
ARTICLE 

Rheology of the Upper Mantle: 
A Synthesis 

Shun-ichiro Karato and Patrick Wu 

Rheological properties of the upper mantle of the Earth play an important role in the 
dynamics of the lithosphere and asthenosphere. However, such fundamental issues as the 
dominant mechanisms of flow have not been well resolved. A synthesis of laboratory 
studies and geophysical and geological observations shows that transitions between 
diffusion and dislocation creep likely occur in the Earth's upper mantle. The hot and shallow 
upper mantle flows by dislocation creep, whereas cold and shallow or deep upper mantle 
may flow by diffusion creep. When the stress increases, grain size is reduced and the upper 
mantle near the transition between these two regimes is weakened. Consequently, de- 
formation is localized and the upper mantle is decoupled mechanically near these depths. 

T h e  Earth is made of polycrystalline mate- 
rials which, like ceramic materials, show a 
rich variety of rheological behavior depend- 
ing on the conditions of deformation (1). 
At a relatively low stress level, small grain 
size, or both, deformation occurs through 
diffusive mass transport between grain 
boundaries (diffusion cree~) .  and the strain 

A , ,  

rate increasks linearly with stress (linear 
rheology) but decreases significantly with 
grain size. In contrast, at a high stress level, 
large grain size, or both, deformation occurs 
through the motion of crystalline disloca- 
tions within grains (dislocation creep), and 
the strain rate increases nonlinearlv with 
stress (nonlinear rheology) but is insensi- 
tive to grain size. Deformation that is 
caused by dislocation creep results in pre- 
ferred orientation of minerals and, there- 
fore, anisotropy of seismic wave velocities 
( 2 4 )  and creep strength (5) ; these changes 
do not occur in diffusion creep (6). Strain 
rates that are determined by both mecha- 
nisms are sensitive to temperature and pres- 
sure, but the magnitude of temperature and 
pressure effects is generally different be- 
tween the two. For a given temperature and 
pressure, the mechanism that gives the 
higher strain rate becomes the dominant 
creeo mechanism. Therefore. the dominant 
mechanisms of deformation may also 
change with depth or with regional temper- 
atures (geothermal gradients). ' 

Theoretical studies showed that the dy- 
namical behavior of the Earth's interior 
depends critically on rheological flow laws. 
For example, the pattern of mantle convec- 
tion is sensitive to the stress dependence of 
creep rate: Flow is more localized with 
nonlinear than with linear rheology (7) ,  
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and more distinct spatial and temporal vari- 
ation of flow is observed in materials with 
nonlinear rheology than in those with lin- 
ear rheology (8). In addition, the difference 
in grain size dependence may also cause a 
difference in shear localization: When a 
material is subject to or close to the condi- 
tions in which flow that is sensitive to grain 
size occurs, then a decrease in grain size will 
cause a significant enhancement of creep 
rate that will lead to a localization of 
deformation (9). Further, the depth varia- 
tion of viscositv is sensitive to the stress 
dependence of strain rate, when the strain 
rate or energy dissipation rate is constant 
with depth (10). 

Despite these effects of flow laws on 
mantle dynamics, the flow laws of the 
Earth's mantle have not been well con- 
strained. This uncertainty results from the 
inherent difficulties in the studies of rheo- 
logical properties. The most direct estima- 
tion of the rheological properties of the 
Earth comes from deformation ex~eriments 
on rocks in laboratories at high tempera- 
tures and pressures. Most of the earlier 
studies on deformation of upper mantle 
rocks showed evidence for dislocation creep 
(I I) and the flow laws for dislocation creep 
have often been extrapolated to lower 
strain rates and higher pressures of the 
Earth (12). However, this approach has 
two major difficulties, and the results are 
subject to large uncertainties. There are 
difficulties in conducting deformation ex- 
periments at high confining pressures (1 3). 
Most of the previous laboratory studies on 
rock deformation or related properties (such 
as diffusion) were made at relatively low 
pressures (<3 GPa), and the large extra- 
polations in pressure that are necessary for 
the application of these results to the Earth 
resulted in large uncertainties. The other, 
more essential, point is that almost all 
deformation experiments are made at much 

shorter time scales and so at much larger 
stresses than are present in the deformation 
processes in the Earth. These conditions 
mean that the laboratory results must be 
extrapolated to shorter time scales or to 
lower stresses when applied to the Earth, 
and possible changes in the deformation 
mechanisms at lower stress levels raise ques- 
tions as to the validity of extrapolation. 
Some theoretical studies were made to es- 
timate the relative importance of disloca- 
tion and diffusion creep (15) but were made 
on the basis of empirical correlations and 
not direct laboratory measurements. The 
transition conditions between dislocation 
and diffusion creep in olivine were directly 
determined with the use of synthetic spec- 
imens in which diffusive mass transport 
between grain boundaries is enhanced by 
the small grain size (16). The transition 
conditions between dislocation and diffu- 
sion creep are close to the conditions of the 
Earth's upper mantle. This relation means 
that a subtle change in deformation condi- 
tions changes the dominant deformation 
mechanism, but this study was made at low 
pressure (300 MPa), and the extrapolation 
to the higher pressures in the deep upper 
mantle was difficult. 

