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Abstract. Detectable crustal motion and secular rate of change of solid-surface gravity may
be produced by the Earth’s response to present day and/or past ice mass changes in
Antarctica.  Scenarios of present day ice mass balance, previously utilized to explore the glo-
bal geodetic signatures of the Antarctic ice sheet, produce rates of elastic crustal response that
are typically bounded by uplift h <5 mm/yr, horizontal /<1 mm/yr, and change of surface
gravity g <1 pgal/yr. In a restricted locality one scenario produces uplift rates dlightly in
excess of 10 mm/yr and correspondingly enhanced [ and g. In contrast, the viscoelastic
response to ice mass changes occurring since Last Glacial Maximum (LGM) exceeds 5 mm/yr
(uplift) over substantial portions of West Antarctica for a wide range of plausible choices of
timing and magnitude of deglaciation and mantle viscosity. Similarly, viscoelastic g predic-
tions exceed 1 pgal/yr (decrease) over large regions, confirming suggestions that a GPS- and
absolute gravity-based program of crustal monitoring in Antarctica could potentially detect
postglacial rebound. Scaling factors between hand g are discussed for both the elastic and
viscoelastic responses. A published revision to the CLIMAP model of the Antarctic ice sheet
at .GM, herein called the D91 model, features a substantially altered West Antarctic ice sheet
reconstruction. This revision predicts a spatial pattern of present day crustal motion and sur-
face gravity change that diverges strikingly from CLIMAP-based models. Peak D91 crustal
rates, assuming deglaciation begins at 12 kyr and ends at 5 kyr, are around 16 mm/yr (l% ), 1.5
mm/yr (/), and -2.5 pgal/yr (¢ ). Tabulated crustal response predictions for selected Antarctic
bedrock sites indicate critical localities in the interior of West Antarctica where expected
responses are large and D91 predictions differ from CLIMAP-based models by a factor of two
or more. Observations of the postglacial rebound signal in Antarctica might help constrain
Antarctic mass balance and contribution to sea level rise over the past 20,000 years.
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I ntroduction

Thirty-five years ago a comprehensive assessment of Antarctica’'s evolution during global
Pleistocene glacia cycles was given by Hollin [1962] in which the total Antarctic ice mass
involved in the last full glacial phase was estimated to be equivalent to 5 to 21 meters of eus-
tatic sea level change. Today there are abundant new data from deep ice cores that reveal
much about the atmospheric conditions that prevailed over Antarctica ice sheet during the last
2 glacia cycles [Jouzel et al., 1996] and that are precise enough to define distinct millennium
scale reversals during the most recent deglaciation [Mayewski et al., 1993; 1996]. These
records, when combined with glacial moraine data and sedimentary cores, provide important
input to our current understanding and various constraints on end member scenarios of glacial
evolution from the Last Glacial Maximum (1.GM) to the present day [Denton et al.,1989b,
199 1]. While a wealth of chronological information has emerged, the present uncertainty in
the size of Antarctic contribution to the global eustatic sea level rise is, none-the-less, as large
as that stated by Hollin [1962].

In this paper we examine both the gravity and crustal motion that derives from past and
present-day ice mass changes in Antarctica. In a previous study [James and Ivins,1995] we
examined realistic present day scenarios of Antarctic mass balance [e.qg., Bentley and
Giovinetto, 1991 ], and concluded that they give an elastic crustal response that could be
observed with modern geodetic techniques, as originally proposed by Hager [1991]. How-
ever, we also incorporated a viscoelastic calculation of the Antarctic isostatic memory of the
last glacia cycle as portrayed in the ICE-3G model of Tushingham and Peltier [ 1991] and
demonstrated that the associated vertical motions can be a factor of 5 larger. Thus, crustal
motion observations might offer a test of Antarctic isostatic memory of a former, more exten-
Sive, ice sheet that collapsed during late Pleistocene or Holocene times.

The main purpose of this paper is to provide predictions of vertical and horizontal
motion and surface gravity for alternative, and realistic, Antarctic deglaciation histories to
facilitate design of an observational field strategy. To this end, a rather complete documenta-
tion of the theoretical computation of these surface observables for complete spherical Earth
models assuming either elastic or viscoelastic theologies is first provided. The isostatic
memory effects associated with viscoelastic response to past ice mass changes are also com-
pared to the predicted elastic response to present day mass imbalance of the entire ice sheet.
A key result is the discovery that a revision [Denton et a., 1991] to the Climate: Long-range
Investigations, Mapping and Prediction (CLLIMAP) reconstruction of the Antarctic ice sheet at
LGM [Denton and Hughes, 1981 ] gives a pattern of crustal response that differs substantially
from the CLIMAP models. A suitable program of crustal motion and absolute gravity
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observations has the potential to discriminate between competing reconstructions of Antarctic
ice sheet evolution.

Elastic and Viscoelastic Crustal Response

The elastic uplift rates predicted by three realistic, but contrasting, scenarios of present
day Antarctic ice mass balance arc given by James and Ivins [1995]. For one scenario the
predicted uplift rates reach 1O mm/yr in a restricted locality, but the scenarios typicaly give
uplift rates of 5 mm/yr or less. This contrasts with the uplift predicted by the ICE-3G model
[ Tushingham and Peltier, 1991 ] in which peak vertical rates exceed 20 mm/yr and a vast por-
tion of West Antarctica is predicted to rise at rates greater than 10 mm/yr. These large rates
are consistent with earlier ice sheet evolution models [e. g., Thomas, 1976]. The ICE-3G chro-
nology gives substantial rebound rates in the Transantarctic and Ellsworth Mountains, whose
locations are given in Figure 1.

This paper expands on the results of James and Ivins [1995] in two ways. First, in addi-
tion to the vertical crustal response, predictions of the horizontal crustal motion and secular
solid-surface gravity are given since these offer complementary information for constraining
both present day and past ice balance scenarios [ Wahr et al., 1995]. The four scenarios of
present day ice mass balance considered here are fully described by James and Ivins [1997],
who used thcm to predict the possible Antarctic contribution to the secular variation of the
long-wavelength components of the Earth’s gravitational field (.j, ) and secular polar motion.
Secondly, a comprehensive study of the parameters controlling the glacial rebound signal is
now entertained. The main outcome of this study is that the prediction of a substantial
viscoelastic crustal response holds over a wide variation in mantle viscosity and timing of

deglaciation.

Present day postglacial uplift rates can reach a magnitude of around 10 mm/yr in Fen-
noscandia and are dlightly larger in North America [e.g., Flint, 1971; Walcou, 1972]. Postgla-
cial horizontal crustal motion is predicted to be about a factor of 10 less based on modelling
calculations [James and Morgan, 1990; James and Lambert, 1993, Mitrovica et al., 1993;
Mitrovica et al.,1994a,b; Peltier, 1995; Mitrovica and Davis, 1995]. Of significance is the
demonstration [BIFROST Project Members, 1996] that GPS-observed vertical crustal rates
from Scandinavia are in essential agreement with a realistic deglaciation model. These rates
also agree with relative vertical rates obtained from long-term tide gauge records.

The secular rate of change of solid-surface gravity g corresponding to a postglacial
uplift rate of 10 mm/yr is about -1.5 uGal/yr. Lambert €t al. [1996] report that a 9 year
record of absolute gravity observations at Churchill, Canada, yields a linear trend of -1.45 +
0.19 uGal/yr, which is broadly consistent with the rate predicted from the ICE-3G postglacial
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rebound model of Tushingham and Peltier [1991]. The correlation of rebound models and
geodetic observations strongly suggests that high-precision geodetic observations are capable
of detecting and characterizing postglacial crustal deformation, provided a suitable long-term
program of observations is undertaken.

This paper is divided into three sections. The first section gives the methodology
required for computing crustal deformation rates, including changes to surface gravity. A
relatively general treatment provides the surface response of a viscoelastic (Maxwell) Earth
model to changing surface loads, from which the purely elastic response can be readily
extracted. Aswell as describing the numerical techniques used here and by James and Ivins
[1995], this also documents the methods utilized previously for postglacial rebound predic-
tions of crustal motion [James and Morgan, 1990; James and Lambert, 1993], secular varia-
tion in crustal strain and stress [James, 1991; James and Bent, 1994], and both the static and
time-varying gravitational fields [James, 1992; Lambert et al., 1996]. The second part of this
paper describes the purely elastic crustal motion and secular change in solid-surface gravity
derived from four scenarios of present day Antarctic ice mass change. In the third section the
ongoing viscoelastic response to late Pleistocene and Holocene mass reductions of the Antarc-
tic ice sheet is reported. Here we investigate the tradeoff among parameters that connect
present day uplift and gravity changes to past ice sheet volume.

Theory and Methods

The expressions used to compute the elastic and viscoelastic (Maxwell) crustal response
of the Earth to surface loads, including vertical and horizontal crustal motion hand!, and
secular change in solid-surface gravity g, are developed here. Some emphasis is placed on
the horizontal rebound response, whose relatively small signatures may now be detectable due
to advances in space geodetic measurement techniques. The latter makes possible the detec-
tion of signals at the millimeter per year level.

The surface loads are assumed to be specified as spherical caps, or disks, with designated
radii and locations, and time varying heights. The total response to the load is determined by
finding the response on a disk by disk basis and then summing over al disks. Our approach
is similar to that described, for example, by Peitier [1974] and Wu and Peltier [1982] for
finding the vertical and gravitational responses, but differs dlightly from that described by
Mitrovica et al. [1994a] and Peltier [1995]. The expressions developed here are quite gen-
eral, and can be used to determine the surface response to time and space varying surface
loads.
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We briefly review the construction of elastic and viscoelastic (Maxwell) responses for an
impulsive (8-function) unit load. The viscoelastic response to a relatively arbitrary, time vary-
ing load is then described and the simplifications necessary to obtain the purely elastic
response are given in the appendix. This section concludes with a discussion of a surface
load composed of disks that has an equivalent spherical harmonic representation. thus provid-
ing an important link to the global geodetic responses discussed by James and Ivins [ 1997]
and to the spherical harmonic methodologies of Ivins et al. [1993], Mitrovica et al. [ 1994a,b],
and Peltier [1995].

