data to
rule out models of this kind. ICE-6G_C (VM5a) is also fit to a wide
range of global data and so it will be important to understand that
it is not a model which has only local validity. The viscosity of the
upper mantle in VM5a is constrained to be ~0.5 x 10%' Pas on the
basis of the McConnell (1968) wavenumber spectrum for the time

102 ‘ST AInC uo AreuqiT owolo] Jo AisleAlun e /HBioseuinolpiosxo 1ib//:dny wouy pspeojumoq


http://gji.oxfordjournals.org/

Time (ka)
25 20 15 10 5 0
0 I | | I | I | I | I - I 1111 I_J/J:]J I_O
g
E / e
g 5+ - L2 €
o 1J05 R2 . 4" <
§ 7. 5= emem e o '_-'_ -2
3 10- L4 £
[0]
3 £
3 ICE-6G_C ! - 5
— (o]
& | _JcESG_______. S
17.5 B
20 - Ls

Figure 2. Deglaciation history is compared between four models: ICE-5G
(grey; Peltier 2004), ICE-6G_C (blue; this study), W12 (orange; Whitehouse
et al. 2012a), and 1J05 R2 (olive; Ivins et al. 2013). Plotted is Antarctica
ice loss (right-hand side axis) and its contribution to global sea level rise
(left-hand side axis) as a function of time. The total contribution of Antarctic
ice loss to global sea level rise (in m) is given.

dependence of viscous uplift of Fennoscandia (Peltier 1996, 2002).
This value of upper-mantle viscosity fits all available geologically
derived RSL histories, GRACE time-dependent gravity and GPS
data in Fennoscandia and Laurentia (Peltier 2004; Paulson et al.
2007) given a deglaciation history consistent with geomorpholog-
ically inferred limits on the extent of late Pleistocene glaciation
(Dyke & Prest 1987).

In this study we aim to test the compatibility of this upper-mantle
viscosity value of 0.5 x 10?! Pas with all available Antarctica GPS,
ice thickness change, and RSL data. (Herein we refer to the entire
region from the base of the lithosphere to the seismic discontinuity
at 660 km as the upper mantle.) We will find that this upper-mantle
viscosity structure enables the model to fit all available Antarctica
data, a finding that disagrees with a primary conclusion of White-
house et al. (2012b) that the upper-mantle viscosity in Antarctica
must be higher and ~1 x 10%' Pas on the basis of their analysis
of the available RSL histories. The ability of ICE-6G_C (VM5a)
to fit essentially the same mix of data as that to which W12a has
been tuned, in spite of this significant reduction in upper-mantle
viscosity, is traceable to two further differences between these two
models. First, our lower value of the viscosity of the upper mantle re-
quires that significantly more ice loss must have occurred since Last
Glacial Maximum. Given the additional constraints on the timing of
the onset of significant ice loss provided by data from sedimentary
cores raised from the Antarctic shelf, the deglacial mass loss in the
new model is found to be 70 per cent in excess of that in the model
of Whitehouse et al. (2012a,b). This is helpful in exposing an im-
portant source of non-uniqueness in the construction of deglaciation
scenarios in circumstances in which there do not exist accurate RSL
histories from sites that were once covered by the greatest thick-
nesses of land ice. For this reason the problem of reconstructing the
history of Antarctic ice loss is much more challenging than is the
case for either Laurentia or Fennoscandia. In both of these regions
the areas of thickest ice cover are now inland seas, respectively,
Hudson Bay and the Gulf of Bothnia, the coastlines of which have
provided numerous Holocene records of the postglacial emergence
of the land that strongly constrain deglaciation history as well as
mantle viscosity.

