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Abstract. We have reexamined the role played by 
transient rheology in the interpretation of mantle 
viscosity. This investigation has been carried out by 
comparing the amplitude responses with the data of 
secular variation of J2, the relative sea-level histories at 
sites well within the ice margins and at the ice margin 
like the city of Boston. A linear Burgers' body theology 
has been assumed in the lower mantle. The data near 

the edge of the ice load proves most sensitive to the 
transient viscosity structure. The non-monotonic 
behavior of sea-level data near Boston can be explained 
both by a steady-state lower mantle viscosity of 10=P 
with a thick lithosphere and also by a transient lower 
mantle theology but with a thin lithosphere. The long- 
term viscosity of the lower mantle in this second model 
has a steady-state value of around 5x 10•3P. 

Introduction 

The inference of mantle viscosity from various geo- 
physical signatures induced by postglacial rebound have 
traditionally been based on the assumption of steady- 
state creep (e.g. Cathies, 1975; Peltier and Andrews, 
1976). With the exception of the work of Post (1977) 
and Peltget et al. (1980), unfortunately transient creep 
has not been studied, either experimentally or theoreti- 
cally, as extensively as has steady-state creep. Peltget 
et al. (1980) concluded that the effects of transient 
theology were probably weak. 

There are several reasons why the above analysis is 
not conclusive in ruling out transient rheology in glacial 
isostasy. First, the basic argument of Peltget et al. 
(1980) was based on the relaxation time of the /=6 
mode of an homogeneous Earth model, which was then 
used to compare with the free decay regime relaxation 
time from a site near the center of the Laurentide ice 
sheet. Thus there was no explicit use of the amplitude 
responses excited by the surface forcing. It is our inten- 
tion here to readdress this question by employing a 
multilayered viscoelastic model (Yuen et al., 1982; 
Sabadini et al., 1984) in order to calculate the dynami- 
cal responses of the mantle for transient rheologies. 
The theoretically-derived amplitudes are then compared 
with the J2 and the relative sea-level histories near the 
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center of the ice sheet and near the former ice-sheet 

margin. 
Although there has been considerable research of 

transient rheology in metallurgy and ceramics, not 
much has been accomplished in mantle material save 
for the work of Post on olivine (Post, 1977). Joncich 
(1976) also studied the transient creep of ice. 

Transient Creep Model: Burger's Body Rheology 

A well-known mechanical analog which is commonly 
used in metallurgy to quantify transient theology is the 
Burgers' body theology, which has been proposed by 
Peltget et al. (1981) and Yuen and Peltget (1982) as 
capable of explaining geodynamical phenomena span- 
ning both short and long timescales. Here we will 
employ this theology within a linear framework which is 
well suited for theoretical implementation by means of 
the correspondence principle. Both Post and Joncich 
have used the Burgers' body rheology in analyzing their 
transient creep data and have quantified the parameter 
values which can be used in theoretical modelling. 

The Burgers' body theology consists essentially of 
the superposition of a Msxwell and a Kelvin-Voigt ele- 
ment, representing respectively long-term and short- 
term viscoelastic behaviors. For an incompressible 
Earth model the Burgers' body is completely specified 
by four parameters (v•, •u•, v2,/•2). One of these param- 
eters, •, the unrelaxed shear modulus, is in common 
with the Hookean elastic solid of the Earth determined 

from seismology. The long-term viscosity v• is asSoci- 
ated with the process of thermal convection in the man- 
tie. The remaining variables v2 and/•2 are respectively 
short-term viscosity and rigidity associated with the 
Kelvin-Voigt element. At this point it is necessary to 
introduce the appropriate Laplace-transformed shear- 
modulus •(s) for the Burgers' body (Peltget et al., 
1981), Yuen and Peltget (1982)). It is given by 