Deformation microstructures of upper 
mantle rocks can be used to decipher the 
dominant deformation mechanisms. Most 
of the rocks from the upper mantle show 
evidence for dislocation creep: strong pre- 
ferred orientation. of minerals as well as 
dislocation structures similar to those in 
experimentally deformed rocks in the dislo- 
cation creep regime (I 7). However, the use 
of these microstructures has two major lim- 
itations: First, the maximum depth from 
which upper mantle rocks are carried is 
usually limited to -200 km ((18); however, 
see (19)l. Thus, the deformation mecha- 
nisms in the deep upper mantle (>200 km) 
usually cannot be inferred from this type of 
study. Second, microstructures in these 
rocks reflect mostly the deformation pro- 
cesses associated with upward transfer of 
these rocks, which have significantly short- 
er time scales than the plate tectonic pro- 
cesses (20). Therefore, deformation mech- 
anisms at longer time scales, and so at lower 
stresses, are difficult to infer through micro- 
structural studies. 

An alternative way to estimate the rheo- 
logical properties of the Earth is through 
analysis of some time-dependent deforma- 
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tion processes of the Earth, such as postgla- 
cia1 rebound caused by the melting of ice 
sheets (21). The melted water entered the 
oceans and loaded the ocean basins. This 
change in surface load caused the vertical 
movement of the crust, which is recorded as 
the relative sea level (RSL) data. This 
record shows temporal variation due to the 
change in surface load and the mass of the 
seawater and to the viscous time-dependent 
flow of mantle materials. Thus, from the 
melting history of ice sheets, theoretical 
analysis of this relaxation process yields 
information about the rheological proper- 
ties of the Earth's interior. Usually the 
Earth is modeled as a stratified viscoelastic 
material with linear rheology. This ap- 
proach can provide a precise value of aver- 
age effective viscosity (22) of the Earth [- 1 
x lo2' Paas; see (21)l. However, some 
details remain controversial. such as the 
rheological constitutive relation, namely, 
the stress dependence of strain rate (23). 
Because nonlinear dislocation creep has 
been observed in most of the laboratory 
studies. some theoretical studies have been 
made to test the validity of nonlinear rhe- 
ology in the analysis of postglacial rebound 
(24). However, these earlier models made 
some simplifying assumptions that have 
been shown as unjustifiable (25). 

Thus, the deformation mechanisms and 
the resultant rheological constitutive rela- 
tions in the Earth's mantle appear to have 
been poorly constrained. However, signifi- 
cant progress has been made in various 
areas of earth science to constrain the 
rheological properties of the Earth's upper 
mantle. First. the diffusion coefficients rel- 
evant to mass transfer in olivine have been 
determined for conditions that approach 
those of the deep upper mantle (26). These 
values make it possible to estimate the 
creep strength that results from diffusion 
creep down to these depth ranges without 
extrapolation of pressure and temperature. 
Second, seismic anisotropy, which reflects 
 referred orientation of minerals and so is 
sensitive to deformation mechanisms, has 
been investigated with the use of surface 
waves with long wavelengths, which "see" 
deeper into the mantle (27, 28). Third, 
new developments have been made in the 
numerical analysis of postglacial rebound 
(25), which make it possible to test the 
stress dependence of flow. The purpose of 
this article is to unite these new develoo- 
ments into a unified view of upper mantle 
rheology and to explore its possible impli- 
cations for mantle dynamics. 

Plastic Flow in Olivine 

The major minerals in the upper mantle 
include olivine, orthopyroxene, clionopy- 
roxene, and garnets (29). Of these, olivine 

is the most abundant and probably the 
weakest under a wide range of conditions as 
shown by both laboratory studies (1 1, 30) 
and microstructural analyses of naturally 
deformed peridotites (3 1 ) .  Thus, the rheol- 
ogy of the upper mantle is probably domi- 
nated by that of polycrystalline olivine. At 
steady state, the strain rate (E) of rocks 
depends on temperature (T), pressure (P), 
grain size (d), and shear stress (u) as 

E = A (u/p)"(b/d)"exp[- (E* + PV*)/RT] 

where A is the preexponential factor, p= is 
the shear modulus (-80 GPa). b is the , , 

length of the Burgers vector (-0.5 nm), n 
is the stress exvonent. m is the grain-size - 
exponent, E* is the activation energy, V* is 
the activation volume, and R is the gas 
constant (Table I). 

Olivine volvcrvstals show either disloca- . . , 

tion or diffusion creep, depending on the 
range of parameters. As shown in Table 1, 
each rheology is associated with specific 
parameters: dislocation creep has a larger 
stress exponent, smaller grain-size expo- 
nent, higher activation energy, and higher 
activation volume than those of diffusion 
creep (32). These differences mean that 
diffusion creep dominates over dislocation 
creep at relatively low stress, small grain 
size, low temperature, and high pressure. 
However, some of the parameters in the 
flow law are poorly constrained, such as the 
activation volume for dislocation creev 
(33). Therefore, we have used a range of 
values to show the effect of varying activa- 
tion volume. 