Surface Loading Response of Maxwell Earth Models

The elastic response to the surface loading of a spherically symmetric Earth model is
obtained by numerical integration of a radial system of 6 coupled first order ordinary
differential equations. This system results from a spheroidal scalar decomposition of the
equations of motion (mass and momentum conservation) and Poisson’s equation for gravita
tional potential [e.g., Longman, 1963; Farrell, 1972]. Discussions of the relevant interior
boundary conditions have been given by Israel et al. [ 1973] and Dahlen [1974]. A regularity
condition at the origin and surface boundary conditions for the shear and normal tractions and
the acceleration due to gravity are required to complete the solution.

For finding the Maxwell response for realistic, depth-varying elastic parameters and den-
sity, wc utilize the techniques and methods discussed by Wu and Peltier [ 1982] and Peltier
[1985]. A Laplace transform of the equations of mass and momentum conservation and
Poisson’s equation for the gravitational potential is assumed. The response to an arbitrary
Laplace transformed load, usually an impulsive point load 6(v)d(r ), is determined, and then
inverse Laplace transformed to obtain the time domain response [Peltier, 1974]. Peltier’s
[1985] normal mode method is used to obtain the time domain response: the decay times are
determined by finding the zeroes of a secular determinant and the slope of the determinant at
its zero value determines the amplitude associated with that decay time.

Glacial rebound models such as Tushingham and Peltier’s [1991] ICE-3G model are
described with surface loads tabulated as a number of disks. In general, the disks can have
different, but unchanging, radii and the disk heights vary with time in a piecewise constant
manner. The following discussion shows how the Maxwell viscoelastic response to these
loads can be obtained. We assume that the time-domain unit impulse response is known.

Vector-scalar representation. The response of a Maxwell Earth model to an axially
symmetric surface load is obtained through solution of the equations of mass and momentum
conservation and Poisson’s equation for gravitational potential, as described above. It can be
written in the form:
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[Peltier, 1974], where s is the displacement due to the imposed load, $ isthe perturbation to
the gravitational potential, r is the distance from the center of the Earth, v is the angular dis-
tance (colatitude) from the center of the load (see Figure 2), f and ¥ are unit vectors in the
direction of radius and colatitude, respectively, and the P, (cow) are Legendre polynomials.
In the case where the applied load lacks axial symmetry (1) could be written in a more gen-
era form utilizing normalized spherical harmonics ¥,"'(0,2) = P, (0,M)c; (m ?2.), with ¢, = cos
and ¢, = sin [e.g. lvins et al., 1993; Mitrovicaet al., 1994a]. Relation (1) with unnormalized
I.egendre polynomials is employed here.

Unit loading and surface response. A point load 8(v) can be expanded in a Legendre
polynomial series

d(v) = Z-Yn Pn (COW)
n=0
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[Farrell, 1972], where v, is the degree-n coefficient of the load expansion. At the surface of
the Earth (r = a ) the degree-n time dependent vertical displacement response to an impulsive
point load &(r )d(v) can be written in the form [Peltier, 1985]

J
U, (1) =UZ8(t) + H()YS U, e ™, (3)

j=1

where U¢ is the instantaneous, or elastic, response, 8(¢) is the Dirac delta function and the
U, ; are the amplitudes of J viscoelastic modes, each with decay time 1, ;. Here H(r) is the
Heaviside function. The amplitude of the elastic response and the amplitudes and decay times
of the viscoelastic modes are, in general, different for each degree. As noted previously the
amplitudes U, ,and decay times 1, ; are found by searching for the zeroes of a secular deter-

minant. Similar expressions for the horizontal displacement and gravitational potential are

el J 1,
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@, (/) = cl):%(f) + H () é ®, jo . (4)

J=1
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The perturbation to the gravitational potential @, has a contribution from the imposed load
®, ,, as well as a contribution @, , from the redistribution of mass within the Earth. The
latter contribution has an instantaneous elastic portion as well as an exponentialy decaying
viscoelastic portion.

Love number representation. It is standard to express the response in terms of dimen-
sionless Love numbers. The surface loading Love numbers 4, (r.t),in(r,t), and k,, (1),
corresponding to the vertical and horizontal displacement and the gravitational potential, at
r=a, are defined [ Wu and Peltier, 1982)

U,(a,t) h,(a,t) /g,
/ _ (Ig()
Vilat)y | = —— {1 (at)/gyl, ()]
m,,
Py, (@) =k, @)

where g, IS the unperturbed gravitational acceleration at » = aand m, is the mass of the
Earth. The scaling term ag,/m, used to define the load Love numbers is the magnitude of
the gravitational potential of the applied load ®,, (a,t) = —(ag,/m,)d(1). With (5), (3) and
(4) become

_a ol J -t/t,
(Jn (1)y= — hn (1) + H(I)Zh,l\/-(’ !

Me | =

J
Vo) == — 181y + () X1, .,,~f"/h’} (6)
/=1

(])" (1) = q)],n + q)l.n

a J
L (1 + kSHS(1) 4 Il(t)Zk,,,,-e”/‘"‘}
i1

m,

where the quantities superscripted ‘cl’ are elastic Love numbers [e.g. Farrell, 1972; Dahlen,
1976] and the quantities subscripted ’n,j> are viscoelastic Love numbers. The apparent
discrepancy in physical units in (5) and (6) is merely an artifact of (5) representing a unit
mass load. It is to be assumed that there is, therefore, a unit of mass in the numerators of (5),
(6), and subsequent expressions involving Love numbers.

Heaviside load. For brevity, in the following we focus on the vertical displacement s, ,
with the understanding that the horizontal displacement s, and gravitational potential ¢ fol-
low parallel developments. The response U’ to apoint load imposed at t = O and maintained
thereafter (Heaviside load) can be obtained by convolving (3) with a Heaviside function:

J
Uy = U+ YU, 1,00 - e, (7)
J=1
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If aload is applied for time T, and then removed, the response U/ is

T/t,, i1, T,
J]e /, (8)

Uty = Zl g Tngll—
where ¢ is now measured from the instant of load removal. Note that the elastic response is
absent for times when the surface load is absent. From (7) and (8), with U:’(1) and U!(¢)
having units of length, it is evident that U, ; has physica dimensions of length/time. This is
consistent with the Green’s function U, (¢ ) introduced in (3), which has physical units of
length/time. Additionally, &(¢ ) has units of 1 /time, and H(¢) is dimensionless.

If UM"(¢) is the degree-n response to a Heaviside point mass that has been removed,
then the total response s, (v.r ) to the point mass can be obtained by summing over Legendre
degree

~T/t, 4 ~tit,;
sy (0g) = Z Z T[T = e e P, (cosv), )
n=0 j=1

where the dependence on angular distance v from the load is now explicitly shown.

Disk-shaped load, If the response s, ;. to an arbitrary load with axial symmetry is
required (e.g., a disk load), it can be obtained by scaling the amplitudes U, ;in (9) by L, /Y,
where L, is the degree-~~ coefficient of the Legendre polynomia expansion of the specified
axialload, and v,, is the chcndre coefficient of the point mass load

TN AP 7
Sy dish = Z o Z Ur‘ i & ](’ a ‘Pn (COS ) (10)
n=0 in j=1

The legendre coefficient L, of a spherical cap of uniform height with angular radius a and
unit massis [Farrell, 1972]

;o 2n+ 1| (14 cosa) oP, (cosa)
" 4na’ n(n+ 1)sina ov
_2n+1 (1 +cosa) P, (cosa))s w0
47K02 [ n(n+ 1)sina

where P, (cosa) is the associated Legendre function of degree n and order 1. The Legendre
cocfhicientof a disk of height D, density p;.. (O p,... fOr an ocean disk), and angular radius
u can be obtained by scaling, (11) by the the mass of the disk p;.. V', where the volume V of
the disk is given by 2ra 2D [ 1 —cosa]. The Legendre coefficient y, of the point mass load is
given by (2).

If the load is assumed to vary with time in a piecewise constant manner (that is, the load
IS constant during the 4 -th time interval, but may vary from one time interval to the next),



then the response is

o Kipme J
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and

- Ty My -G T,
[n,j,/\’:'fn,/[]*(; i T‘]g 4yt ,
ime 1S the number of time intervals for which the load is specified, L, , is the
degree-n coefficient of the load during the 4 -th time interval, Az, is the time elapsed since the

end of the 4 -th interval, and 7} is the length of the 4 -th time interval.

where K,;

Multiple disk response. In the case where there is more than one disk the response

Sy disks ‘s
L o Ky, J

n J.k
SI',(I'(X/\\ 2 Z 2 o Z n ;7n Js LP (COSUi )3 (13)

i=in=0k=1 Tn Jj=1
where /., is the number of different disks. The quantity v, is the angular distance from the

i -th disk to the point at which the response is being calculated, and depends on the location
of’ the observation point (0,) and the location of the center of the i -th disk (6,,A; ) (Figure
2).Equation (13) can bc rearranged to yield a more efficient computation

II AW ’
Sy disks = 2 Z Pn (COQU ) Z .-1 [Z U n.J n J Al (14)
i=tn=0 k=1 Yn j=1

Equation ( 14) is the expression used in this study to compute the vertical response to surface
loads. It is valid for arbitrary surface loads comprised of one or more spatially distributed
axially symmetric loads whose amplitudes vary with time in a piecewise constant manner.

Modification for present day load. Equation (14) requires modification if the response
is required for a time when the load is present. This case arises if there is a nonzero present
day load, such as the Greenland and Antarctic portions of 7Tushingham and Peltier’s [1991]
ICE-3G model, or if it is necessary to find the response at some time in the past when the
load is present. For a response computed during the 4 th time interval, with the & th load
increment present, then for that time interval the quantity in square brackets in (14) should be
changed to

U()/ 2 n / - c‘A'A /T"'i] s (15)
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where Ar; is now the time elapsed since the 4 th load increment was imposed, instead of the
time elapsed since the k -th load increment was removed. This substitution can be understood
by comparing (7) to (8).

Horizontal displacement response. By analogy with (12), and recaling (l), the hor-
izontal displacement caused by a single disk with time varying height is

o Kiime J OP,, (cosv)
Sv.disk nzm\zl Y, 121 n j Sk oo . (16)

Equation (16) employs a coordinate system of colatitude v measured from the center of the
applied load. The horizontal displacement s, can be decomposed into North (s, ) and East

(s ) components
Sy =~ 8,008(B) = —s UC1(B)A .
sp = — sysin(B) = — s,¢2(B),

where g is the azimuth of the load center, as seen from the observation point (0.%), and is

(7

measured positive clockwise from the north pole (Figure 2). A compact formof ( 17) is

sy g = — 5,01 o(B). The angular distance v and azimuth 3 can be obtained from standard
spherical trigonometric formulae.