Given that the upper-mantle viscosity in VM5a is half that in
W12A (Whitehouse ef al. 2012b), we find that the characteristic re-
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Figure 3. Mantle viscosity profile is compared between four models: VM2
(red; Peltier 2004), VM5a (blue; this study), W12A (orange; Whitehouse
et al. 2012b), and in (olive green; Ivins ef al. 2013). Relative sea level
(RSL) histories from the British Isles are the data most tightly constraining
the thickness of the lithosphere to be 90 km. RSL data from Fennoscandia,
which has postglacial rebound with a half wavelength of 600 km, constrains
the viscosity of the upper mantle to be about 0.5 x 102! Pas. RSL data from
Laurentia (Canada), which has a postglacial rebound signal with half wave-
length about 1500 km constrains the viscosity of the top 500 km of the lower
mantle. The postglacial rebound signal in Antarctica has a half wavelength
of about 600 km, about the same as Fennoscandia. Therefore, Antarctica
viscous response approximately follows that given by the upper-mantle vis-
cosity, that is, 0.5 x 102! Pas. Two global geophysical observables, the rate
of change of Earth’s oblateness (J2 dot) and polar wander, constrain the
viscosity of the middle and bottom of the lower mantle.

laxation time describing the solid Earth’s response to ice unloading
in VMS5a is approximately half that (=4 kyr) of the characteristic
timescale in W12A (=8 kyr; Fig. 4). In this regard it is important to
note that the horizontal scale of the most heavily glaciated regions
in which excess ice existed at LGM on West Antarctica were of
the same scale as the Fennoscandian ice sheet itself (see below).
On this basis it is reasonable on a priori grounds to expect that the
rebound of West Antarctica to load removal will be most sensitive
to upper-mantle viscosity just as is the case for Fennoscandia (cf.
Peltier 1996 for a discussion of the Frechet kernels in terms of which
the depth dependence of sensitivity to viscosity variation is quanti-
fied). Thus, ICE-6G_C (VM>5a) produces current uplift rates which
are essentially the same as those characteristic of model W12A
because the decrease in characteristic timescale of the rebound pro-
cess is compensated by the increase in the amount of ice that is
lost in deglaciation. Furthermore, the timing of Antarctic deglacia-
tion differs markedly between the two models, such that in ICE-
6G_C (VM5a) significant ice loss from Antarctica occurs abruptly
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Figure 4. Comparison between the nature of postglacial rebound model in
this study (blue) and that in Whitehouse ef al. (2012b) (orange) in simple
formulation (Turcotte & Schubert 2002). The viscosity of the upper mantle
in this study (0.5 x 102! Pa s) is half that in Whitehouse ez al. (2012b)
(1 x 10?! Pas). Depicted is an example in which models with these two
values of viscosity result in the same present uplift rate. In the model like
this study the ice sheet (roughly 1000 m thick) lowered Earth’s surface 100 m
at 12 ka. Earth responds in a viscous manner to unloading of the ice at 12 ka
following exponential decay, 100 m x (1 —e~ %), where 7 is time and 7 is 4
kyr. Uplift rate is 25 ¢/ and 25 mmyr ' at 12ka, 9.2mmyr ' at 8 ka, and
1.2mmyr! at present. In the model like Whitehouse et al. 2012b the ice
sheet at 12 ka is roughly half as thick (500 m) and lowered Earth’s surface
roughly half as much (50 m) at 12ka. The characteristic time is twice as
long (8 kyr). Present uplift rate is identical (1.2 mm yr !). Thus Whitehouse
et al. (2012b) find roughly half the ice loss that we do because they take the
mantle viscosity to be twice as high.

at the time of Meltwater Pulse 1B, which is recorded at ~11.5ka in
Barbados corals at the end of the Younger Dryas cold interval
(Peltier & Fairbanks 2006). It is this very early Holocene interval
of rapid ice loss that requires model ICE-6G_C (VM5a) to include
significantly greater ice loss to fit the totality of the observational
constraints.

In contrast, ice loss in model W12A is slow, monotonic, and oc-
curs over the past 20 kyr. In ICE-6G_C, 10 per cent of the total ice
loss occurs near the time of Meltwater Pulse 1A (14.5-13.8 ka), 40
per cent occurs near the time of Meltwater Pulse 1B (11.5-11ka)
and 50 per cent occurs from 11 to 4 ka. This ICE-6G_C deglaciation
history is consistent with the synthesis of Mackintosh et al. (2011)
that ‘ice retreat in Mac. Robertson Land, East Antarctica, initiated
about 14 ka, became widespread about 12ka, and was completed
by 7ka.” Rapid ice loss from Antarctica at the time of Meltwater
Pulse 1B is suggested by the Barbados RSL history and required
by sedimentary cores from the continental shelf of Antarctica (E.
W. Domack, personal communication 2013; Fig. 5). Seven of 9
ice cores in the illustration indicate the onset of marine sedimen-
tation to be nearer Meltwater Pulse 1B than Meltwater Pulse 1A,
and the remaining two cores indicate a time partway between the
two meltwater pulses. A small amount of Antarctica ice loss is
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Figure 5. Cores constraining the time of the change of sedimentation from
non marine to marine around the continental Antarctic shelf. Illustration
courtesy of E. W. Domack (personal communication 2013).