Among the various chemical conditions - 
that affect creep in olivine, water fugacity 

(or water content) has a large effect and 
varies greatly with tectonic setting. Water 
content in the upper mantle has been in- 
ferred from that in basalts (34) and from 

\ ,  

infrared spectroscopy on mantle minerals 
(35). These studies. combined with the ~, 

laboratory study of water solubility in oliv- 
ine (36), indicate that the upper mantle 
beneath the mid-ocean ridges is undersatu- 
rated with water (<0.01% by weight), 
whereas the upper mantle beneath the is- 
land arcs is presumably saturated with water 
(-0.03% by weight). Olivine (and ortho- 
pyroxene and clionopyroxene) from sub- 
continental mantle also shows variable 
amounts of water but less than the solubility 
limit (35). Electrical conductivitv of oliv- 
ine is' also likely to increase with water 
content (37). The small electrical conduc- 
tivity (-lop3 S m-') of the suboceanic 
upper mantle that has been observed (38) 
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Fig. 1. Three representative geotherms (solid 
traces) and pressure distribution (dotted 
trace) in Earth's upper mantle for a ridge, a 
young (-30 million years)' suboceanic upper 
mantle (hot), and an old (-150 million years) 
suboceanic upper mantle, or continental 
shleld (cold). 

Table 1. Flow law parameters for olivine. Dry means water-free and wet means water-saturated 
conditions. Flow law parameters are less well constrained at wet conditions than at dry conditions. 
Functional form of pressure dependence may also be different from that In Eq. 1 under wet 
conditions. 

Mechanism Dry Wet 

Dislocation creep 
A (s-l) 
n 
m 
E* (kJ mol-') 
V* (cm3 mol-l) 

Diffusion creep 
A (s-l) 
n 
m 
E* (kJ mol-l) 
V* (cm3 mol-') 

?The activation volume for dislocation creep is not well constrained. Values from 13 cm3 mol-' at wet conditions 
to 27 cm3 mol-' at nearly dry conditions have been reported (33) Considering this uncertainty, we used a range 
of act~vat~on volumes, 15 to 25 cm3 mol-' for dry olivine and 10 to 20 cm3 mol-' for wet olivine, $The graln-size 
exponent is reported as 2 for dry olivine and 3 for wet olivine (16). However, during extrapolation to a large grain 
slze, the grain-size exponent may change from 2 to 3 or from 3 to 2 (16). Taklng this uncertainty into account, we 
chose a graln-size exponent of 2.5, and the preexponential factors were modified accordingly. §The activation 
volume for diffusion is determined as 6 cm3 mol-' at dry conditions (26). No data are available for the activation 
volume for diffusion at wet conditions; we assumed that thls value is -80% of the activation volume at dry 
conditions 

SCIENCE VOL. 260 7 MAY 1993 



indicates that this region is not saturated 
with water, supporting the conclusion made 
on the basis of water content in basalts. 

Thus, we conclude that the rheology of 
the suboceanic and subcontinental upper 
mantle is between that of dry (water-free) 
and wet (water-saturated) olivine, whereas 
the rheology of the upper mantle under 
island arcs is close to that of wet olivine. 
The flow law of olivine in the presence of 
water is not well established, but the avail- 
able laboratory observations indicate that 
the presence of water enhances both dislo- 
cation and diffusion creep by roughly the 
same magnitude (1 6). This similarity means 
that, for a given stress, the transition depth 
between dislocation and diffusion creep 
does not depend much on water content. 
However, at a given strain rate, the condi- 
tions under which diffusion creep domi- 
nates expand when a significant amount of 
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Fig. 2. Depth variation of effective viscosity for 
various geotherms and a range of activation 
volumes for dislocation creep. (A) Ridge, wet; 
(B) ridge, dry; (C) hot, wet; (D) hot, dry; (E) 
cold, wet; (F) cold, dry. Thick traces represent 
diffusion, and thin traces represent dislocation. 
The numbers by the traces are the activation 
volumes (in cubic centimeters per Table 
1). Effective viscosity for nonlinear dislocation 
creep depends on stress level, and effective 
viscosity for diffusion creep depends on grain 
size. A reference stress of 1 MPa and a refer- 
ence grain size do of 1 mm are assumed in this 
calculation. At a different stress or grain size, 
viscosity can be calculated as ~ , ( o / ~ ~ ) ~ - ~ ( d /  
do)m. Viscosity for dislocation creep has a min- 
mum at a depth of 100 to 200 km (depending 
on the assumed geotherm and the activation 
volume) and increases significantly below that 
depth. In contrast, viscosity for diffusion creep 
changes little in the deep upper mantle. 

water is present, because stress necessary to 
deform at a given strain rate is lower. 