With (16)and (17), th,horizontal response to a number of disks can be written

SN E (disks) T 7 > > B o

Liw (?P (COQU) s 1nl/\
(=1n=0 k=1 Tn

len Fn.j /l (18)
J

where the azimuth 3 is indexed by disk number 7.
Gravitational potential. For completeness, the gravitational potential ¢ for the load plus
Earth response is provided

lyg o

J
e K
¢d1'.¢1\v Z 2 Pn (COSU ) 2 " : [Z (I)" W ZN J K

i=ln=0 n j=1

) (19)

where, again, the criterion for changing the contents of the large square brackets to a form
similar to (15) is based on the presence of the 4 th load increment at the time the effect is
being computed,

Solid surface gravity anomaly. The essential ingredients of this simple recipe for the
surface responses to the loading and unloading of surface disks also apply to the computation
of the solid surface gravity anomaly g. For an impulsive point load (¢ )3(v) the degree-n
solid surface gravity response can be written in a form similar to (3) and (4)

J
G,=G%() + H1)YG, e ™ (20)
j=1
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with

Gel =~ g0 _ 12 — (n+ Dk + 28 = &0 g’ (214)
m, [ 1 m,
g } g
Gn e ~0~{ h (” + 1 )]‘n j + 2h,,i|1j'“‘ _—Ogﬂ N (21 b)
Y m, » "1,.0

Consider a gravimeter on the solid surface of the deformed Earth. 1t will measure a change in
the acceleration due to gravity, relative to the undeformed state, which has a contribution from
3 sources, corresponding respectively to the three terms of (2 1 a): the direct attraction of the
surface load, the redistribution of mass within the Earth, and a “free-air” effect due to the dis-
placement of the solid surface through the background, or reference, gravitationa field [e.g.,
Agnew, 1983]. The viscoclastic response G, ; in (21b) is similar to the elastic response
except there is no term due to the direct attraction of the load. Recall that Love numbers are
defined relative to a unit applied mass, giving a unit of mass in the numerators of the expres-
sions shown here.

The solid surface gravity viscoelastic response &udisis to a general time varying load com-
posed of a number of disks can be obtained by substituting G,, for @, ; in (1 9).

lx[nk o K//rm' 1"1 ik J
Sdisks ~ Z Z Pn (COSUI) Z Z Gil JZ” SR (22)
i=1n=0 k=1 yn j=1

Equations (14), (18), and (22) are the expressions used in this study to compute the surface
loading response of Maxwell viscoelastic Earth models. The purely elastic response to an
imposed surface load, given in the appendix, can be derived by appropriate simplification of
these expressions.

Spherical Harmonic Coefficients of Disk l.oad

In a companion paper [James and Ivins, 1997] the global geodetic responses to a variety
of past and present Antarctic ice mass balance scenarios are given. These responses (secular
variation in the long wavelength gravitational field J, and secular polar motion m) are most
conveniently obtained if the surface load is expressed in spherical harmonic coefficients.
These coefficients are also needed if the crustal response is to be computed using the methods
of Mitrovica et al.[1994a] and Peltier [1995].

Normalized spherical harmonics. A scalar quantity defined on the surface of the Earth,
such as a surface load expressed as an equivalent surface mass density o(0,A), can be
expanded in normalized associated Legendre functions P,,, (cos8) or surface spherical harmon-
ics 7,',”11(0,7&)
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5(02) = Y Y [ 6,, » ¢ (m 1) + &, o c)(m M P (cos0)
7 =0 m =0

o n 2 .
= Z 2 Zanmj Y:U(O’)")’ (23)
n=0 m=0 j=1
where ¢;= cos and C,= sin. Normalized quantities are barred. Normalized and unnormal-

ized Legendre functions used in the crustal response section are related by

2n + D)(n - m)(2 - §,,
(n+1)1)!

P, (cosD) = ) } P, (coSo)

=N, P (cos0) (24)

nni = nm

with the normalization factor N,,, consistent with an orthonormalization

[T90.0717 (0.0)dS = 4TS, 8,y 87 (25)

S

where j denotes integration over the unit sphere.
Sl

The surface load coefficients G,,,; are determined through relation (25)

S J =

i Z’— [0(0,2)77(0.1)dsS. (26)
T S

Disk function. in the case where the load is expressed as a number of spherical caps or
disks with specified radii and locations, the load coefficients can be directly obtained by appli-
cation of the spherical harmonic addition theorem. The addition theorem allows an expansion
of an axisymmetric function to be expressed in a rotated frame. The load coefficients G,,,,;
are obtained by finding the load coefficients in a disk load coordinate system with colatitude
v, then transforming those coefficients to a standard co-latitude and longitude frame (6, A).
The total effect of a number of spherical caps can then be expressed in terms of normalized
spherical harmonics.

Consider a disk function O (O, 1) defined
Oy 0,10) =1 inside the cap
O, 0,4 =0 outside the cap , (27)

with radius a; and its center located at (0,,2,;) (Figure 2).In the disk load coordinate sys-

tem, in which colatitude v is measured from the center of the disk, the disk function is
expanded as



- 13 -

Ouisi (0) = 3Ty 6P fcosv), (28a)
n=0
Spo=sina; [8n (n + 1)]"? P, (cosa,) n* o, (28b)

where £, is the normalized disk function coeflicient in the disk load coordinate system and
fo0=1/2(1—-cosa;). Expansion (28) is verified by use of (27) in an integral equivalent to
(26), and integrating on the interval {cosa;, 1} [e.9., Magnuset a, 1966, p. 191]. The
coefficient for a unit mass disk load L, (11) can be seen to be equivalent to the Legendre
coefficient for a disk function f,, by scaling (11) by its area 2na 21 —cosa, ) and transform-
ing unnormalized quantities to their normalized equivalents. Equation (28d) is transformed to
coordinates (0,) by use of the addition theorem,

N, oP, olcosh)= ¥ P, (cosO)P, . (cosO; Ycosm (LN, ). (29)

nn
m=0

Substituting for P, olcosi) from (29) in (28a), and expanding the cosm (A —4; ) term, we have

o n 2 R
Ousk 0,2y = 3 % 3 Wy Y (0,)) (30a)
n=0 m=0 j=1

in which

fuo -
Wy = L

[ .
nmj nm
N, n0

(cosO;)c; (m2;). (30b)

The corresponding surface mass density coefficient 5,,,; can be obtained by scaling #,,,,;
by p;.. I (or p,. for an ocean disk), where D is the height of the disk. The surface mass
density coefficient 5,,,; due to a surface load expressed as a number of disks or caps is there-
fore given by a sum over i

]d:d

Spmj = Pice 22 Woamj i Di (31)
i=1
where the w,,,; and D are now indexed by disk number /. Equation (31 ) can be used to gen-
erate ice load functions. This permits the cap-grid structure of the type employed by Wu and
Peltier [1983], Tushingham and Peltier [1991], and James and Ivins [1997], to be formally
written in terms more familiar to theoretical geodesy [e.g., Munk and MacDonald, 1960; Lam-
beck and Cazenave, 1976; Lambeck, 1980; Sabadini et al., 1988].

Much of the theory presented above relies on the viscoelastic methodology developed by
Peltier [1974, 1985]. While that work has been excellently presented in review form [eg.,
Peltier, 1982], it is important, if not crucial, to lay down the theoretical and computational
framework in detail since many rebound related geodetic studies, including plate stability
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analyses, now rely on predictions retrieved from the models [e.g., Peltier, 1995; Argus, 1996;
Argus and Gordon, 1996; BIFROST Project Members, 1996; Dixon et al., 1996]. In this
regard the complete development presented here, which gives a formalism for crustal defor-
mation, gravitational potential, and solid surface gravity predictions, forms a useful compen-
dium. There is, indeed, a growing appreciation for precise and internally consistent computa-
tion of isostasy within the glaciological community [Le Meur and Hu~luw/its, 1996] and reli-
able theoretical foundations reduce the chances for the discrepancies in interpretation that are
known to arise in the literature [e.g., Cathles and Fjeldskaar, 1997; Mitrovica, 1997). We
now turn to an application of the methodology to past and present ice mass balance in
Antarctica

Results 1: Elastic Response to Present Day |ce Mass Changes

Figure 3 shows four readlistic, but differing, scenarios of present day Antarctic ice sheet
balance that were described in detail by Jamesand Ivins [ 1997]. Three of the scenarios
(numbers 1, 2 by mass, and 2 by area) are derived from the estimates of Bentley and
Giovinetto [1991], who evaluated the mass balance of Antarctic drainage basins, where avail-
able. and extrapolated to unmeasured regions using differing, but plausible, assumptions.
Scenario 1 represents a minimal interpretation of the available observations in that only
drainage basins with significant measured imbalances were considered. Scenarios 2 by mass
and 2 by area feature extrapolation of mass imbalance from measured to unmeasured areas
based on surface mass accumulation and area, respectively {James and Ivins, 1997]. The con-
tribution to sealevel rise, & from these scenarios ranges from -0.1 mm/yr (scenario 1) to -0.8
mm/yr (scenario 2 by area) and -1.1 mm/yr (scenario 2 by mass).

The .192 scenario provides 0.45 mm/yr of sea level rise. It was developed from scenario
2 by area by removing ice mass inland of the mgor shelves in a manner consistent with the
ice shelf melting estimates of Jacobs et al. [1992]. The 0.45 mm/yr sealevel contribution
from the J92 scenario is sufficient to account for the shortfall between the 1990 Intergovern-
mental Panel on Climate Change (IPCC) estimate of sea level rise of 1.5 mm/yr and the sum
of their estimates of the various sources and sinks for 20th century sea level rise (thermal
expansion = 0.4 mm/yr; mountain glaciers = 0.4 mn/yr; Greenland = 0.25 mm/yr; Antarctica
% 0.0 mw/yr) [ Warrick and Qerlemans, 1990].

