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The Earth's Mantle: Evidence of Non-Newtonian Flow 

Abstract. Recent information from experimentally deformed dunite coupled 
with a reanalysis of data on the Fennoscandian postglacial rebound suggest that 
the rheological behavior of the upper mantle is distinctly non-Newtonian, and 
that the shear strain rate is proportional to the shear stress raised to about the 
third power. 

During the last decade, it has been 
conclusively shown that flow on a truly 
massive scale is occurring in at least 
the earth's upper mantle. Evidence for 
this flow is the global pattern of con- 
tinental drift and sea floor spreading. 
If a quantitative understanding of this 
flow is to be achieved, the rheological 
behavior of mantle rock must be 
known. The rheological behavior is 
characterized by a flow law relating the 
strain-rate field to the stress field and 
to environmental variables, notably 
temperature, hydrostatic pressure, and 
water content. 

A key assumption almost universally 
made by investigators seeking quantita- 
tive models of flow in the mantle is 
that the earth's mantle behaves like a 
Newtonian fluid (1-4). This report 
challenges the assumption that the 
mantle is Newtonian. The data on 
postglacial rebound and experiments on 
hot creep of dunite both suggest non- 
Newtonian flow in the mantle. 

The melting of the ice cap in Fenno- 
scandia (Finland, Sweden, Norway, 
and Denmark) about 10,000 years ago 
left a surface depression that could be 
only partially removed by immediate 
elastic rebound. The history of the re- 
turn toward isostatic equilibrium is 
shown in Fig. la, and the present rate 

of return in Fig. lb. The depression 
has kept a nearly constant shape and 
the present rate of uplift is everywhere 
proportional to the amount of remain- 
ing depression. This leads us to believe 
that postglacial rebound belongs to a 
special class of behavior: "proportional 
relaxation" of stressed bodies. The 
ratio of the effective shear stress at 
any point to that at any other point 
remains constant with time, while the 
amplitudes of both stresses diminish 
asymptotically to zero. The validity of 
applying this concept to Fennoscandia 
is discussed below. 

We assume that the mantle obeys 
a general flow law of the form 

, = B(z)T (1) 

where ?x is the steady-state effective 
strain rate, r is the effective shear 
stress, B depends only on depth (z), 
and n is a constant exponent which is 
to be determined from postglacial re- 
bound (5, 6). The effective viscosity is 

,eff = l/[2B(Z)-rL-'] 

which reduces to: .reff = r = 1/[2B(z)] 
for a Newtonian fluid (n = 1). It is 
assumed that the shear stress resulting 
from the depression is greater than 
shear stresses in the mantle due to 
other causes (for example, plate tec- 

tonics). If the latter stresses were much 
greater the effective n would be 1, no 
matter what the intrinsic value (7). 
Modern plate (and plume) theory yields 
small relative motion of Fennoscandia 
and the deep mantle in recent times, so 
in this locale it is believed that the 
assumption is justified. 

In a material undergoing propor- 
tional relaxation and obeying Eq. 1, 
where B is a function of position but 
not of time, it can be shown that 

(?S) = A(r)" (2) 

where (e,) and (r) are the averages over 
any finite space of the effective shear 
strain rate and stress, respectively, and 
A is a constant (8). It follows imme- 
diately for the case of postglacial up- 
lift that e cc (E) and C cc (7), so that 

c = c (3) 
where C is the amount of remaining 
uplift at the center of the uplifting 
area, e is the rate of uplift at that 
point, and C is a constant which de- 
pends on B(z) and the areal extent of 
the mass deficiency. It will be noted 
that Eqs. 1, 2, and 3 are equally valid 
for Newtonian flow (n = 1) and for 
flow of the type characteristically ob- 
served in crystalline solids at high 
temperatures where Eq. 1 is obeyed 
and n -3. 