The viscosities corresponding to these 
two deformation mechanisms in the mantle 
vary according to the geothermal gradients 
(Fig. 1) (39). Also, viscosities for disloca- 
tion creep depend on the highly uncertain 
activation volume. However, some general 
features can be observed: Viscosities for 
dislocation creep decrease with depth to a 
sharp minimum and then increase, whereas 
viscosities for diffusion creep have only a 
weak dependence with depth <-I00 to 
150 km (Fig. 2). The conditions in the 
mantle where deformation bv each mecha- 
nism dominates can be calculated by com- 
~arison of the viscosities for the two defor- 
mation mechanisms (Fig. 3). The geother- 
mal gradient has an important effect on the 
rheological transition. In the shallow upper 
mantle near mid-ocean ridge, the dominant 
deformation mechanism is dislocation 
creep. However, as the geothermal gradient 
decreases, diffusion creep becomes domi- 
nant in the shallow, relatively cold upper 
mantle. 

In applying the results given in Fig. 3, 
A, C,  and E, to the mantle, one needs to 
consider the processes controlling grain size 

in the Earth, namely, dynamic recrystalliza- 
tion and grain growth (40). Grain growth 
occurs in both the dislocation and diffusion 
creep regimes, whereas dynamic recrystalli- 
zation occurs only in the dislocation creep 
regime (4 1). Grain size controlled by growth 
is independent of stress (42), but grain size 
controlled by dynamic recrystallization de- 
pends on stress magnitude. At steady-state 
deformation, grain size is given by 

where K (19) and q (1.2) are nondimen- 
sional constants that are insensitive to tem- 
perature (43). Thus, when the deformation 
conditions are within the dislocation creep 
regime, grain size is defined as the value 
given by Eq. 2 that is determined by the 
stress magnitude. Both the recrystallized 
grain size, d, (determined with Eq. 2), and 
the grain size at the transition from dislo- 
cation to diffusion creep, d, (shown in Fig. 
3, A, C, and E) decrease with stress, but at 
some point d, = d, because d, decreases 
faster with stress than does d, (Fig. 4) (44). 
Thus, as the stress level increases, deforma- 
tion in the dislocation regime makes grain 
size small enough to promote diffusion creep 
(d, > d,) (Fig. 4). 

Fig. 3. Transition conditions of 
rheological behavior between lin- 
ear (diffusion creep) and nonlin- 

The crossover points in Fig. 2 
ear (dislocation creep) rheology. lo-2 

between viscosity for dislocation 
and for diffusion creep give the 10-3 
transition conditions between the 
two. Labels for these two mecha- 10-2 

nisms define the region where 16 
each operates. The activation vol- 
ume (cubic centimeters per mole) 
for dislocation creep appears by Diffusion 

Dislocation 
each trace. Two cases are shown: 

10-2 (A, C, and E) Grain size and .= 
stress are independent parame- $, 
ters. For a given activation volume C, 1 ~ 3  
for dislocation creep, the domi- 
nant deformation mechanism is ..... 
dislocation creep when the grain ' 1 0 4  
size is larger than the transition 
grain size shown in the diagram. 
Transition grain sizes (d,,) are 
shown at a reference stress of 1 
MPa. At a different stress level, 
the transition grain size is dt0(u/ 
~ , ) ( l - ~ ) / ~ .  (B, D, and F) Grain size 
is determined by the stress ....--.- ------- 
through dynamic recrystallization. Diffusion 
When the stress is larger than the 
transition stress, recrystallized Depth (km) 
grain size is small enough to pro- 
mote diffusion creep; below that stress, the deformation mechanism remains dislocation creep. At 
ridges (A and B), the dominant deformation mechanism is almost always dislocation creep at 
shallow depths, whereas at deeper portions diffusion creep is dominant. The dominant deformation 
mechanism for other colder geotherms at relatively shallow but hot regions is dislocation creep, but 
the mechanism changes into diffusion creep in the cold and shallow upper mantle or deep upper 
mantle. (C and D) Hot upper mantle; (E and F) cold upper mantle. Solid traces, dry; dotted traces, 
wet. 
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The likely parameter values for the man- 
tle suggest that deformation occurs by dis- 
location creep in the shallow upper mantle 
beneath ocean ridges or at intermediate 
depths in the hot or cold mantle, whereas 
deformation occurs by diffusion creep in the 
cold, shallow upper mantle or deep upper 
mantle (Fig. 3). However, the exact depths 
of transition depend on poorly known pa- 
rameters such as the activation volume for 
dislocation creep, grain size, or stress. 

Lattice Preferred Orientation and 
Seismic Anisotropy 

Deformation mechanisms may also be in- 
ferred from the microstructures of rocks. 
Among the various microstructures, the 

log Grain size 

Fig. 4. Schematic diagrams showing the effects 
of stress increase and grain-size reduction on 
rheological behavior of olivine. A thick solid line 
represents the relation of stress to transition 
grain size (d,), and a thick broken line shows 
the relation of recrystall~zed grain size (d,) to 
stress. Thin broken lines show constant stra~n 
rate contours (i, < i, < i,). When stress 
increases, strain rate increases instantaneously 
(i, -. i,) because of a larger driving force for 
the motion of relevant defects (A -. 6). Howev- 
er, in the dislocation-creep regime: a stress 
increase is followed by a change in grain size 
through dynamic recrystallization (B + C). (a) 
When this change occurs far from the transition 
condition between diffusion and dislocation 
creep, then grain-size reduction has no effect 
on strain rate. (b) However, when grain-s~ze 
reduction occurs near the transition conditions, 
then the recrystallized grain size becomes 
smaller than the transition grain size, so that a 
significant rheological weakening results (i, - 
i,). Such grain-size reduction occurs, for exam- 
ple, at the initiation of continental rifting or when 
two plates collide. 