The crustal response is tabulated for 12 Antarctic bedrock sites shown in Figure 1. Their
locations are given in Table 1. Four sites, Casey, Davis, McMurdo, and O’Higgins, are Inter-
national GPS Service tracking sites, Three other sites, Syowa, Mt. Melbourne, and Basen,
have had high-precision geodetic occupations including some combination of GPS and
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absolute gravity. The remaining sites, Prince Olav Mountains, Executive Committee Range,
Independence Hills, Mt. Ulmer, and Dufek Massif, are located in the interior of West
Antarctica, and were chosen to provide a relatively wide geographical selection of sites over
the region where substantial ice mass reductions have been proposed.

Crustal Motion

love numbers and Green's functions. To set the stage for discussing the elastic cru-
stal response to the scenarios shown in Figure 3, we first determine how the vertical elastic
crustal response at the center and the edge of a disk load varies with the radius of the load.
The vertical response for a load corresponding to the removal of 1 m of ice is shown in Fig-
ure 4. The response was determined in two ways. by using Farrell’s [1 972] vertical dis-
placement Green's function and numerically integrating, over the disk area, and by summing,
to degree 512, load Love numbers for the 1066B Earth model (see appendix). Agreement
between the two methods is excellent, indicating that the response to a disk of radius 1.13
degrees (=250 km diameter), which corresponds to the discretization of the scenarios shown in
Figure 3, is sufficiently represented by truncating summation at degree 512. Consequently,
the elastic crustal responses described here were obtained using the expressions given in the
appendix and summing to degree 512.

A similar calculation for horizontal velocities (not shown) shows that peak horizontal
displacements are attained at the edge of the disk load, and reach magnitudes of 18-20°/0 of
the peak vertical displacements. Removal of the load results in horizontal displacement away
from the load center. If aregion that is losing ice and a region that is gaining ice are situated
close to one another, then the horizontal rates can interfere constructively (i.e., add) between
the two regions. Therefore it is possible in special situations for peak horizontal rates to
reach values dlightly in excess of 1/3 of the peak vertical rates. However, none of the present
day scenarios shown here exhibit this exceptional behavior.

Scaling crustal motion to annual changes. The vertical displacement calculations
shown in Figure 4 can be used to determine the approximate elastic response to the four
present day scenarios. For example, the peak height change for individual disks in the J92
scenario is around 700 mm/yr inland of the Filchner-Ronne shelf, so the peak annual crustal
displacement due to a single disk would be around 8 mm (11 mm x 700 /1000; 11 mm
corresponds to the vertical displacement at the center of a disk of radius 1.10, see Figure 4).
Most of these disks are not isolated, however, so the peak rates will be, somewhat higher,
corresponding to the response to a larger load. For example, the five Pine Island glacier disks
are roughly equivalent to a single disk with radius of about 2 degrees. With a height change
around +200 mm they would cause an annua vertical displacement of about -3.5 mm
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(18 x 200 /1000). Vertical displacements at the edge of a changing ice mass tend to be
slightly more than half the peak displacement at the center. These results suggest that typical
elastic vertical rates from the present day scenarios are of the order of 5 mm/yr or less, except
for the J92 scenario in the region inland of the Filchner-Ronne ice shelf, where rates may
reach values dlightly in excess of 10 mm/yr.

Response to redlistic scenarios. These general predictions are confirmed in Figure 5,
which shows the detailed elastic vertical rates for the four present day scenarios. Table 2
shows the crustal responses for the 12 selected Antarctic bedrock sites described earlier.
These rates are the response of the solid Earth, and are not the velocities that would be
obtained on the ice sheet surface, nor do they include the viscoelastic response to past ice
mass changes. They do include an ocean loading contribution obtained by assuming that the
ice mass gain or loss is distributed uniformly in the ocean basins. With the exception of the
J92 scenario, predicted vertical velocities have magnitudes of 5 mm/yr or less. For scenario
1, having a net mass gain at a rate equivalent to 0.1mnv/yr of sea level fall (¢ = - 0.1
mm/yr), the largest velocities are obtained at the center of the Pine Island glacier, which is
sinking at 4-5 mm/yr (li = -4 to -5 mm/yr), and inland of the Riiser-Larson ice shelves, which
is rising at less than 4 mm/yr (h< 4 mm/yr). These regions correspond to the areas of larg-
est mass change for this scenario.

Scenario 2 by area (& = —-0.8 mm/yr) exhibits an overall pattern of subsidence of
Antarctica, with the majority of the continent subsiding at rates between 1 and 2 mm/yr.
Exceptions to this are regions of concentrated mass increase (Pine Island Glacier and Lambert
Glacier), where subsidence is larger, and the Ross ice shelf and the tip of the Antarctic Penin-
sula, where subsidence is occurring at less than Imm/yr. Scenario 2 by mass (= - 1.1
mm/yr) aso exhibits a continent-wide pattern of subsidence at rates between 1 and 2 mm/yr.
It differs from scenario 2 by area in that extrapolation to unmeasured regions was done solely
to coastal regions where mass accumulation rates are high. As a consequence, this model
predicts subsidence of 2 to 3 mm/yr along the coastal regions of much of East Antarctica.

The J92 scenario (£ = 0.45 mm/yr) features the largest rates of the 4 scenarios. Peak
uplift rates in excess of 10 mm/yr are obtained in a small region inland of the Filchner-Ronne
ice shelf. Uplift rates of 2 to 5 mm/yr are obtained along the coastal regions of Enderby
Land. Regions around the Amery ice shelf, and some regions inland of the Ross Ice Shelf
and on the Antarctic Peninsula are rising at 6-7 mm/yr.

With the exception of the J92 scenario, peak horizontal velocities (Figure 6) are
predicted to be dlightly less than Imm/yr, and most notably feature inward motion on the
edges of the Pine Island glacier. For the J92 scenario, peak velocities on the edges of the
load inland of the Filchner-Ronne Ice Shelf attain values just under 2 mm/yr.
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Solid-Surface Gravity

The solid-surface gravity values g (Figure 7) range from about -3 to 1.2 pgal/yr. Except
for the J92 scenario, the g rates are smaller than 1 pgal/yr. The regions of peak g rates
correspond to those previously described for the vertical response.

Robust g rates are derived primarily from the motion of the surface through the back-
ground gravitational field. The predominance of the “free-air” effect means that a region that
is rising will experience a decrease in gravity because it is moving away from the center of
the Earth. Consequently g values can be approximately determined by scaling the vertical
velocities by the free-air gradient — 2g,/a =~ 0.32 pgal/mm. A more accurate estimate can
obtained by noting that the load and gravitational perturbation terms —0.5 — (n + 1)k, range
from 10% (low degrees) to 20% (high degrees) of the free-air term 2/2,,, and arc opposite in
sign (see equation 2 |a). Therefore, if the vertical velocities are scaled by about 8s°/0 of the
free-air gradient (= — 0.27 pgal/mm) a good estimate of g can be made for the elastic

response.

Results 2: Viscoelastic Response to Past Ice Mass Changes

The scenarios of present day ice mass change predict vertical crustal motion rates that
are typically under 5 mm/yr, and at the largest arc slightly in excess of 10 mm/yr. The peak
crustal responses from these scenarios could potentially be observed with suitable geodetic
techniques (e.g., GPS and absolute gravity), provided a sufficiently long period of observa-
tions were undertaken. However, meteorological fluctuations in accumulation rate can mask a
long term trend, which would make the interpretation of geodetically-derived crustal responses
in terms of secular ice mass imbalance more difficult [Conrad and Hager, 1995]. The viscoe-
lastic response to past ice mass changes is also potentialy quite large and might include
equally-sized contributions from late Pleistocene/early Holocene ice sheet reduction and from
possible smaller, but more recent (e.g., within the last 1000 years), ice mass changes [ Wahr et
al., 1995].

James and Ivins [ 1995], using the ICE-3G glacial rebound model [Tushingham and Pel-
tier, 199 1], showed that the viscoelastic glacial rebound response to early Holocene Antarctic
ice mass reduction could be more than twice as large as the elastic response to present day
scenarios.  The following explores this response in more detail, and examines how the timing
of deglaciation, mantle viscosity, and the spatial pattern of deglaciation affect the Antarctic
crustal response. The crustal responses (h,1,and g ) arelisted in Table 3 for the deglaciation
scenarios considered in this section. We begin by briefly discussing the CLIMAP (Climate:
Long-range Investigations, Mapping, and Prediction) reconstruction of the Antarctic ice sheet
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at LGM.

CLIMAP Antarctic | ce Sheet Reconstruction

A landmark study of the Late Pleistocene and Holocene Antarctic ice sheet is described
in Chapters 6 and 7 of the CLIMAP volume edited by Dentonand Hughes [1981]. The
reconstruction includes explicit maps for LGM ice surface elevation, ice thickness, and
bedrock elevation, thus providing a means for determining the change in the load provided by
the Antarctic ice sheet since last glacial maximum. This ice sheet modelling was two-
dimensional in nature, as described by Fastook and Hughes [1980] and Hughes et al. [1981].
Equations of static equilibrium were integrated from the grounding line (generally assumed to
lie at the present day 500 m isobath) along flow-lines into the interior of the ice sheet. Sur-
face elevations and thicknesses along the flow-line were consequently determined. This pro-
cess was repeated for many such flow-lines, encompassing the entire ice sheet, and synoptic
maps were prepared by interpolating between flow-lines.

A model control parameter is the assumed basal shear traction. Preliminary values of
this critical parameter were determined by reconstructing the present day Antarctic ice sheet
and subsequently refined for the LGM reconstructions by requiring that al the flow-lines lead-
ingto a given ice dome have the same peak elevation. The ice-flow modeling also incor-
porated a crude approximation for isostatic processes.

1.C79 load. CI.IMAP numerica modelling alowed grounded ice to grow to the con-
tinental shelf edge at I. GM. To reach the present day ice configuration, the greatest volume
of late Pleistocene and Holocene glacial removal occurs where the grounding line is presently
furthest from the continental shelf edge. This is shown in Figure 8 (after Lingle and Clark
[ 1979]; see their Figure 3), which gives an estimate of the ice mass change since LGM that
contributed to arisein eustatic sea level and hence contributed to a change in the surface load
experienced by the crust. The Ross Ice Shelf, and to a lesser extent the Antarctic Peninsula
and the Filchner-Ronne Ice Shelf, located south of the Weddell Sea, experienced the greatest
mass |oss.