We now consider the validity of 
proportional relaxation in postglacial 
uplift. If the mantle is assumed to be 
incompressible (with no elastic compo- 
nent), the stress distribution in the man- 
tle must be consistent with the surface 
depression and also subject to the con- 
straint that the total viscous dissipation 
be a minimum at all times. Provided 
that the flow law in the mantle has the 
form of Eq. 1, the shape of the stress 
distribution in the mantle will depend 
on the shape of the surface depression 
(including its horizontal extent) but 
not on the magnitude of the actual 
surface elevations. (This would not be 
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(a) Beach levels and (b) remaining depression and 
rate of uplift in Fennoscandia. Reproduced with per- 
of McConnell (2). 
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true if n were dependent on stress.) 
If a particular stress distribution in the 
mantle results in minimizing the total 
viscous dissipation for a particular 
shape of the surface elevation, the 
stress distribution in the mantle result- 
ing from a multiplication of the sur- 
face elevations by a constant factor 
F will result in a minimum of viscous 
dissipation if the original stresses are 
also multiplied by the same factor F. 
The viscous dissipations (TrdV, where 
dV is a volume element) will all be 
multiplied by Fn+l. In other words, if 
the surface depression keeps a constant 
shape with time, as observed in Fenno- 
scandia, the stress distribution in the 
mantle will also keep a constant shape, 
and proportional relaxation is achieved. 
Consequently, Eq. 3 should be valid 
for the Fennoscandian uplift, if an in- 
compressible mantle is assumed (9). 

To apply Eq. 3 to Fennoscandia, g 
is obtained by adding the remaining 
uplift to the elevation of past beach 
levels from Fig. la. The remaining 
central uplift has been estimated as 
180 m (3), 210 m (10), and 150 m 
(11). For 180 m, the values of C are 
given in Table 1. In order to check 
these against Eq. 3, we integrate the 
latter 

g1-"= 'm-ax + C(l - n)t, n ~l1 (4) 
ln = lnmax + Ct, n = 1 (5) 

where Cmax is the central depression at 
t = 0, the time of glacier retreat 
(446 m). 

Equation 5 applies for Newtonian 
viscous flow, in which case a plot of 
the logarithm of g against time should 
yield a straight line. Figure 2 shows 
that this is not true. Fitting Eq. 4 to 
these data to minimize the root-mean- 
square deviations yields 

g-2.21 = [2n21 + 9.629 X 10-1't (6) 

which on differentiation yields 

g= -4.36 X 10-0o 3-21 (7) 
A comparison of Eq. 6 with the ob- 
servations is shown in Table 1 and 
Fig. 2. The present central uplift rate 
from Eq. 7 is 7.6 mm/year, compared 
to Kaairiainen's (12) estimate of 9 
mm/year from geodetic leveling mea- 
surements over the last few decades. 

Altering the estimate of the amount 
of uplift remaining from 180 m to 210 
or 150 m does not affect the quality of 
the fit, but the preferred exponent n 
is changed from 3.21 to 3.58 and 2.85, 
respectively. The calculated rate of 
present uplift remains the same within 
2 percent because the change in g is 
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Table 1. Observed and calculated amounts 
of central uplift (t) remaining at various 
times. 
Time C (m) 
(years 
ago) Observed (2) Calculated 

9320* 446 446 
9200 437 430 
8800 385 388 
8000 331 333 
6000 261 ,260 

0 180 180 
* Corrected from McConnell's (2) value of 9800 
years. Subsequent uplift indicates that removal 
of the ice cap was not complete 9800 years ago. 

offset by the change in n. It thus ap- 
pears that this proportional relaxation 
model of the Fennoscandian postglacial 
uplift requires non-Newtonian flow with 
a stress exponent of 3.2 ? 0.3 (13). 
Newtonian flow seems to be excluded 
by the curvature of the data in Fig. 2. 

Postglacial rebound data also ex- 
ists for a number of areas in Canada 
(14). An interpretation by the above 
method is, however, severely hampered 
by the lack of knowledge of the re- 
maining uplift and lack of data at 
the centers of the uplifting regions. A 
preliminary analysis indicated non- 
Newtonian flow with the stress expo- 
nent n 3.5 + 1.0 (15). 

We now examine the consistency of 
the above finding for mantle flow with 
experimental evidence on the flow of 
presumed mantle rock. In recent years, 
the "plastic" flow behavior of a num- 
ber of such rocks has been investigated 
at high temperatures and pressures 
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Fig. 2. Fennoscandia postglacial rebound: 
remaining uplift (') versus time. (U) 
Observed values from Table 1 (7); (solid 
line) Eq. 6, where n = 3.21. Note that 
Newtonian flow would give a straight line 
on this plot for proportional relaxation. 