most diagnostic for deformation mecha- level (-10 MPa or less), a large strain 
nisms is the lattice preferred orientation 
(LPO) . Minerals become oriented in a rock 
when it is deformed by dislocation creep 
( 2 4 )  but assume an isotropic distribution 
when deformation occurs by diffusion creep 
(6). Preferred orientation of elastically an- 
isotropic minerals (such as olivine and the 
pyroxenes) causes an anisotropy in the 
propagation of seismic waves ( 2 4 ) .  Thus, 
we can use both the LPO measurements on 
naturally deformed rocks and the observa- 
tions of seismic anisotropy to infer the 
dominant deformation mechanisms and 
flow oatterns in different oarts of the man- 
tle. In the major portions of the mantle 
where the flow geometry is dominantly 
horizontal, compressional and Rayleigh 
wave velocities are high along the flow 
direction, and the velocities of horizontally 
~olarized shear waves (SH) are faster than 
;hose of vertically shear waves 
(SV) ( 2 4 ) .  

Deformation with a large strain causes 
LPO to form. At a usual tectonic stress 

deformation occurs only at high tempera- 
tures. Thus. LPO and the resultant anisot- 
ropy in seismic-wave velocities in the shal- 
low portions of the mantle where current 
temperature is low reflect the influence of 
the deformation mechanisms when these 
portions were hot, that is, during or soon 
after rifting, for example. The LPO in these 
depths is frozen as these portions are cooled 
down. In contrast, the LPO in the deeper 
mantle (>-200 km) reflects the deforma- 
tion mechanism or mechanisms currently 
operating (40). 

Measurements of LPO have been made 
on samples of the upper mantle to a depth 
of -200 km (45). These values indicate 
that upper mantle rocks in this depth range 
and at a stress level of -10 MPa (the 
typical stress thought to occur in the man- 
tle) deform mostly by dislocation creep. 
However, some observations suggest that 
deformation in highly recrystallized rocks in 
the deep upper mantle (-200 km) is caused 
by diffusion (or superplastic) creep (46). 

Fig. 5. Depth variation of amplitude of seismic aniso- 
tropy (28). Anisotropy of surface wave velocities can 
be observed either as the azimuthal variation of veloc- 1- ities or as the dependence of velocities on polariza- 'SC 
tion. The (maximum) amplitude of azimuthal aniso- 2,; 4:. 4 . : .  
tropy of Rayleigh waves (filled squares) and the (av- 2 $ . 

. ,, 

erage) amplitude of polarization an~sotropy (filled tri- 2 $ 2 : 
i 

angles) [(SH-SV)ISH, where SH is the veloc~ty of : ,&., . . J 

. ,  , ,  . g;li; hor~zontally polarized shear waves and SV is the ' o :-. . . . .. -. --- --- 
velocity of vertically polarized shear waves] are shown '$ A .  . j  
from Montagner and Tanimoto (28). Values in the -2 
figure for polarization anisotropy are 2 [(SH-SV)/SH]. A IOO 200 360 460 5h0 

signifcant decrease in anisotropy occurs -200 to 300 Depth (km) 

km. The results of Dziewonski and Anderson (27) show a significant anisotropy only in the upper 
-200 km and are consistent with Montagner and Tanimoto's results (28). 

Table 2. Rheological Earth models and ice models. The parameters refer to a creep law i = A* an; 
NLZ nonlinear rheology zone. 

Model 
Parameter 

A B C D E F 

Lithosphere 120 220 220 220 220 220 
thickness (km) 

Thickness of NLZ 100 100 0 450 Infinite 100 
(km) 

n in NLZ 3 3 3 3 3 
n below NLZ 1 1 1 1 3 1 
A* in NLZ (Pa-" 1 x 1 x I x I O - ~ ~  I X I O - ~ ~  1 ~ 1 0 - , ~  

s-') 
n below NLZ 1 1 1 1 3 1 
A* in upper 3 x 3 x 3 x 3 x 3 x 3 x 

mantle below 
NLZ (Pa-" s-l) 

n in lower mantle 1 1 1 1 3 1 
A* in lower mantle 3 x 3 x lo-"  3 x I O-,, 3 x 10-22 3 x 3 x 