Lingle and Clark’s [1979] map of ice mass change (hereinafter 1.C79) was digitized and
present day uplift rates determined (Figure 9) using equation (14) and summing to harmonic
degree 120. This truncation limit is sufficient to capture the important aspects of the present
day crustal deformation and solid-surface gravity response. Subseguent viscoclastic calcula-
tions are also truncated at degree 120. Upper and lower mantle viscosities of 10” and
2 x 1 0% Pas were chosen.  To facilitate comparison with the ICE-3G model [ Tushingham
and Peltier, 1991], deglaciat ion is assumed to begin at 9 kyr and end at 4 kyr. At each grid
point the load is assumed to decrease linearly between the beginning and end of deglaciation.
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1.C79 Uplift Rates. As expected, peak uplift rates are predicted on bedrock beneath the
present day Ross Ice Shelf, reaching values in excess of 25 mmvyr. Uplift rates larger than 20
mm/yr are predicted for the Filchner-Ronne ice shelf and adjacent regions of the Transantarc-
tic Mountains, and rates larger than 15 mm/yr for a portion of the Antarctic Peninsula. In
contrast to the substantial portions of West Antarctica that arc predicted to rise at rates greater
than 10 mm/yr, East Antarctica, with the exception of regions near Casey and Davis, features
uplift rates of 5 mm/yr or less.

Effect of Timing of Deglaciation. The effect of varying the timing of deglaciation,
assuming the L.C79 load, is shown in Figure 10 for the Prince Olav Mountains, which were
arbitrarily chosen as a representative bedrock site predicted to have substantial glacial rebound
uplift rates. Deglaciation is assumed to proceed linearly and other model parameters are the
same as in Figure 9. Uplift rates of 10 mm/yr or greater can be attained for a wide range of
timing. If wc assume deglaciation begins at 18 kyr, it must continue through to 4 kyr or later
to obtain uplift rates 210 mm/yr, and if deglaciation begins at 10 kyr, it must continue
through to 9 kyr or later. Any timing choice in which more than one half of the deglaciation
occurs in the Holocene (10 kyr or later) will give rates = 9 mm/yr.

The ICE-2, ICE-3G, and ICE-4G Rebound Models

Geophysical models of the deglaciation occurring since LGM have been used to compute
relative sea level variations, crustal displacements, perturbations to the static and time-varying
gravity field, and secular polar motion. The Antarctic component of these models has fre-
quently been based on the CLIMAP reconstructions described by Hughes et al. [1981] and
Stiver et al.[ 1981]. For example, the ICE-2 model [ Wu and Peltier, 1983] incorporates the
CL.1 MAP Antarctic reconstruction, and features a relatively early timing of deglaciation.
Changes were made to the Antarctic load in 1CE-3G [ Tushingham and Peltier, 1991] and
ICE-4G [Peltier, 1994], especialy to the timing, but the overal pattern of deglaciation
predicted by the CLIMAP model was retained. Similarly, the ANT series of models {Nakada
and Lambeck, 1989] are derivatives of the Antarctic CLIMAP reconstruction, with the
difference between the ANT models being one of timing the collapse history.

Compared to the northern hemisphere, there are relatively few constraints on the late
Pleistocene and Holocene mass reduction of the Antarctic ice sheet. For example, the relative
sea level (RSL) data base employed by Tushingham and Peltier [1992] to estimate ice heights
for the ICE-3G chronology [ Tushingham and Peltier, 1991], contains '*C shoreline emergence
data for only 4 localities in the Antarctic region. This contrasts with data for 69 localities for
Arctic Canada and Greenland and 86 localities for northern Europe. Therefore, the timing of
Antarctic deglaciation (more properly ice mass reduction, as the continent is still 98% ice
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covered) has been controlled amost exclusively by the need to match observed far-field RSL
observations [e.g., Nakada and Lambeck, 1987]. In essence, Antarctica has served as a reser-
voir from which the appropriate amount of water is added to the oceans to give agreement to
far-field observations.

ICE-3G and ICE-4G Uplift. The vertical motion in Antarctica predicted by the ICE-3G
[Tushingham and Peltier, 1991] and 1CE-4G [Peltier, 1994] global models of ice sheet col-
lapse are shown in Figures11aand 11 b, respectively. The ICE-3G model specifies the height
of disks of ice at 1000 year intervals from 18 to 4 kyr. Its response was determined in a
manner similar to the response of the L.C79 load, and the same Earth rheology (lower and
upper mantle viscosities of 2 x 1021 Pa-s and 1021 Pa-s, respectively) was utilized. This man-
tle viscosity structure is identical to that assumed by Tushingham and Peltier [1991, 1992] in
their calculations of relative sea level (RSL) change due to 1CE-3G. The ICE-3G viscoelastic
calculations incorporate a gravitationally self-consistent ocean load, which can be important in
determining the far-field and peripheral crustal response, but is relatively insignificant for
cvaluating the peak response.

The ICE-4G load history is not available in the detailed manner of 1CE-3G, and, conse-
guently, the vertical rates for ICE-4G were obtained from fries of topography change com-
puted by W. R. Peltier and made available through the National Geophysical Data Center,
Boulder, CO. These files give the surface elevation (topography) relative to sea level (at 1000
year intervals since 21 kyr) resulting from using the ICE-4G chronology as the input for a
Maxwell viscoclastic surface loading calculation. Values are given on a1 by 1° global grid.
At each grid-point, the change of topography was obtained between the present and 1 kyr, and
betweenl and 2 kyr; from these rates the present day rate of change of topography was deter-
mined. This procedure is valid because the model has no ice mass change, and hence no ice
height change, since 5 kyr. Therefore, changes in topography, even over ice-covered regions,
represent changes in the height of the solid surface.

A comparison of the LC79 uplift map (Figure 9) to the ICE-3G and ICE-4G maps (Fig-
ure11) reveals a very similar pattern of uplift. In all three cases there are 3 loci of peak
uplift rates located in the Ross Embayment, the Filchner-Ronne Ice Shelf, and the Antarctic
Peninsula. The Ross uplift is the largest, and the Filchner-Ronne uplift tends to be the second
largest. For ICE-4G the Filchner-Ronne uplift is similar in magnitude to the Antarctic Penin-
sula uplift. Apparently, the CLIMAP spatia pattern of deglaciation has been largely retained
in ICE-3G and ICE-4G.

The largest vertical rates are observed in the Ross Embayment, and reach 17 mm/yr for
ICE-4G and 26 mm/yr for ICE-3G, which is about 50% larger. Apparently this difference is
primarily due to the differences in timing, as the LC79 load predicts about a 40% difference
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in uplift rates at the Prince Olav Mountains between 1CE-3G and ICE-4G timings (Figure 10).

ICE-3G Horizontal Response. The peak horizontal velocities are about 3 mm/yr,
approximately 1/9 the peak vertical rates (Figure 11 c). This is similar to North America and
Fennoscandia, where James and Lambert [1993] found that the peak horizontal rates are about
1/1 O the peak vertical rates for the ICE-3G model. Some parts of the TAM, which have
abundant rock outcrop, are predicted to have horizontal velocities near 3 mm/yr.

ICE-3G Surface Gravity Response. The peak solid-surface gravity change rates (g ) for
1CE-3G reach -4 pgal/yr (Figure 11 d), larger than the peak g rates for the 4 present day mass
change scenarios shown in Figure 7. Comparison of Figure 11a with 11 d suggests that the
ratio g /h= 0. 16 pgal/mm for the viscoelastic response, in contrast to the ratio of around
-0.27 pgal/mm found for the elastic response.

The different g /k ratio for glacia rebound arises because the viscoelastic response
involves mantle flow, and is thus fundamentally different from the elastic response. In the
case of the viscoelastic glacial rebound response there is the usual free-air effect — 2g,/a=
-0.32 pgal/mm (¢ = 6371 km is the radius of the Earth). In addition, regions that are uplift-
ing (subsiding) are experiencing a flow of mantle material into (out of) the region beneath the
uplift (subsidence). If we assume that the uplifting region is sufficiently broad, then the gravi-
tational attraction of the inflowing mass can be approximated by an infinite sheet. With a
thickening rate I, the change in gravity due to the sheet is given by 2rnGp,, h, where Py IS
the density of the inflowing material, and is assumed to be 3350 kg/m? here. This gives a
rat io ¢/h due to the influx of mantle material of about 0.14 pgal/mm. Combining the free-air
and mantle influx yields g/liz —O. 18 pgal/mm, close to the value of —O. 16 pgal/mm found
from examination of Figure 10. The difference is slight, given the simplicity of the infinite
sheet approximation and the adoption of a single mantle density.

Wahr et al. [1995] noted that simultaneous observation of vertical motion and solid-
surface gravity change might provide a basis for separation of the viscoelastic glacia rebound
signal and the elastic present day mass change signal. For glacia rebound g~ —O. 16A, or
h o= —~6.5¢. Assuming g and h are both observed at the same point, then the linear combina-
tion A = i+ 6.5¢, should not contain a glacia rebound signal and isolates the signal due to
present day mass changes.

Mantle Viscosity

The standard viscosity profile for 1CE-3 G/ICE-4G calculations consists of a 2 x10? Pa-s
lower mantle and 102 'Pa's upper mantle. These values are largely constrained by glacial
uplift observations from Fennoscandia and North America [e.g., Wu and Peltier,1982;
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Tushingham and Peltier, 199 1], and perhaps should be interpreted as depth-averaged values of
candidate viscosity profiles that could exhibit substantial radial variation [e.g., Mitrovica,
1996]. A value of 10°'Pa-s may not be an especially appropriate “average’ viscosity for the
upper mantle underlying West Antarctica. In contrast to the relatively stable Archean base-
ment underlying the regions of peak Laurentide and Fennoscandian uplift, West Antarctica has
experienced rifting over an area comparable to the Basin and Range or the East African rift
system [LeMasurier, 1990], probably since the late-Cretaceous [Behrendt et al., 1991 |. Stern
and ten Brink [1989] model the growth of the Transantarctic Mountains (TAM) as a passive
rift shoulder. This implies somewhat elevated upper mantle and lithospheric temperatures
beneath West Antarctica, as might be inferred from a recent tomography study by Roult et al.
[1994] using Rayleigh wave data. /vins and Sammis [ 1995]) converted global seismic velocity
anomaly models to lateral mantle viscosity variations, and found that the mantle viscosity at
350-km depth beneath West Antarctica could be up to 2 orders of magnitude smaller than the
upper mantle viscosity beneath Fennoscandia.