expected to have occurred earlier at the time of Meltwater Pulse 1A
(Mackintosh et al. 2011), because rapid concurrent ice loss from
Laurentia and Fennoscandia quickly raised sea level near Antarc-
tica (Peltier 1999). Stanford et al. (2011) maintain that Meltwater
Pulses 1A and 1B occurred, respectively, from 14.3 to 12.8 ka and
from 11.5 to 8.8 ka (ca. Bard et al. 2010); ice loss over such longer
time periods of pulses of fast ice loss are nevertheless within just
1.5 kyr of those in ICE-6G_C. Using radiocarbon dating, Leventer
et al. (2006) show that the deposition of varved sediments on calv-
ing reentrants along the East Antarctic coast began at ~11ka. In
ICE-6G_C Antarctica ice loss at the time of Meltwater Pulse 1B is
assumed to have raised global eustatic sea level by ~5 m, contribut-
ing to the quick rise in eustatic sea level inferred to have occurred at
that time on the basis of Barbados corals (see Peltier 2007, fig. 8).
These data constraining the timing of the onset of significant ice
loss in Antarctica are critical for eliminating the non-uniqueness in
Antarctic deglaciation history that would otherwise remain unre-
solved. The contribution of Antarctica ice loss to global sea level
rise in our new model ICE-6G_C is 13.6 m, less than the 17.5m in
the previous ICE-5G (VM2) model (Peltier 2004), but more than
both the 8 m in the W12 model of Whitehouse e al. (2012a) and the
7.5m in the 1J05 R2 model of Ivins ef al. (2013). Given this brief
summary of our results by way of introduction, we proceed in the
following sections to provide detailed discussion of the analyses on
the basis of which these conclusions have been based.

2 DATA AND METHODS
2.1 Constructing the ICE-6G_C (VMS5a) model of
postglacial rebound

The methodology that has been employed for construction of the
Antarctic component of the ICE-6G (VM5a) model has involved a
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number of steps and these have become increasingly complex as this
component of the ICE-NG sequence of models has evolved. It will
be useful to trace this evolution here. The starting point for the de-
velopment of this Southern Hemisphere component of the model of
global glacial isostatic adjustment was that contained in the ICE-3G
(VM1) model of Tushingham & Peltier (1991; hereafter TP91). This
was initially based upon the model of Antarctic glaciation history
contained in the compilation of Denton & Hughes (1981). Their
reconstruction involved a mass loss across the glacial-interglacial
transition equivalent to a rise of eustatic sea level of approximately
40 m! In TP91 it was shown that, when the primary Northern
Hemisphere ice sheets on Canada and Fennoscandia had their mass
and areal extents fixed to enable the GIA model to fit the available
RSL histories from the ice covered regions, and the additional con-
straints provided by Southern Hemisphere sea level data were also
invoked (e.g. that from the Wairu Valley of New Zealand), then the
timing of deglaciation employed in the Denton and Hughes recon-
struction was found to be thousands of years too early. The timing
of mass loss was therefore delayed in the ICE-3G reconstruction
in order to fit these data and the net mass loss was required to be
reduced. However, the regions from which the majority of the mass
loss occurred were kept fixed on the basis of the field evidence
that had been compiled over at least the previous decade by George
Denton, namely the Weddell Sea and Ross Sea embayment regions
of West Antarctica. Because the Denton and Hughes reconstruction
included the application of a model of ice sheet dynamics the recon-
struction was, broadly speaking, consistent with the requirements
of rational ice mechanics, at least insofar as these requirements are
adequately representable in a model based upon the shallow ice
approximation.