+ 

In this study we will only consider the possibility 
that the lower mantle below 670 km depth could 
behave in a transient fashion for timescales less than 

l0 t to 105 yrs (Weertman, 1978), owing to the small 
creep strains involved in postglacial rebound. A four- 
layer analytical model based on the formulation of 
Yuen et al. (1982) and Sabadini et al. (1984) has been 
employed. This model then comprises an elastic litho- 
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Fig. 1. Secular variation of Jz after the end of deglacia- 
tion, taken as origin time. Observational data are 
taken from Yoder et al. (1983) and positioned according 
to the ice-age chronology by Peltier and Andrews 
(1976). All the calculations derived from the Burgers' 
model are based on a fixed value of the ratio //1///2 •--- 
10. In fig. (la) curve 1 is based on the Maxwell model 
with Vl = 2 x 10toP. The Burgers' theology is used for 
both curves 2 and 3 where the steady-state viscosity is 
the same as in curve 1; curve 2 corresponds to 
., = 3 to = fig. 
curves 1 and $ are based on Maxwell rheology with 
--- 5 x 102sP and 1021P, respectively. Curves 2, 3 are 
derived from the Burgers' model with • -- 5 x 102sP 
and /•2 =/•/5 are used for curve 4 while curve 6 is 
based on a standard-linear solid with •2 = 102sP, 
/• =/•/5. 

sphere, an upper mantle with a Maxwell rheology, a 
lower mantle with a Burgers' body rheology and an 
inviscid core. The physical parameters of the density 
and rigidity can be found tabulated in the NP model of 
Yuen and Sabadini (1984). Continuity of normal stress 
is assumed at the interface between the upper and 
lower mantles. 

A total of nine normal modes is found for each 

angular order. Six of them can be traced back to the 4- 
layer Maxwell model (Sabadini et al., 1984). The other 
three modes are supported by the transient aspects of 
the lower mantle Burgers' theology. All three of these 
modes cannot be neglected for the purpose of amplitude 
calculations. 

From the laboratory data of Post one finds that 
both us and /•2 have considerably smaller values than 
their long term counterparts. As there has been very 
little laboratory work on lower-mantle theology, we 
shall make the important assumption that transient 
creep in the lower mantle would behave similarly to 
olivine. 

We will keep the viscosity of v• of the MaxwellJan 
upper mantle fixed at 1022P. Also held constant 
throughout is the ratio of v2/v• -- 0.1 in the lower man- 
tle. We have constrained /• to lie between 0.1 and 0.2 
of/• in the lower mantle. These particular values are 
chosen on the basis of Post's data. It is easy to see 
physically that a softer /•2 relative to /• would poten- 
tially enable a greater amount of transient strain to be 
stored in the Kelvin-Voigt element. Thus the ratio 
/•2//• is an important parameter to be determined in 
transient creep experiments. 

Comparison of Theoretical Predictions With 
Observed Sea-Level and Rotational Data 

The data sets we will use in this preliminary study 
are the J2 variation measured from the LAGEOS satel- 
lite data {Yoder et al., 1953), the relative sea-level data 
in the center of the Laurentide ice sheet {Wu and 
Peltier, 1982) and at the peripheral edge of the ice mass 
{Peltier, 1984), in particular, the site at Boston. It is 
well known {O'Connell, 1971; Nakiboglu and Lainbeck, 
!980) that for the glacial rebound problem the non-tidal 
acceleration of the Earth's rotation or, equivalently, J2 
can be fit by two very different viscosity values, one 
with O(I•'P), the other between 0(1023P) and O(102'P). 
In Fig. 1 we show the differences in the way transient 
theology in the lower mantle would affect these two 
solutions. The forcing used is equivalent to 90 m of 
sea-level rise in the northern hemisphere and 25 m from 
partial disintegration of the Antarctic ice sheet (Yuen 
et al., 1982). At time t =- 0 complete deglaciation is 
assumed to have taken place. The uncertainties in the 
termination time of the last glacial event are between 5 
to 7 x l0 s yr. BP. Five previous glacial cycles have been 
considered in this set of calculations show in Fig. i, 
where the lower and upper viscosity solutions are 
displayed respectively in Fig. la and lb. Curve (1) in 
Fig. la is associated with a purely Maxwell lower man- 
tle with a viscosity of 2 x 10•P. Curves (2) and (3) 
have • = 2 x 1022P and •2 -- 2 x 10toP. For 
/•2=/•/10 the distortion from transient theology 
becomes greater. But still the general conclusion from 
Fig. la is that the lower branch solution is not much 
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Fig. 2. Comparison of predicted and observed relative 
sea level histories at the center of the ice sheet. The 