The viscosity of the lower mantle could also deviate significantly from the nominal value
of 2 x10>' Pa's used in the preceding calculations. Lower mantle viscosities from postglacial
rebound modelling can range from 102! to 1023 Pa's [e.g., Nakada and Lambeck,1987] and
models developed to explain global geoid perturbations, heat flow, and plate motion feature
lower mantle viscosities that are substantially larger than upper mantle viscosities. A recent
inversion of glacia rebound decay times and low degree geoid coefficients [Forte and Mitro-
vica,1996] features an increase in viscosity from the transition zone to 1000 km depth by a
factor of 100. Below 1000 km depth the mantle viscosity fluctuates around 10°? Pas.
Another complete global inversion by Mitrovica and Forte [1997] suggests the possibility of a
minimum in the radial viscosity profile of the mantle at 500 km depth, with the local
minimum reaching as low as 1-— 2 X2Q®as The latter profile is rather consistent with
recent full mantle convective simulations with temperature and depth dependent viscosity [van
Keken et al. , 1994].

Uplift rates at Prince Olav Mountains are shown in Figure 13 for the ICE-3G chronology
as a function of upper and lower mantle viscosity; values were chosen to explore the effect of
reducing the upper mantle viscosity and increasing the lower mantle viscosity. This simple
two layer parametrization does not reveal details of the sensitivity of uplift rates to the viscos-
ity profile, but suffices to provide a guide to the range of expected uplift rates. For example,
the viscosity near the bottom of the lower mantle is unlikely to affect uplift rates due to the
limited spatial extent of the West Antarctic uplift [e.g., Mitrovica, 1996]. Substantial uplift
rates (> 10 mm/yr) are predicted for the range of viscosity values considered here, except for
the case where the entire upper mantle viscosity is significantly less than 102" Pa's and the
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lower mantle viscosity is smaller than 5 x 10?!Pa-s.

An alternative Antarctic deglaciation scenario

The models of Antarctic deglaciation considered thus far generally adhere to the spatial
pattern of the CLIMAP reconstruction of Hughes et al. [1981] and Stuiver et al. [1981]. Geo-
logical observations that conflict with the CLIMAP reconstruction are reviewed by Denton et
al. [199 1], who propose a revised model of LGM ice surface elevation, hereinafter called the
D91 model. They caution that their revised model is one of a number of possible interpreta-
tions of the observations. The LGM surface elevations for the CLIMAP reconstruction
[Stuiver et al., 1981] and the D91 reconstruction are shown in Figures 13a and 13b, respec-
tively.

CLIMAP/D91 Comparison. The new interim elevation map of the Antarctic ice sheet
at LGM [Denton et al., 1991] was largely motivated by two new types of information that
bear on its reconstruction. First, the isotopic signatures, '°Be and '*0O, that have been
recovered from the deep Vostok ice core can be used to draw inferences about accumulation
rate changes over the past 150 kyr [Jouzel et al., 1992]. These indicate that a significantly
lower accumulation rate was sustained during glacial times [Lorius et al., 1985; Yiou et al.,
1985] than was assumed in the CLIMAP numerical simulation reported in Stuiver et al.
[ 1981]. Secondly, more detailed studies of the moraine drift sheet stratigraphy in the Transan-
tarctic Mountains and Victoria Land indicate that the East Antarctic plateau has experienced
relatively little change in elevation from last glacial to present-day interglacial time [Denton et
a/., 1989a]. Corroborating evidence of a more limited glacial advance during Pleistocene gla-
cial times has been established in the Dry Valleys region of Southern Victoria Land from
“Ar /¥ Ar dating of volcanic ash deposits [Denton et al., 1993; Marchant and Denton, 1996].

Hence, the new interim reconstruction, D91, has a smaller ice buildup in the Ross
Embayment and essentially negligible ice sheet growth in the interior of the East Antarctic ice :
sheet. Numerous drift sheet moraines in Southern Victoria Land contain material amenable
to '4C dating techniques and Denton et al. [ 1989b] require the recession of the advanced,
grounded ice sheet in the Ross Embayment to be well underway by 13 kyr and essentially
complete by 6.6 - 6.0 kyr. Motivated by new glaciological, geological, and deep ice core
data suggesting that surface accumulation rates were lower than present during the late-
Wisconsin, Denton et al.[ 1989b, 1991] advocate that new reconstructions be smaller at LGM
than the CLIMAP reconstruction. Denton et al. [ 1989b, 1991] also note that the if the current
configuration and strength of ice flow in the West Antarctic ice streams were to be maintained
during isotope stages 5 through 2 (120 - 11kyr), then a more minimal istic reconstruction of
the West Antarctic LGM ice sheet is quite plausible.
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The main differences and similarities between the CLIMAP and D91 models can be
summarized as follows. (1) In East Antarctica the D91 reconstruction is slightly thinner, but
extends further over the continental shelves. (2) Although both models feature a similar
advance of the ice sheet onto the Ross Sea continental shelf, the D91 reconstruction is
significantly thinner in this region, such that ice would have flowed across the TAM from
East Antarctica, rather than parallel to the TAM. (3) The ice sheet extends somewhat further
seaward into the Weddell Sea in the D91 model. However, like the Ross Sea, the D91 recon-
struction is thinner than the CLIMAP model over the present day Filchner-Ronne ice shelf.
(4) The CLIMAP model has a large, continental-scale dome in East Antarctica, and a much
smaller dome in the Antarctic Peninsula. In contrast, the D91} reconstruction features a com-
plex of 3 ice domes in West Antarctica.  The Antarctic Peninsula dome is enhanced, and pro-
vides the dominant uplift signal. In addition, smaler domes are located near the Ellsworth
Mountains and the Executive Committec Range.

Obtaining the D91 Surface load Model. To obtain an estimate of the present day
uplift due to the D91 model, it is necessary to estimate the change to the surface load that
occurred since LGM. This is complicated by the fact that an ice sheet thickened by an
amount A/ causes the Earth’s crustal surface to depress by an amount AD X p;... /p,,,, assum-
ing complete, localisostatic response with ice density p;., = 920 kg/m* and mantle density
p,, = 3350 kg/m’. This gives an effective change in elevation AE of the ice sheet of
AE = AD (p,, - Pice Vp,, =073 AD. If it is the change in the ice sheet elevation AE that is
provided. the change in ice thickness AD that causes a change in the surface load is given by
AD = 1.38AF. The grounded 1L.GM ice sheet expanded over regions that are now submerged.
flere the present day water load must be expressed as an equivalent ice elevation and
differenced with the LGM ice surface elevation to correctly determine an effective change in
ice height AE that contributes to a real change in the hydrological surface load (= p;.. goAD ).

The D91 surface elevations were digitized using the 1CE-3G Antarctic grid. Present-day
ice surface elevations (or equivalent ice elevations over water covered regions) were obtained
from digital files of bedrock elevation and ice thickness [Radok et al., 1986] and the change
in ice thickness that causes a change in the hydrological load was then determined. The D91
load provides 24.5 m in eustatic sea level rise, 12% more than the 21.8 m provided by ICE-
4G and 18% less than the L.C79 load. To permit direct comparison with 1CE-4G [Peltier,
1994], uplift rates (Figure 14) were computed assuming deglaciation begins at 12 kyr and
ends at 5 kyr. The ICE-3G/ICE-4G standard mantle viscosity profile was utilized, and sum-
mation was truncated at harmonic degree 120.

D91 Crustal Response. The changes made to the CLIMAP model to obtain the D9t
model profoundly alter the crustal response pattern compared to ICE-3G or ICE-4G (Figures



14

-25-

1 laand 1 Ib), shown in Figure 14. The largest uplift rates (= 17 mm/yr) are predicted north
of the Ellsworth Mountains at the base of the Antarctic Peninsula. A secondary, relatively
broad, zone of uplift is located in the Ross Ice Shelf and extends north toward the Executive
Committee Range. Peak rates on the Ross Ice Shelf are ® 10 mm/yr. As with the other
models, Fast Antarctica exhibits small rates, except regions between Syowa and Davis
(Enderby Land) and near Casey and Mt. Melbourne, where uplift somewhat in excess of 4
mmv/ yris predicted. Peak horizontal rates are predicted to be somewhatin excess of I mm/yr,
and peak secular solid-surface gravity rates reach -2.4 ugal/yr north of the Ellsworth Moun-

tains.

Discussion
Our predictions of rapid ongoing postglacial uplift in West Antarctica, with />5 mm/yr
over large areas, are a robust feature of the models examined here. Observation of substantial
vertical rates would rather unambiguously imply an important, and probably dominant, glacial
rebound contribution. Present day ice mass imbalance could also give a significant crustal
motion signal exceeding 5 mm/yr, although this response is likely to be of a more regiona
nature.

The TAM form an impressive continental-scale topographic feature, their uplift related to
Cenozoic extension of West Antarctica. Tectonic uplift rates in the TAM could be as large as
I mw/yr [Behrendt and Cooper, 199 1], but a variety of dating constraints suggest this to be a
very conservative upper bound [ Wilch et al., 1993; Sugdenet a., 1995]. Analogous continen-
tal rift systems are generally consistent with this upper bound for tectonic rates. For example,
geodetic measurements in the northern Ethiopian rift valley have determined horizontal exten-
sion rates of about 3 - 5 mm/yr [Mohr et al., 1978] and such rates probably bound the hor-
izontal rates associated with present day tectonics in Antarctica. Tectonic effects may there-
fore not be of critical importance to the interpretation of future GPS-based vertical crustal
motion observations in Antarctica, although at least one local network has been designed with
possible volcanogenic crustal deformation in mind {Gubellini and Postpischl, 1990].

Present and Past Antarctic Mass Balance

Present Mass Baance. The question of the present day mass balance of the Antarctic
ice sheet remains critical to understanding present day sea level change. The combination of
crustal motion (GPS) and surface gravity change observations proposed by Wahr et al. [1995]
can, in principle, remove the viscoelastic “rebound” motion from the present day elastic
response. However, the gravity signatures predicted here could be small compared to the
direct hydrological effect of nearby changes to the ice sheet, suggesting that gravity



- 26 -

observations may in some instances have a direct role to play in determining local ice sheet
balance.