(16, 17). Most experiments have in- 
volved compression, employing three 
types of deformation techniques: (i) 
constant strain rate; (ii) creep, or 
constant compressive stress; and (iii) 
relaxation (the advance of a defor- 
mation piston is stopped, and the 
nonhydrostatic stress in the sample is 
relieved through conversion of the 
elastic strain, in both the apparatus 
and the sample, into plastic strain in 
the sample). The deformational be- 
havior of dunite (composed of olivine 
plus minor accessory minerals) is of 
particular interest, as olivine is likely 
to be the primary constituent of the 
upper mantle. Dunite, experimentally 
deformed at high temperatures and 
relatively low stresses, develops textures 
similar to those found in olivine-rich 
xenoliths believed to have come from 
the mantle (18). 

Creep and relaxation experiments on 
Mt. Burnett dunite in both hydrous and 
anhydrous environments were per- 
formed by Post (15). Creep experi- 
ments in which steady-state flow was 
attained at a particular stress and re- 
laxation tests at temperatures (T) of 
1000? to 1600?K were fitted best by 
the following equation, when the non- 
hydrostatic compressive stress was less 
than 3 to 4 kbar 

e = 1.7 X 10' exp(- 31.8T,n/T) X T3-18s'0- 

(8) 
where T(?K) is the sample tempera- 
ture; Tm(?K) is the estimated melting 
temperature, as influenced by varying 
water content and hydrostatic pressure; 
and r(kbar) and es (sec-1) are defined 
in Eq. 1. The activation energy of un- 
dried samples of Mt. Burnett dunite 
deformed in jackets of dehydrated talc 
is 93.1 ? 2.5 kcal/mole. In a com- 
pletely anhydrous environment, the ac- 
tivation energy is 130 kcal/mole 
(15, 17). 

The stress exponent of 3.18 + 0.18 
in Eq. 8 is in good agreement with 
the 3.2 ? 0.3 determined from the 
analysis of the uplift data. Thus, the 
available experimental and geophysi- 
cal data agree in predicting a non- 
Newtonian mantle where s, is propor- 
tional to T3. With an assumed profile 
of T/T, in the mantle, and the as- 
sumption that the elastic stress field is 
similar to the actual field, Eq. 8 can 
be used to estimate the rheological be- 
havior. The elastic stress distribution 
beneath the Fennoscandian region can 
be calculated from the observed de- 
pression. With that stress field the re- 
sulting central uplift rates predicted 
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from Eq. 8 are within a factor of 
about 2 of the observed central uplift 
rates obtained from the raised beach- 
lines and survey measurements (15). 
While agreement as close as this must 
be fortuitous, considering the number 
of assumptions involved in predicting 
the uplift rates, the experimental and 

geophysical data appear consistent with 
each other, and support the contention 
that the mantle, at least beneath shield 
areas, is non-Newtonian (19). 

In conclusion, recent evidence indi- 
cates a non-Newtonian mantle with 
n - 3, at least under Fennoscandia. 
This suggests that all studies of mantle 

motion, notably the search for the driv- 

ing force for plate tectonics, and all 
inferences about the viscosity of the 
earth should endeavor to incorporate 
non-Newtonian flow of this kind. 

ROBERT L. POST, JR. 

Air Force Weapons Laboratory, 
Kirtland Air Force Base, 
New Mexico 87117 

DAVID T. GRIGGS 

Institute of Geophysics and Planetary, 
Physics, University of California, 
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port I attempt to amplify this sugges- 
tion and extend Wyrtki's "teleconnec- 
tions" into the subtropical midtropo- 
sphere. 

The north equatorial countercurrent, 
flowing in a narrow zone between 4?N 
and 10?N, is influenced by the stress 
of the northeast trade winds. Accurate, 
long-range measurements of the trade 
winds are lacking in these latitudes, 
but we may assume that these tropical 
trade winds are related to those in 
the subtropics farther north. The index 
used is from the 700-mbar level (- 

10,000 feet or 3 km) rather than the 
surface. This contains less of the 
"noise" introduced by smaller-scale 
features such as cyclones and anti- 

cyclones, and experience has shown it 
to be a more reliable indicator than 
surface indices for many purposes. Its 
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Response of the Equatorial Countercurrent 

to the Subtropical Atmosphere 

Abstract. The strength of the equatorial countercurrent of the North Pacific 
and associated variations in sea surface temperatures at its eastern extremity 

off Central America are related to the zonal wind flow in the remote subtropical 

atmosphere with lags of as much as 8 months between wind and temperature. 
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