(Paxn s-' ) 
Maximum ice 3500 3500 3500 3500 3500 1600 

thickness (m) 
Time of 12 12 12 12 8 12 

deglaciation 
(1000 years) 
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Seismolorrical observations of the shal- - 
low upper mantle are consistent with the 
observations of LPO that dislocation creep 
dominates in the uppermost mantle rocks 
( 2 4 ) .  However, recent studies based on 
long-period surface waves indicate that the 
seismic anisotropy <ZOO to 300 km is sig- 
nificantly less than that at the shallower 
depths (27, 28) (Fig. 5). This observation 
suggests that the dominant deformation 
mechanism may change from dislocation 
creep in the shallow upper mantle to diffu- 
sion creep in the deep upper mantle. An 
observed seismic discontinuity at -200 km 
(the Lehmann discontinuity) may result 
from a change in LPO associated with a 
change in deformation mechanisms (47). 
Thus, the observed LPO and the anisotropy 
of seismic wave velocities provide strong 
evidence that dislocation creep is the dom- 

Fig. 6. Rheological models of the Earth's man- 
tle. All models have an elastic lithosphere (di- 
agonal lines) near the surface. Under the litho- 
sphere, material behaves like a viscoelastic 
body whose rheology is either linear (L) or 
nonlinear (NL). Parameters in the models are 
summarized in Table 2, and letters A to F 
correspond to the models therein. 

inant mechanism of flow in the shallow 
upper mantle when it is hot. However, 
some seismological observations (absence of 
anisotropy in the deep upper mantle and 
the Lehmann discontinuity at 200 to 300 
km) suggest that the deformation mecha- 
nism in the deep upper mantle may be 
diffusion creep. 

Rheological Weakening and 
Shear Localization 

The upper mantle in or near the depth of 
rheological transition weakens as stress in- 
creases. Geological conditions under which 
the stress in the upper mantle increases 
with time include the initiation of conti- 
nental rifting, possibly as a result of the 
collision of plume head with the bottom of 
continental lithosphere (48), and the col- 
lision of continents. In a typical part of the 
upper mantle away from the mid-ocean 
ridge environment, the dominant deforma- 
tion mechanism is diffusion creep in the 
shallow upper mantle (down to near the 
base of the lithosphere) and in the deep 
upper mantle (in the deep asthenosphere). 
However, the dominant mechanism is dis- 
location creep in the intermediate depth 
(in the shallow asthenosphere) (Fig. 3). 
Upon a stress increase, there is an instan- 
taneous increase in strain rate at a given 
initial grain size (C, += E2) (Fig. 4). As 
deformation proceeds [strain of > 10 to 50% 
(43)], dynamic recrystallization reduces 
grain size. When this reduction in grain size 
occurs under the conditions of regions far 
from the transition, strain rate remains 
essentially unchanged (Fig. 4a). However, 
under conditions of areas near the transi- 
tion, the grain size may become small 
enough to promote diffusion creep; if so, 

Fig. 7. Comparison of 
the observed RSL data 
with the values predict- 
ed by models A to F . . 
(Fig. 6 and Table 2) at 
four sites that range 
from (a) near the center 40 
of rebound (Ottawa Is- - 
land) and (b) near the P 20 
edge of the load but still = 
inside the ice sheet O 

(northwest Newfound- 
land) to (c and d) sites 
just outside the edge of 
the ice sheet (Boston 
and Delaware, respec- 
tively). Letters corre- 

__.I- spond to the values of 
their respective mod- -20 

els. Radiocarbon age 
of the data has been -30 
converted to sidereal - 7  - 6  - 5  - 4  - 3  - 2  - 1  o - 7  -6 - 5  - 4  - 3  - 2  - 1  0 

age, as in (62); ka, Time from the present (ka) 
thousands of years ago. The results indicate that only a thin (<200 km), nonlinear layer is 
compatible with the observed RSL data. 

the mantle weakens significantly (E, + E,) 
(Fig. 4b). The soft rheology persists only 
temporarily, however, because of the grain 
growth that occurs in the diffusion creep 
reeime. - 

We suggest that the upper mantle just 
below the shallow transition d e ~ t h  and 
above the deep transition depth undergoes 
rheological weakening when stresses in- 
crease. As a result, deformation is localized, 
and the parts of the mantle above and 
below the transition depths become me- 
chanically decoupled. Such a possibility in 
the shallow continental upper mantle (just 
below the Moho, that is, at a depth of 20 to 
50 km) was suggested on the basis of exper- 
imental data on olivine rheology (9). The 
role of diffusion creep in enhancing conti- 
nental rifting was also proposed (49). On 
the basis of recent laboratory studies and 
the observation of seismic anisotropy, we 
propose that similar weakening and result- 
ant mechanical decoupling may occur also 
in the deep upper mantle (200 to 300 km) 
(50). 

Postglacial Rebound and 
Upper Mantle Rheology 

Theoretical analysis of the vertical crustal 
movement after the last deglaciation (8,000 
to 12,000 years ago) near the deglaciated 
regions also helps to define constraints on 
the stress dependence of flow (5 1 ) .  Crustal 
uplift near the deglaciated region is sensi- 
tive to stress dependence of flow (52) be- 
cause the stress magnitude in this region 
changes both temporally and spatially, and 
so the flow pattern there depends signifi- 
cantly on the stress sensitivity of flow (25). 
When the rheology is nonlinear, the initial 
flow of materials to the interior of the 
deglaciated region is fast because of high 
stress, and this flow diminishes rapidly with 
time. Therefore, emergence near the edge 
of the ice sheet results. In contrast. when 
the rheology is linear, the flow is not fast 
initially and the peripheral bulge migrates 
inward. 