The secular gravity changes due to present day mass imbalance that are presented here
assume that any nearby ice sheet change occurs at the same elevation as the observation point,
and so does not contribute directly to the computed gravity change. The computed secular
gravity change presented here is therefore sensitive mainly to the local vertical motion caused
by the changing ice mass. To see how big the direct hydrological effect could be, consider an
observation point located above the changing ice sheet, such as a nunatak protruding above
the ice. An upper estimate of the direct attraction can be obtained by noting that the mass
attraction of an infinite sheet of ice changing thickness uniformly at a rate his given by
2np;.. Glz. For a 200 mm/yr thickening, corresponding to the Pine Island Glacier, this gives a
secular gravity change of 7.7 uGal/yr, which is about twice as large as the largest postglacial
rebound g prediction. This estimate naturally gives an upper bound on the direct mass attrac-
tion, but even one-half of this value, corresponding to measurements on an outcrop with finite
width, could provide the dominant signal at some Antarctic sites. Bedrock absolute gravity
observations could possibly play a rather more direct role in directly constraining local ice
sheet balance than simply being used to remove the rebound signal.

Past Mass Balance. This study dots not exhaust the range of possible Antarctic degla-
ciation scenarios, and the dating of features related to former ice sheet extent and retreat
remains a critical issue. Denton et al. [ 1991] caution that their interpretation of the observa-
tions leading to the D91 model is only one of a number of possibilities and that their revision
is not based on rigorous numerical modelling. For example, Kellogg et al. [ 1996] still favour
an 1.GM reconstruction similar to CLIMAP in the Transantarctic Mountains and Ross Embay -
ment. In contrast, icc sheet modelling of the Antarctic Peninsula features ice heights greater
than 3000 m at LGM[Payne er al., 1989], which is even larger than that proposed in the D91
model. In addition to the crustal motion observations proposed here, other future constraints
that can be brought to bear on the question of the history (timing, size, and magnitude) of the
Antarctic ice sheet include further high-resolution ice and marine core analyses, dating of rock
surfaces through cosmogonic isotopes, and geomorphological mapping and interpretation
accompanied by three dimensional numerical modelling of ice sheet dynamics.

The viscoelastic calculations presented here do not incorporate possible recent Antarctic
ice mass changes. Wahr et al. [1995] found that a numerical model of Antarctic ice mass bal-
ance for the past 1 kyr produces as large a viscoelastic crustal response as the early Holocene
ICE-3G chronology. Three dimensional numerical ice sheet modelling incorporating a realis-
tic bedrock response leads to present day crustal rates in excess of 50 mm/yr over large por-
tions of West Antarctica [Le Meur and Huybrechts, 1996], suggesting that the predictions
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given here may in fact underestimate the present day Antarctic rebound signal. However,
their models feature a substantial mass input to the oceans during the past 4 kyr, apparently
conflicting with requirements of far-field sea level variability wchich is constrained to within 1
-2 m {Lambeck, 1996]. Further three-dimensional ice sheet modelling incorporating a realis-
tic bedrock response is needed to resolve these and other issues.

The key outcome of this study is the large postglacial rebound signal predicted for rea
sonable variations in a range of model parameters. The main points are summarized in the

following.

Antarctic Postglacial Uplift: Key Parameters

Size of Load. The large crustal rates predicted here could be revised downward if future
1.GM Antarctic reconstructions are smaller. Early CLIMAP-based models feature 25 to 30 m
equivalent contribution to postglacial sea level rise (LC79, 29 m; 1CE-3G, 26 m), whereas
later models feature 20 to 25 m contribution (ICE-4G, 21.8 m: D91, 24.5 m). demonstrating a
trend toward smaller Antarctic LGM reconstructions.  Colhoun et al. [1992] has even taken
the view that the sea level contribution is as small as 2 meters, based on observations of
raiscd beaches in Victoria Land. However, assuming that gecomorphological features cited by
Denton et al. [1991] in explaining the D91 reconstruction are, indeed, related to LGM (and
not an earlier glacial maximum), then substantial growth of the West Antarctic ice sheet at
1.GM seems to be required.

Viscosity Structure. Large rates, similar to those predicted using the ICE-3 G/ICE-4G
standard viscosity structure (lower mantle 2 x 10°'Pa- s, upper mantle 102! Pas), are
predicted for a fairly wide range of smaller upper mantle viscosities and larger lower mantle
viscogities.  Only if the entire upper mantle viscosity is reduced substantiality and the lower
mantle viscosity is near or below its nominal value, are uplift rates reduced by more than
50%. East Antarctica has not undergone the rifting episodes inferred to have occurred in
West Antarctica, and is likely to have a colder, more viscous, upper mantle [e.g., Stern and
ten Brink, 1989]. The TAM mark the tectonic boundary between East and West Antarctica
It is possible that sites in the TAM, such as the Dufek Massif and the Prince Olav Mountains,
may be subject to larger glacial rebound uplift rates owing to effectively larger upper mantle
viscosities than sites located wholly within West Antarctica, such as the Executive Committee
Range.

Timing. An issue critical to the prediction of the crustal response is the timing of degla-
ciation, as shown in Figure 10 for the LC79 load. The ICE-4G model features Antarctic col-
lapse between 12 and 5 kyr [Peltier, 1994]. This timing may have to be adjusted slightly in
some regions. For example, on the Antarctic Peninsula, Clapperton and Sugden [1982]
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consider the ice cover to have been stable since at least 6.5 kyr, suggesting that the latter
phases of ICE-4G deglaciation on the Antarctic Peninsula are somewhat tardy. As another

“example, Licht et al. [1996] place the maximum extent of the LGM ice sheet in the western
Ross Sea about 250 km from the shelf edge at approximately 74.5° S. They suggest that the
ice sheet had retreated about 100 km to the Drygalski ice tongue (75.5° S) by 11.5 kyr, and
that the Ross ice shelf reached its present location around 7 kyr. Therefore, for this region
the ICE-4G timing may also be dlightly too late.

If the ICE-4G Antarctic timing is too late, the uplift rates shown in Figure 14 for the
D91 model with ICE-4G timing would have to be adjusted downward. Assuming that a more
appropriate timing features deglaciation beginning at the same time (12 kyr), but ending 2 kyr
earlier at 7 kyr, the approximate reduction factor can be estimated from Figure 10. The uplift
rate at Prince Olav Mountains using the LC79 load and ICE-4G timing is about 12 mm/yr. If
deglaciation ends 2 kyr earlier, at 7 kyr, then the uplift rate would only be 10 mm/yr, a reduc-
tion of 20°/0. If deglaciation started at 14 kyr instead of 12 kyr, the uplift rates would then be
reduced to about 8.5 mm/yr, which is about a 30°/0 reduction. The Earth’s variable response
to changes in timing does not scale exactly between differently sized loads, or even between
different locations with the same load, so this calculation should only be used as a rough
guide. The important point is that even when the D91 uplift rates given in Figurc 14 are
reduced by 1/3, corresponding to a 2 kyr shift backward in timing of deglaciation, there are
still large regions of West Antarctica predicted to be undergoing substantial uplift.

Spatial Pattern. A primary outcome of this study are the large differences in predicted
crustal response between different glacial rebound models. For example, D91 is constructed
to have its timing of deglaciation similar to ICE-4G, and provides a similar size mass load
change (24.5 m eustatic sea level contribution vs. 21.8 m for ICE-4G), yet Table 3 shows that
interior West Antarctic sites can differ by a factor of two or more in their crustal responses.
Mt. Ulmer (I CE-4G, 2.5 mm/yr; D91, 12 mm/yr), Prince Olav Mountains (ICE-4G, 11.9
mm/yr; D91, 6.5 mm/yr) and Basen (ICE-4G, 1 mm/yr; D91, 6.6 mm/yr) are perhaps most
notable in this regard.

Summary

Since the CLIMAP report [Denton and Hughes, 1981 ] considerable progress has been
made on elucidating the glacial history of Antarctica since LGM, yet much remains to be
determined.  First order questions, like the number and location of ice domes in West
Antarctica and the timing and nature of ice sheet retreat in the Ross and Weddell Seas, are
only partially answered. Arguably, the amount of Antarctic ice sheet growth at LGM is only
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known to an order of magnitude. Basal till conditions play a crucial role for stability and
growth of a more extensively grounded ice sheet during the last global glacial period
[MacAyeal, 1992], but their role is not yet fully clarified.

The calculations presented here provide quantitative input for strategies designed to
measure present day Antarctic postglacial rebound. Such observations could supply con-
straints on the size, shape and timing of Antarctic ice sheet evolution during Northern hem-
ispheric deglaciation (22 - 6 kyr B.P.), providing input for paleoclimate and paleoceano-
graphic models. Well detertnined uplift rates at a few selected inland sites in West Antarctica
could help determine whether the CLIMAP [Dentonand Hughes, 1981] or D91 [Dew/cm et
a/., 1991 | reconstruction more accurately portrays the ice sheet at LGM, and thence guide
future ice sheet reconstructions.

A given crustal motion or surface gravity observation in Antarctica is potentially the sum
of an elastic crustal response to present day ice mass changes and a viscoelastic response to
past ice changes. The viscoclastic signal may include the response to more recent, although
smaller, ice mass changes, perhaps related to continuing draw-down or adjustment following
the larger late Pleistocene and early Holocene ice sheet reduction. Recent events drive a more
robust response [Le Meur and Huybrechts, 1996], as demonstrated in Figure 10 for the LC79
load. Although we argue that postglacial rebound is expected to dominate over large regions
of West Antarctica, in practice both the elastic and rebound responses are “signal”, and
separation of the two effects should be sought. Other direct glaciological observations must
be considered along with simultaneous observation of crustal motion and secular surface grav-
ity [ Wahr et a, 1995]. Monitoring mass balance related parameters, such as total moisture
flux into the continent [Conrad and Hager, 1995] and melting, freezing, and calving at the ice
sheet margin, is fundamental.

A substantial viscoelastic postglacial rebound response is expected to dominate crustal
motion over large regions of West Antarctica. An €elastic response to present day mass imbal-
ance is generally predicted to be smaller in amplitude, but this must be confirmed on a site-
by-site basis through glaciological or geodetic observation, Expansion of a program to
observe crustal uplift with continuous GPS tracking in the Transantarctic Mountains [Raymond
et al., 1997] to other West Antarctic sites could aid in resolving some of the most basic ques-
tions concerning Antarctica’'s late-Pleistocene and Holocene mass balance.