Although considerable investment has been made in attempt-
ing to ensure that the model ice thickness histories of all of the
glaciated regions are equally consistent with such ice mechanical
considerations, as the GIA model has evolved (e.g. see Deblonde
& Peltier 1991, 1992, 1993; Tarasov & Peltier 1997, 1999, 2002,
2003; Tarasov et al. 2012) the need to strictly enforce such consis-
tency has proven to be subject to debate. The issues include the fact
that such models of ice sheet dynamics depend upon the availabil-
ity of sufficiently accurate representations of both climate forcing
and subglacial physical processes. The need for a climate derived
model of mass balance is clearly problematic for ancient climate
regimes and the issue of accurate specification of the boundary con-
ditions at the base of the ice sheet remains unresolved in detail. At
least as important as these complexities is the fact that the theo-
retical formulation of the ice dynamic model itself is a source of
significant non-uniqueness. For example, insofar as the latter issue
is concerned, if the shallow ice approximation is employed in the
theoretical formulation of the ice dynamics model, the model will
have limited ability to describe the ‘ice streams’ and outlet glaciers
actually responsible for draining the interior of the ice sheet and
that becomes especially important for an ice sheet such as that
which covers Antarctica whose interaction with the oceans across
the grounding line plays such an important role in ice sheet evo-
lution. Although work is continuing in the community as a whole
and in the Toronto group in particular to overcome these problems,
the Antarctic reconstruction in the ICE-6G_C (VM5a) model that
is under discussion in this paper is based upon the ‘GIA only’
methodology.

In this methodology the ice thickness history as a function of
position is simply adjusted iteratively in order to satisfy all of the
available constraints. In the development of the Antarctic compo-
nent of ICE-6G_C (VM5a), we began with the first guess provided
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by the precursor ICE-5G (VM2) model. In the first step of itera-
tive refinement, we eliminated entirely the small mass loss from the
interior of east Antarctica based upon the inability of the deep ice
core records to provide any unambiguous constraint on mass loss
from the plateau as a whole. We then adjusted the thickness history
of ice cover elsewhere by allowing LGM glacial ice to expand to
near the edge of the continental shelf surrounding the continent and
then iteratively refined the history of its removal so as to enable
the model to fit all available GPS observations of vertical motion of
the crust. We sought a model that was minimally perturbed from the
precursor model. We therefore retained the property of the earlier
model in which it was assumed that the most rapid rate of loss of
grounded ice occurred at the time of Meltwater Pulse 1B in the Bar-
bados record at 11.5 ka, the timing of the end of the Younger—Dryas
epoch. However, we also allowed an earlier injection of meltwater
to derive from Antarctica at the time of Meltwater Pulse 1 A. This is
expected to have occurred because of the large rise of sea level that
would have taken place along coastal Antarctic due to the intense
rise of sea level forced by the dominant contribution to Meltwater
Pulse 1A from the Laurentide ice sheet complex due to the fact
that the gravitationally self-consistent theory of RSL history (e.g.
Peltier 1998 for a review) demands that RSL fall in the near field of
a deglaciating region and rise in the opposite hemisphere. We expect
that the Antarctic contribution to Meltwater Pulse 1A would have
derived in significant part from grounded ice that initially covered
the continental shelves whereas the contribution to the significantly
stronger Meltwater Pulse 1B would have involved the loss of ice
from further inland of West Antarctica and from the deep trenches
surrounding Antarctica in which the grounded ice would have been
especially thick and able to withstand the increase in buoyancy
derivative of the Northern Hemisphere contribution of MWP 1A.
The only constraint we have on the partition of the mass loss from
Antarctica as a whole between the 1A and 1B pulses is that the
1B pulse be sufficiently strong to explain its observed strength in
the Barbados coral record of Peltier & Fairbanks (2006). The fact
that the 1B pulse did emanate from Antarctica is constrained by the
sedimentary core records that have been raised from Antarctic shelf
locations (see Mackintosh et al. 2011, 2013 for a recent discussion
of these records and our further discussion to follow). Following
the adjustment of the ice thickness history to enable satisfaction of
the totality of the GPS constraints from regions not experiencing
modern ice loss (i.e. the Antarctic Peninsula and the Amundsen
coastal region of Marie—Byrd Land), the thickness field inferred is
smoothed by representing it in terms of the truncated set of spher-
ical harmonics which is required in the theory of global glacial
isostatic adjustment. The spatial resolution of the ice thickness field
is thereby forced to be consistent with the spatial resolution of the
glacial isostatic adjustment model that is employed to predict the
rates of vertical crustal motion observed on the GPS receivers for
which data is available.