We have tested several models of mantle 
rheology and found that the observation of 
postglacial rebound is compatible with a 
model in which the viscoelastic response is 
dominated by linear rheology; only a thin 
(<ZOO km) nonlinear rheological layer is 
consistent with the observed crustal uplift. 
The model of the Earth used in this study is 
composed of several homogeneous layers 
with different mechanical properties (Fig. 6 
and Table 2). The  to^ laver is the litho- . , 
sphere and was taken to be elastic with 
respect to the time scale of postglacial 
rebound. Also, because the lithosphere is 
considered elastic, it does not matter 
whether the dominant creep mechanism is 
dislocation or diffusion creep. The underly- 
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ing layers were viscoelastic. The elastic 
parameters of these layers were determined 
seismologically-only the rheologies of 
these layers were allowed to vary. We con- 
sider six models of rheology: The reference 
model (model C) had a uniform mantle 
with a linear rheology. Models A and B had 
a thin (100 km) layer of nonlinear rheology 
with a thin (120 km) and a thick (220 km) 
lithosphere for models A and B, respective- 
ly. Model D has a thick lithosphere and a 
thick (450 km) layer of nonlinear rheology. 
Model E has a thick lithosphere and an 
underlying layer with uniform nonlinear 
rheology. Model F is similar to model B, but 
its viscosity is assumed to increase by a 
factor of 10 at the 670-km discontinuity. 

The comparison between the observed 
RSL and those predicted by the Earth mod- 
els is shown in Fig. 7 (53). The sea level 
values from models with a thin or no 
nonlinear layer and a thick lithosphere (for 
example, models B and C) fit the data 
equally well. But a model with a thin 
lithosphere (model A) fits poorly with the 
observed RSL in Boston, Delaware, and 
northwest Newfoundland, which suggests a 
thick lithosphere in this region (54). Be- 
cause of the stationary behavior of the 
peripheral bulge, data from models with a 
thick nonlinear layer (models D and E) fit 
poorly with the observations at Boston and 
Delaware, indicating that much of the non- 
elastic deformation responsible for the post- 
glacial crustal uplift is due to deformation 
with a linear rheology. A poor fit of model 
F indicates that a significant increase in 
viscosity in the lower mantle is not possible 
in this region (55). 

Theoretical modeling of the postglacial 
rebound indicates that the Earth's mantle 
behaves mostly like a linear viscoelastic 
body, consistent with a model with only a 
thin (<200 km) layer of nonlinear rheol- 
ogy. Some rheological features such as a 
thick lithosphere and a small contrast in 
viscosity between the upper and lower man- 
tle may be regional rather than global fea- 
tures because the geothermal gradient in 
the Laurentide region is small compared 
with those of other regions (54). However, 
the stress dependence of rheology that is 
inferred from this study appears to be appli- 
cable to other long-term tectonic processes 
such as mantle convection because the 
stress magnitudes in the two processes are 
similar (52). 

Rheological Transitions and Their 
Implications for Mantle Dynamics 

The upper mantle that deforms with a 
single mechanism is not compatible with all 
of the available geophysical observations. 
The observed significant anisotropy in seis- 
mic waves in the shallow upper mantle 

indicates that the deformation mechanism 
there must be dislocation creeu when this 
region is hot and, hence, the rheology is 
nonlinear. In contrast, the analysis of the 
postglacial rebound provides a strong case 
for dominantly linear rheology. A working 
hypothesis to resolve this apparent contra- 
diction includes a transition (or transitions) 
in deformation mechanisms with deuth. On 
the basis of laboratory data on diffusion and 
creeu. we have shown that the transitions 

L ,  

in deformation mechanisms likely occur in 
the shallow upper mantle (a few tens of 
kilometers deep, depending on the geother- 
mal gradient) and in the deep upper mantle 
(200 to 300 km). The depths of these 
transitions are not well constrained because 
of the large uncertainties involved in the " 
extrapolation of laboratory data. However, 
the deeper transition depth may be tenta- 
tively identified with the Lehmann discon- 
tinuity (47), in which case it varies from 
200 to 300 km depending on the tectonic 
setting (56). 

Transition in the shallow upper mantle 
occurs at low temperatures and so causes a 
significant effect only when high stress is 
involved. In the collision zones where the 
stress is exceedingly high (r 100 MPa) 
(57), grain-size reduction promotes diffu- 
sion creeu in the shallow uortions of the 
upper mantle. Continental rifting may also 
be associated with a change in deformation 
mechanisms and the resultant rheological 
weakening (49). In contrast, rheological 
transition at the deeper upper mantle oc- 
curs at any tectonic stress. Thus the transi- 
tion is global, although the depth of tran- 
sition varies according to regional geother- 
mal gradient, water content, or both (47). 