data are taken from Wu and Peltier (1982). Curves 1 
and 5 are based on the Maxwell model, with • = 2 x 
1022P and 5 x 102•P, respectively. Curve 4 is based on 
the S.L.S. theology with parameters v2 = 5 x 10•P, 
/•2 =/•/5. The Burgers' model has been used for 
curves 2, 3 and 6 (dashed) where the ratio •/•2 -- 10 is 
kept constant. Curves 2 and 3 correspond to • = 5 x 
102•P and /•2 = /•/10, /•2 =/•/5. A high viscosity 
value (•, = 102'P) has been used for curve 6 (dashed) 
together with/• -- •/10. 
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Fig. 3. Comparison of predicted and observed relative 
sea level histories at the ice margin {O -- 15'). In fig. 
(3a) the lithospheric thickness is tLxed at 120 km except 
for curve 2 where 200 km has been used. The curves 1, 
2 and 4 are based on the Maxwell rheology and the 
lower mantle viscosity is v• = 1022P for curves 1 and 2; 
v! = $x1023P for curve 4. Curve 3 is based on the 
S.L.S. model and the values of the parameters are 
v2 = 5x1023P, and/•2 = /•/5. In fig. {3b) curves 1 to 5 
are based on the Burgers' model and have lithospheric 
thickness of 120 kin. Curves 1 and 2 have theological 
parameters /•2 = /•/10 and /•2 = /•/5, respectively, 
with •,• -- 5 x 1023P. Curves 3 and 4 correspond to •,• 
-- 2 x 1023P and /•2 = #•/10, /•2 = /•/5. Curve 5 
represents the case when the density of the lithosphere, 
upper and lower mantle is kept the same with •,• = 2 x 
1023 ,/z 2 =/•1/5. The lithospheric thickness has been 
increased to 200 km for curve 6 based on the Burgers' 
model. 

influenced by the presence of transient theology in the 
lower mantle. 

By contrast, the effects of transient rheology are 
much more apparent for the upper branch (cf Fig. lb}. 
Transient solutions with Burgers' body theology {curves 
2, 3 and 4) have a much higher rate than the Maxwell 
solutions {curves 1 and 5). Curve {6} is derived from 
using a standard-linear solid (S.L.S.) theology in the 

lower mantle with a short-term viscosity •'2 of 1023P, a 
value proposed for the time-span of 0(104yr) by the 
transient creep model based on dislocations (Anderson 
and Minster, 1979). From curves (1) and (5) we 
observe that the higher-branch viscosity solution for the 
Maxwell model lies between 5 x 1023 and 102•P. These 
values are close to the steady-state viscosity •] of the 
Burgers' theology associated with the upper-branch (cf. 
curves 2, 3 and 4). Hence, as far as the inversion of the 
steady-state lower mantle viscosity is concerned, the J2 
data base is not too much influenced by the presence of 
transient theology, although a more precise delineation 
of the termination time of deglaciation will certainly 
place more stringent bounds on the theological 
parameters of the upper-branch solutions. 

Relative sea-level histories can provide another 
means of testing the transient theology model, since the 
amplitudes excited would involve a wide span of 
wavelengths, in contrast to the rotational data which 
deals with only the degree two harmonic. We have 
constructed analytically approximate relative sea-level 
histories from radial displacement calculations. The 
details are given elsewhere. The glacial forcing is a disc 
load with angular radius 15 ø (about Laurentide size). 
The ice sheet with a total mass of 1.6 x 10 l• kg main- 
rains a parabolic shape with the maximum thickness of 
3000 meters. We have taken a simple time-history of a 
Heaviside function H(t - to) where to -- 12,000 yr BP, 
the time of total ice disintegration. To insure conver- 
gence, especially near the ice margins, we have summed 
up to angular order I -- 100 in calculating the radial 
displacement. For the transient theology the Green's 
function consists then of 900 normal modes. 