Given this first adjustment to the ice thickness history implied
by the fits to the GPS observations, we proceed to further refine the
model by subjecting it to the additional set of data that has been
provided by the totality of ice thickness constraints available on the
basis of exposure age dating of ‘trim lines’ on erratic boulders and
other features that have been interpreted to imply that grounded ice
of the dated age was once thick enough so that its upper surface
was located at the height of the dated trim line. Of course the lo-
cations from which data of this kind is available do not in general
correspond to the locations of the GPS receivers from which we
have measurements of the vertical motion of the crust. These
data therefore provide a set of independent measurements which,
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although they are subject to their own issues insofar as interpretation
is concerned, are also able to provide estimates of the local history
of ice thickness variations, often at several different times from a
single localized region. In the next step of iterative refinement, we
then, as previously with the GPS data, further adjust the ice thick-
ness history so as to incorporate these additional constraints. We
then return to the GPS data to ensure that the additional adjustments
required by exposure age dating of erratic trim lines does not require
further significant adjustment, and so on iteratively until we arrive
at our best possible model. This is the procedure employed in the
model construction process.

The ICE-6G_C (VM5a) calculations of the solid Earth’s vis-
coelastic response to the unloading of ice are performed in spectral
space using a spherical harmonic representation that is truncated at
degree and order 256. Ice thickness change relative to the Present is
specified on a Gaussian grid with 256 latitudes and 512 longitudes.
The spacing of the grid longitudes is also 0.70°. At the Equator this
is a distance of 78 km, but the distance decreases going toward the
North and South poles. In Antarctica the distance is at most 37 km
(at 62°S).

2.2 GPS

The primary basis of the current work consists of the global re-
analysis of GPS data for the time period 1994-2012 at the Jet
Propulsion Laboratory (Desai et al. 2011). Satellite orbits, clocks
and site positions on each day have been estimated using models
of satellite antenna phase centre variations (Schmid et al. 2010;
igs08.atx) and solar radiation pressure (Sibthorpe et al. 2010).
Daily GPS positions are transformed into the ITRF2008 reference
frame (Altamimi et al. 2011; IGb08) using a scale, a rotation and a
translation. The VMF1 troposphere models are employed (Boehm
et al. 2006a,b, 2007). The solid Earth and pole tide models fol-
low the IERS standards (Petit & Luzum 2010). JPLCs GPS esti-
mates of orbits, clocks, and 3000 site positions are available to all
at ftp://sideshow.jpl.nasa.gov in the directories JPL_GPS_Products
and JPL_GPS_Timeseries/repro2011b.

The estimates of GPS velocity employed herein are, we maintain,
more accurate than those employed in previous studies as a conse-
quence of the quality of the JPL reanalysis (Desai et al. 2011).
The global GPS solution was improved by incorporation of the new
model of satellite phase centre variations and the improved model of
solar radiation pressure influence. The improved accuracy is evident
in the series for Earth’s scale used to transform daily GPS positions
into ITRF2008 (Argus 2012). In JPLs GPS solution determined
3yr ago (which was used by Argus ef al. 2011), the time-series
for scale is not particularly ‘straight’ and implies a 5 mm decrease
(of Earth’s radius) during 2004 (Fig. S1). In contrast the scale se-
ries in the reanalysis (Desai ef al. 2011) does not suffer from this
shortcoming. This indicates that systematic errors due to different
phase centre variations in the changing GPS satellite block types
have been reduced.

At each of 1000 available global GPS sites we fit estimates of
position as a function of time from 1995 to 2012 with a position (at
an epoch), a velocity, a sinusoid with a period of 1 yr, and offsets
when and where needed. In the present work we have continued
to employ the methods we have used on previous occasions (e.g.
Argus et al. 2010, appendix B). As one part of this methodology we
choose whether or not to estimate offsets in a given GPS time-series
on the basis of the following four criteria:

(1) whether an estimated offset is larger than § mm in the vertical
or 3.5 mm in the horizontal,

(2) whether the root mean square misfit decreases by more than
7 per cent by introducing the offset,

(3) whether the offset occurs at the time of a logged antenna
substitution and

(4) whether the offset is abrupt.