Proposed rheological transitions and 
their related weakening have imuortant - 
geological and geophysical implications. 
Rheological weakening may promote such 
geological processes as continental rifting 
(49) or the deformation of continental 
lithosuhere associated with continental col- 
lision. Mechanical decoupling causes a 
change in flow uattern above and below this - 
transition. A recent result of high-resolu- 
tion seismic tomography indicates that the 
pattern of heterogeneity differs significantly 
between the shallow upper mantle and the 
deep upper mantle (28, 58). A marked kink 
in geotherms is often observed at a depth of 
-200 km in the studies of geothermal 
gradients that are based on element parti- 
tioning in mantle minerals (18, 59). This 
feature may also be caused by a change in 

volume reported for dislocation creep, one 
would expect unreasonably high viscosities 
in the deep upper mantle (61). 

Additional evidence is still needed to 
corroborate the notion of rheological tran- 
sitions. First, LPO measurements of mantle 
xenoliths would be useful to delineate the 
deformation mechanisms in the deep inte- 
rior of the Earth. In particular, the pro- 
posed layer of linear rheology in the litho- 
sphere and deep asthenosphere (>200 to 
300 km) can be tested by measurement of 
LPOs of xenoliths from appropriate depths. 
Deeper (>300 km) xenoliths (1 9), for ex- 
ample, show a weak LPO if the dominant 
deformation mechanism there is diffusion 
creep. Second, a detailed seismic survey to 
detect changes in anisotropy in the litho- 
sphere and in the deep asthenosphere (200 
to 300 km) would be useful to detect a 
change in deformation mechanisms. Third, 
deformation experiments under high pres- 
sures to determine the activation volume 
(and its pressure variation) in dislocation 
creep would be useful in placing tighter 
constraints on the transition conditions 
between dislocation and diffusion creep. 
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also be observed, implying that these so- 
called 5' exonucleases can function endo- 
nucleolytically (3, 4). Thus, we like to call 
these activities 5' nucleases. 

For removal of primers or damaged S ~ ~ U C ~ U  re-spec if ic E ndon ucleolytic nucleotides, a 5' nuclease must be able to 

cleavage of Nucleic Acids by cleave RNA and DNA strands regardless 
of their sequences. However, indiscrimi- 
nate cleavage of the nucleic acids would 

Eubacterial DNA Polymerases be resolved lethal. bv We having propose the that 5' nuclease this problem recog- is 

nize its substrate i v  structure rather than 

Victor Lyamichev,* Mary Ann D. Brow, James E. Dahlberg? 

Previously known 5' exonucleases of several eubacterial DNA polymerases have now 
been shown to be structure-specific endonucleases that cleave single-stranded DNA or 
RNA at the bifurcated end of a base-paired duplex. Cleavage was not coupled to synthesis, 
although primers accelerated the rate of cleavage considerably. The enzyme appeared to 
gain access to the cleavage site by moving from the free end of a 5' extension to the 
bifurcation of the duplex, where cleavage took place. Single-stranded 5' arms up to 200 
nucleotides long were cleaved from such a duplex. Essentially any linear single-stranded 
nucleic acid can be targeted for specific cleavage by the 5' nuclease of DNA polymerase 
through hybridization with an oligonucleotide that converts the desired cleavage site into 
a substrate. 

Important functions of several DNA poly- nuclease activities located in the NH,- 
merases (DNAPs) include the removal of terminal domains of DNAP from Escherichia 
nucleotides from the 5' and 3' ends of coli (DNAP-Ecl) and Thermus aquaticus 
DNA chains (1). For example, the 5' exo- (DNAP-Taq) can participate in (i) removal 

of the RNA primers of lagging strand syn- 
The authors are in the Department of Biomolecular thesis during replication and (ii) the remov- 
Chemistry, University of Wisconsin School of Medi- 
cine, 1300 University Avenue, Madison, WI 53706, al of damaged nucleotides during ('1 

2). Although mononucleotides predomi- 
*On leave from the Institute of Molecular Genetics, 
MOSCOW, Russla. nate among the digestion products, short 
tTo whom correspondence should be addressed. oligonucleotides (5 12 nucleotides) can 

sequence. An  appropriate structure would 
be the iunction where the two strands of a 
duplex separate into single-stranded arms; 
the arm with a fre.e 5' end would be 
recognized as the displaced strand that is 
to be cleaved from the remaining duplex 
(Fig. 1A). To avoid ambiguity, we refer to 
the top and bottom strands of the complex 
as the substrate and tem~la te  strands. 
respectively. A primer that would be ex- 
tended during nick translation is paired to 
the 3' arm of the template strand. To test 
our model of recognition and cleavage by 
the 5' nuclease, we used the substrate and 
template strands shown in Fig. lA,  cova- 
lently joined at the end of the duplex, for 
experimental convenience. We also used 
this model to deve lo~  a method for cleav- 
ing single-stranded nucleic acids efficiently e, 

at desired sites with extreme sequence 
specificity. 

The 5' nuclease of DNAP-Taq. Incu- 
bation of the structure shown in Fig. 1A 
with DNAP-Taq (5) and deoxynucleoside 
triphosphates (dNTPs) resulted in the re- 
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