In Fig. 2 we compare the observed and predicted 
sea-level histories in the center of the Laurentide ice 

load (O = 0ø). The observational data are taken from 
Peltier and Andrews (1976). For the purely Maxwell 
model (curves (1) and (5)) it is seen that only a lower 
mantle viscosity of 0(1022P) can satisfy the data, while 
the predictions from higher viscosity values, 0(1023P), 
cannot fit the data as well. This is the well-known 

argument (e.g. Cathies, 1975; Peltier and Andrews, 
1976) for a constant viscosity mantle. However, we 
observe from curves (2}, {3) and (6} that transient 
theology with •,•, between 5 x 10 •3 and 102•P, begins to 
exert a noticeable influence in that the uplifts curves 
are pushed up and the uplift rates become quite similar 
to the Maxwell model with •,• -- 2 x 1022P. The SLS 
model (curve 4) is shown to behave quite similarly to 
its Burgers' counterpart (curve 3). The results shown 
here are quite important since it is now possible to 
show a situation where introducing transient rheology 
will actually increase the long-term viscosity of the 
lower mantle, whereas previously such high viscosity 
values were not tolerated by sea-level data in the near- 
field region. 

Relative sea-level data near the edge of the ice load 
can reveal a great deal about the underlying viscosity 
structure both radially and laterally (Nakada, 1983; 
Peltlet, 1984). It has been argued by Peltlet (1984) 
that the non-monotonic sea-level histories along the 
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U.S. east coast would require a continental lithospheric 
thickness in excess of 200 km for a constant viscosity 
mantle with 10•'P. In fig. 3a this tendency for a thick 
lithosphere to satisfy better the submergence data at 
Boston (O = 15') is shown in our curves (1} and (2} 
where it is clear that increasing the lithospheric thick- 
ness (see curve 2) for a constant Maxwellian mantle 
would decrease the amount of recent depression. We 
see surprisingly that the prediction from the SLS theol- 
ogy (curve 3) with a thin lithosphere lies close to that 
derived from a Maxwell theology with a thick litho- 
sphere (curve 2). At the same time it is important to 
note that the displacement from a Maxwell model with 
v• -- 5 x 10:SP and a thin lithosphere (curve 4) behaves 
in a quite dissimilar fashion from the other curves. 
However, this situation changes quite substantially 
when transient theology is inserted in the lower mantle 
for similar values of v• between 2 and 5 x 10•sP and, at 
the same time, with a thin lithosphere. These values of 
v• are about a factor of two to three smaller than the 
ones preferred by J• and the displacement in the center. 
This slight discrepancy of the lower mantle viscosity 
may be accounted for by the different sensitivities of 
the various data sets to the glacial forcing. 

Finally curve (6) representing a Burgers' body theol- 
ogy but with a •200 km thick lithosphere shows a feeble 
non-monotonic trend. A comparison of curves (1) to 
(5} from Fig. 3b with curves {1} and (2} in Fig. 3a 
clearly demonstrates that there exists a distinct ambi- 
guity in the different rheological models to explain the 
non-monotonicity of the sea-level curves along the east 
coast of the U.S. 

Starting with the J• data, we have shown the 
increasing importance of transient theology in establish- 
ing the viability of a long-term viscosity between 10 :s 
and 102•P in the lower mantle. Such values, in fact, 
accord well with the estimates of the lower mantle 

viscosity from geoid anomalies {Hager, 1984}. Further- 
more, recent calculations for variable viscosity convec- 
tion (Christensen, 1984) have shown that vigorous con- 
vective circulation can still take place in a lower-mantle 
which assumes such high values of viscosity, in contrast 
to previous arguments drawn from constant viscosity, 
boundary-layer scaling. 
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