The threshold values employed (8 mm, 3.5 mm) are those appro-
priate for the time of a logged antenna substitution but are assumed
to be slightly larger (10 mm, 4 mm) if there is no record of an an-
tenna substitution. These criteria are consistent with those that were
employed previously in Argus ef al. (2010), although the improved
character of the series allows a 20 per cent reduction in the threshold
values for offset estimation.

We placed JPL’s GPS results into a global reference frame follow-
ing the methods of Argus ef al. (1999, 2010) and Argus & Peltier
(2010). Although JPL’s GPS results constitute the main basis for
this study, we have also performed an inversion of solutions from
six institutions based on four space techniques. The data input for
these additional analyses consist of the velocities of:

(1) 509 GPS sites from JPLs solution,

(2), (3) and (4) the 52 VLBI, 20 SLR and 37 DORIS sites em-
ployed in Argus et al. (2010),

(5) 36 GPS sites in Fennoscandia [BIFROST data from 1994 to
2006, determined by Lidberg et al. (2010)] and

(6) 142 GPS sites in the Canadian Base Network (estimated us-
ing four campaigns from 1996 to 2011 by M. Craymer electronic
communication 2012). The estimated parameters consist of the ro-
tational and translational velocities between the original reference
frames of the four space techniques, the angular velocities of the
major plates, and the velocities of sites on plates moving signifi-
cantly due to postglacial rebound or current ice loss. The velocities
of sites on plates are deduced from their residuals (Argus & Peltier
2010).

For Antarctica, the focus of this study, we examine 66 estimates
of site velocity (Table 1). We determine the velocities of 59 sites
from GPS data from 1996 to 2012 (Table 1, Figs S2 and S3, Figs 6—
8). We also examine four site velocity estimates from Thomas et al.
(2011) and three from Groh et al. 2012; Table 2). Thirteen of the
59 site velocities that we estimate are weighted means from 2 to
4 monuments located within 5 km of each other. The remaining
43 site velocities are based on data taken at just one monument.
The velocity of O’Higgins, for example, is estimated from four
monuments, as is the velocity of McMurdo. Maitri’s velocity is
estimated from three campaign GPS sites. We do not tie the velocity
of DORIS sites to that of nearby GPS sites. The 59 uplift rates that
we estimate are greater in number than the 35 uplift rates estimated
in Thomas et al. (2011) that were employed in the deglaciation
reconstructions of Whitehouse et al. (2012a,b).

2.3 Reference frame

In this study we define the translational velocity of Earth’s refer-
ence frame using a slightly different assumption than that we have
previously employed (Argus et al. 2010, 2011; Argus & Peltier
2010). We estimate the velocity of Earth’s center by simultaneously
minimizing:

(1) differences between observed vertical rates observed with
space geodesy and those predicted by ICE-6G_C (VM5a) and

(2) differences between observed horizontal site velocities ob-
served with space geodesy and those predicted by the plate angular
velocities fit to the observed horizontal site velocities.
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Table 1. Observed velocities and predicted uplift rates.