Appendix

Expressions (14), (18), and (22) are highly simplified for the case of a purely elastic
response. The terms in square brackets are replaced by the elastic responses U¢, 1</, and
G¢', and the time index  is not required. We have

low oo [, .
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These relations can also be written in terms of elastic Love numbers. For the vertical dis-
placement we have
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and similarly for the other responses.
For disks of identical radius a mass proportionality factor enters and the coefficients L,,
simplify tol, x D,/D,=1, XD ‘i, where L, isthe Legendre coefficient corresponding to a

reference height 1. For example, for the vertical displacement
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has the advantage that the response can be computed more efficiently. Defining the vertical
displacement disk Green’s function as X, (v) gives

X, (V)= -2’ “1¢'P, (cow) (Ada)
He n= OYII
ldnA
Sr,diskv ’ ZD ’i)(r(oi ) (A4b)

i=1
If the “disk” is a unit point mass, then L, = v, ,and (A4a) describes the well known elastic

vertical displacement Green's function for a point mass, as tabulated, for example, by Farrell
[1972].
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Figure Captions

Figure 1. Antarctic location map. Twelve sites where crustal motion and solid-surface grav-
ity predictions are tabulated are marked with a filled circle. Site locations are given in Table
L

Figure 2. Definitions for computing the response to surface loads expressed as a number of
spherical caps or disks. In the (O, A) coordinate system of co-latitude and east longitude,
referenced to the pole of rotation Z, spherical cap i, with radius o, is located at (8;,};).
The cap is an angular distance v, from an observer at (0,%). Relative to this observer, the
disk load has an azimuth 3; measured clockwise from the north pole.

Figure 3. Four scenarios of present day Antarctic ice sheet mass change derived from Bentley
and Giovinetto [1991] (Scenarios 1, 2 by Mass, and 2 by Area) and Jacobs et al. [1992] (J92
Scenario). imbalance is represented in mm/yr of ice thickness change. A detailed description
of the construction of these scenarios is given in James and Ivins [1997]. Filled circles
correspond to the 12 localities identified in Figure 1 and Table 1.

Figure 4. Elastic vertical displacement due to removal of a spherical cap (or disk) load
corresponding to 1 m of ice thickness (assumed ice density p;,.. = 917 kg/m*). The response
is computed at the center and edge of the load for a range of cap radii using Farrell’s [1972]
vertical displacement Green's function and numerically integrating over the load (triangles).
Also shown (+) is the essentially identical response obtained by summing vertical displace-
ment elastic Love numbers (h,j”) for the 1066B Earth model to degree 512, as described in the

appendix.

Figure 5. Vertical crustal velocities h arising from the 4 Antarctic scenarios of present day
mass change (mm/yr) shown in Figure 3. Contour interval is 2 mm/yr for the J92 Scenario,
otherwise Imm/yr. The response shown here is what would be measured on a rock outcrop,
and does not include the viscoelastic response to past ice changes, nor the change in ice thick-
ness that would be observed on the ice sheet.

Figure 6.Same as Figure 5, but for the horizontal crustal response /. Scale shown in center
of figure.
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Figure 7. Same as Figure 5, but for the rate of change of solid-surface gravity g. The con-
tour interval is 0.8 ugal/yr for the J92 scenario, otherwise 0.4 pgal/yr.

Figure 8. A reconstruction of the Antarctic ice sheet at Last Glacial Maximum (1.(79 load,
see text for details) which was derived from the early modelling of Hughes et al. [1981].
Shown is the portion of the load that contributed to a change in global sea level. Contour
interval 500 m. After Lingle and Clark [1979]; see their Figure 3.

Figure 9. Vertical crusts] velocities in response to the LC79 load. Deglaciation is assumed to
begin at 9 kyr and end at 4 kyr, similar to the Antarctic portion of the ICE-3G deglaciation
history of Tushingham and Peltier [1991]. Earth structure 1066B is assumed. Thickness of
the lithosphere is 120 km and upper and lower mantle viscosities are 10°! and 2 x 102! Pas,
respectively, consistent with Tushingham and Peltier [1991]. (All subsequent results for
viscoelastic response, including those reported in Table 3, but excepting Figure 12, assume
this structure. and lithospheric thickness). The Prince Olav Mountains are marked with a dia-
mond, other tabulated crustal motion sites are marked with a circle. See Figure 1 for site
names. Contour interval is 4 mm/yr.

Figure10. Effect of timing on predicted postglacial uplift rates. Uplift rates (mm/yr) are
shown for the Prince Olav Mountains (marked with a diamond in Figure 9) in the Transan-
tarctic Mountains due to the LC79 load as a function of the beginning and ending times of
deglaciation. The timings appropriate to the Antarctic portions of the ICE-3G and ICE-4G
glacial rebound histories are a'so shown.

Figure 11. Crustal response to the ICE-3G [Tushingham and Peltier, 1991] and ICE-4G{Pel-
tier, 1994] glacial rebound models. Shaded areas show regions with outcrop in the Transan-
tarctic and Ellsworth Mountains. (a) ICE-3G vertical velocity /. (b) ICE-4G vertical velocity
h (c) ICE-3G horizontal velocity l. (d) ICE-3G solid-surface gravity change rate g. Con-
tour- intervals 4 mm/yr (4 ) and 0.8 pgal/yr (2 ).

Figure 12. Present-day uplift rates (mm/yr) at Prince Olav Mountains (marked with a dia
mond in Figure 11a) for the ICE-3G glacial rebound history, plotted as a function of the loga-
rithms of upper and lower mantle viscosity. Subordinate axis tickmarks are located at factors
of 2 and 5 times the major tickmarks.
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Figure 13. Antarctic ice surface elevations at Last Glacia Maximum (LGM) for (@) the
CL] MAP reconstruction [Stuiver et ai, 1981 ] and (b) the Denroner al. [1991] (D91 ) recon-
struction. The D91 reconstruction is revised from the CLIMAP reconstruction for the East
Antarctic ice sheet and Hughes et al.’s [1985] reconstruction for the West Antarctic ice sheet.
Contour interval 500 m; elevations are given above present day sea level.

Figure 14. Crustal response rates (vertical and horizontal crustal motion and secular solid-
surface gravity) driven by the D91 LGM load reconstruction. Deglaciation is assumed to
begin at 12 kyr and end at 5 kyr, similar to the timing of the Antarctic portion of ICE-4G;
upper and lower mantle viscosities are 102! and 2 x10%! Pa's, respectively.
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T'able 1. Antarctic Site Locations

North East
Site Latitude Longitude
Syowa -69.01 39.59
Davis® -68.58 77.97
Casey” -66.28 11052
Mt. Melbourne -74.70 164.60
McMurdo” -77.84 166.67
Prince Olav Mountains -84.60 188.00
Executive Committee Range -77.00 234.00
Mt Ulmer -77.39 273.7S
Independence Hills -80.51 278.33
O Higgins® -63.32 302.10
Dufek Massif -82.59 307.50
Basen -73.05 346.60

“ International GPS Service (IGS) tracking sites
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Tabie 2. Vertical 4 and Horizontal! Crustal Motion and Secular Solid-surface Gravity g Predictions for Present Day Scenarios

h { (Magnitude, Azimuth”) g
Sitc 1t 2M  2A  I® | 2M 2A 192 ! M 2A J92
Syowa 00 -07 -05 06 00 1&g 92 185 02 475 o | 6 000 023 016 -0.17
Davis 00 -19 -08 35 00 141 04 14 03 165 12 359 00l 0.3 0.24 092
Cascy 0.0 -13 05 41 00 5 04 193 02 190 O1 191 00l 037 047 003
Mt. Melbourne 0i -6 09 04 00 18 01 305 01 250 02 335 004 046 025 0.0
McMurdo 02 .10 -07 00 01 27 02 280 02 231 03 306 o,07 029 020 _gn
Prince OlavM. 04 -08 08 16 00 199 01 223 02 202 09 302 910 028 023 -045
Exec Comm R. 03 0.8 0.7 0.4 0.1 Wl 0.2 gs 02 98 04 25 o040 026 022 )
Mt. Ulmer 31 -34 33 12 08 255 08 246 08 232 1.1 267 08 094 089 027
Independence Hills 08 -1.3 17 39 04 297 04 300 03 278 19 329 024 039 048 107
O Higgins 00 -03 02 03 00 237 02 i8&% 01 181 01 39 001 010 005 -0.08
Dufek Massif 01 07 -10 69 01 257 ol 26 02 171 16 343 o004 02y 031 187
Basen 26 20 -09 01 05 300 05 112 03 M6 03 61 -068 054 025 -0.04

Crustal motion isin mmyr and secular solid- surface gravity isin pgal’yr.
“ Azimuth n degrees east of north
tlisscenario 1 2A, scenario 2 by arca: 2M. scenario 2 by mass; J92, J92 scenario.
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Table 3. Vertical h and Horizontal / Crustal Motion and Secular Solid-surface Gravity g Predictions for Deglaciation Scenarios

h ! (Magnitude, Azimuth”) £

Site LC79  ICE-3G  ICE-4G D9 LC79 ICE-3G D91 LC79  ICE-3G D9l
Syowa 07 0.8 1.6 b 08 16 0s 182 02 9% -014 0.1 -0.18
Davis 2.0 2.7 2.0 1.0 0.4 198 07 158 01 152 033 041 -0.16
Casey 43 2.8 1.9 3.4 01 350 05 173 05 237 074 045  -05s
Mt Melb. 0.6 2.0 -1.0 46 06 143 09 171 05 112 -006 036  -0.76
McMurdo 6.9 0.1 0.2 37 05 355 02 331 05 168 -1.05 0.1l 0.5
Pr.Olav M. 17.2 16.9 11.9 65 29 221 28 o 1.2 233 261 22,60 -1.00
txec. Comm. 3.7 44 42 76 08 354 10 10 05 75 -047 088 -1.19
Mt. Ulmer 2.1 44 25 120 05 222 o4 201 15 229 -0.l6 -0s4 -187
Indep. Hills 85 112 75 95 21 285 13 285 1.1 229 -ll6  -1.65  -1.44
O’Higgins 6.7 36 4.0 -18 10 70 08 66 06 191  -1.12 -0.58 0.28
Dufek Massif 19.8 14.6 &6 84 17 101 12 120 10 140 -3.09 224 -1,30
Basen 0.1 0.1 1.0 6.6 10 216 07 209 10 235 0.01 0.02 -1l

Crustalmotion isinmm/’yr and secular solid-surface gravity isin pgal/yr.
Azimuth in degrees east of north
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