543

ICE6G_C
Horizontal Vertical Technique, site abbreviation

Lat. Lon. Speed Azim. Up VM5a CIL observation time period

Place °N °E mmyr! ° mm yr~! mm yr~! mm yr~! in year
25 East Antarctic sites reflecting primarily postglacial rebound and on the Antarctica Plate
Heimefrontfjella —74.58 -11.23 0.8£2.6 172 1.7 £ 5.7 32 0.2 G svea 3
Vesleskarvet -71.67 -2.84 0.4+0.7 -102 1.5+ 15 1.9 0.1 G vesl 13
Maitri -70.77 11.74 1.0£0.6 116 13 +£13 1.2 0.1 G mait 9 forl 13 for2 13 campaign
Marion island —46.88 37.86 1.8 +4.0 =5 -33 £+ 89 0.3 0.1 G marn 2
Syowa —69.01 39.58 0.4+0.7 -97 0.6 £ 1.5 0.9 0.0 G syog 13 V syowa 3
Mawson —67.60 62.87 0.4+05 -119 02+ 12 0.6 0.0 G mawl 16
Kerguelen island —49.35 70.26 04£1.0 35 1.1 £22 -0.5 0.1 G kerg 9
a35sl —72.91 74.91 0.6 +3.1 154 1.1 £7.0 0.9 0.0 Ga3512
Davis —68.58 77.97 0.1£09 -110 -0.8 £ 2.0 0.2 0.0 G davl 10
Casey —66.28 110.52 09+0.7 -59 1.7 £ 1.6 1.1 -0.0 Gcasl 12
Dumont D’Urville —66.67 140.00 0.8£0.7 41 -0.2 £+ 1.6 0.4 0.0 G duml 12
Lonewolf Nunatak —81.35 152.73 09+23 -107 1.7 £ 5.0 2.1 0.2 G lwn0 4
Westhaven Nunatak -79.85 154.22 1.0£22 -100 32 £ 49 1.9 0.2 G whn0 4
Butcher Ridge -79.15 155.89 0.7+£1.8 -109 1.6 + 4.1 1.8 0.2 G buri 4
Iggy Ridge -83.31 156.25 05+24 -165 33 £54 22 0.2 Giggy 3
Brimstone Peak —-75.80 158.47 06+19 -152 1.3 £ 43 1.9 0.1 G brip 4
Mount Fleming -71.53 160.27 0.6+1.5 -171 27 £32 23 0.1 G flm5 6
Deverall island -81.48 161.98 06+23 -131 27 £52 3.8 0.2 G devi 3
Mount Coates —77.81 162.00 04+22 -156 2.3 £ 49 2.1 0.1 G cote 4
Fishtail Point ~78.93 162.56 05+1.5 -178 3.0 £33 25 0.2 G ftp4 6
Cape Roberts -77.03 163.19 05+1.5 175 22 £ 32 2.0 0.1 G rob4 6
Terra Nova Bay —74.70 164.10 0.8+09 88 —04 £+ 2.0 1.6 0.1 Gtnbl 9
McMurdo —77.85 166.67 02+0.5 104 1.0 £ 1.2 1.6 0.2 G crar 10 sctb 5 mem4 9 memd 6
min0 —78.65 167.16 0.6 +2.0 -179 27 £ 44 2.1 0.2 G min0 4
ramg —84.34 178.05 0.6+23 -167 3.1 £ 5.1 4.0 0.3 G ramg 4
9 Northern Antarctic Peninsula sites rising in elastic response to current ice loss
O’Higgins —63.32 -57.90 234+0.7 151 51+ 14 1.4 4.8 V ohiggins 11 G ohi2 7 ohi3 7 ohig 7
Palmer —64.78 —64.05 1.8+0.8 -117 75 + 1.7 2.3 3.1 G palm 11
Duthers Point —64.80 —62.82 24+22 -114 124 £ 5.0 2.7 6.2 G dupt 4
Robertson island —65.25 —59.44 53428 166 87 + 63 2.4 3.1 G robi 3
Hugo island —64.96 —65.67 1.1 £3.2 155 1.7 £ 72 1.7 2.0 G hugo 2
Vernadsky —65.25 —64.25 1.7+22 —-152 52 £5.0 2.7 33 G vnad 4
Foyn Point —65.25 —61.65 5.7+£3.1 171 14.8 £ 6.8 32 6.8 G fonp 3
Cape Framnes —66.01 —60.56 33+£38 28 15.0 + 8.4 33 43 G capf2
Rothera —67.57 —68.13 12+12 158 54 £27 2.1 1.2 G roth 3 rotb 6
17 West Antarctic sites reflecting primarily postglacial rebound
Mount Howe —87.42 —149.43 0.8£1.1 61 09 £ 24 0.6 0.3 G w0la—howe 10 wO1b 4
Pescora Escarpment —85.61 —68.56 08+ 1.7 122 -12 £ 38 0.5 0.4 G w02a—pece 6 w02b 4
Whichaway Nunataks —81.58 -28.40 1.6 £2.2 141 -1.1 £ 47 0.4 0.3 G w03a 4 wO3b 4
Cordiner Peaks —82.86 -53.20 19+12 153 2