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a b s t r a c t

The rheology of Earth’s mantle is a complex function that depends on, at least, temperature, pressure,

stress, grain size, and water content. Understanding this functionality is of fundamental importance in

mantle dynamics, but constraints from laboratory experiments entail considerable extrapolation. Here

we propose a new observational approach based on a unique tectonic setting of the Kaapvaal craton,

which allows us to exploit its continental lithosphere as a natural laboratory. Mantle xenoliths brought

to the surface by kimberlites in the Kaapvaal craton delineate a representative thermal profile, and the

spatial distribution of their ages provides a tight constraint on a lithospheric-scale deformation history.

Combined with a simple modeling of the thermal and dynamic evolution of the upper mantle subject to

continental drift, these xenolith-based observations can test the validity of existing flow laws at

geological strain rates, estimate the magnitude of shear stress in the upper mantle, and constrain the

effective grain-growth rate at lithospheric conditions. Calculated displacements relative to surface over

the last 3.5 billion years, with flow-law parameters recommended by Korenaga and Karato (2008), are

found to be consistent with geochronological observations. Our results also indicate that shear stress

has been increasing in the past 3.5 billion years, owing to the cooling of the ambient mantle, within the

range of 0.01–0.1 MPa. Though this range of shear stress is about two orders of magnitude lower than

that predicted by grain-size-based piezometers, greater stress would lead to too large displacement

across the lithosphere to be consistent with its geochronological pattern. The grain size of olivine in

mantle xenoliths is typically 5–10 mm, which is too small to be at a dynamical equilibrium with the

estimated stress, suggesting that grain growth is considerably suppressed by some mechanism such as

orthopyroxene pinning.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Kaapvaal craton covers an area of 1.2�106 km2 in south-
ern Africa, bounded by the Archean Limpopo belt to the north and
the Proterozoic mobile belts to the south and west (Fig. 1a). This
cratonic lithosphere provides a direct record of pristine Archean
lithosphere, with the age of the oldest exposed rock being
3640 Ma (de Wit et al., 1992), and has been stabilized for at least
the last 2.9 Gyr since the collision between the eastern Witwa-
tersrand and western Kimberley blocks (Schmitz et al., 2004). The
thick and stable craton was subsequently intruded by kimberlites
of the Cretaceous or older ages, and mantle xenoliths brought up
by kimberlite magmatism provide a lithospheric profile at the
time of eruption. In this study, we combine major features of
these xenoliths with a simple model of lithospheric evolution to
infer the dynamic state of the subcontinental lithospheric mantle.

By doing so, we are also able to test existing flow laws for mantle
rheology and to place some constraints on grain-growth kinetics
under lithospheric conditions.

Our knowledge of the rheological behaviors of Earth’s mantle
has been steadily increasing, owing to progress made in rock
deformation experiments, geodetic observations, and geological
studies of exhumed mantle rocks in shear zones (e.g. Bürgmann
and Dresen, 2008). Typical peridotites from subcontinental litho-
spheric mantle consist of more than 70% volume fraction of
olivine, so olivine is commonly regarded as the governing phase
for the rheology of the upper mantle. Two major mechanisms of
plastic deformation in olivine are dislocation creep and diffusion
creep, and both mechanisms are known to be affected by the
presence of water (Mei and Kohlstedt, 2000a, b). Each mechanism
of plastic deformation can be described in the following form:

_e ¼ Ad�msnCr
OH exp �

EþpV

RT

� �
, ð1Þ

where _e is strain rate, A is a pre-exponential factor, d is grain size,
m is grain-size exponent, s is deviatoric stress, n is stress
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exponent, COH is water content (usually in ppm H/Si), r is water
exponent, E is activation energy, p is pressure, V is activation
volume, R is the universal gas constant, and T is absolute
temperature. Different deformation mechanisms correspond to
different sets of flow-law parameters (A, m, n, r, E, and V), and
even in the same type of creep mechanism (i.e., diffusion or
dislocation), flow-law parameters are different under water-
saturated (‘wet’) and water-unsaturated (‘dry’) conditions. The
grain-size exponent m is zero for dislocation creep, the stress
exponent n is unity for diffusion creep, and obviously, the water
exponent r is zero for deformation under ‘dry’ conditions. The
number of nontrivial flow-law parameters for diffusion and
dislocation creep under ‘dry’ and ‘wet’ conditions is therefore 18
(four A0s, two m’s, two n’s, two r’s, four E’s, and four V’s).

These flow-law parameters have to be determined by labora-
tory experiments on rock deformation, but such experiments
suffer from several intrinsic drawbacks. Strain rates that can be
achieved in laboratory are usually of the order of 10�5 s�1, many
orders of magnitude higher than geological strain rates (10�14–
10�15 s�1); such high strain rate is necessary to produce obser-
vable deformation within a timescale of hours or days. The
limited temperature and pressure ranges explored in experiments
also result in uncertain extrapolation to higher pressures and
temperatures; this problem is especially severe for the pressure

dependence of creep. Given the essential role played by olivine
flow laws in mantle dynamics, it is important to test experimen-
tally-derived parameters with geological observations. Previous
studies on such geological tests were done in high-strain shear
zones, such as exposed mantle peridotite massifs (Vissers et al.,
1995; Dijkstra et al., 2004) and subcontinental xenoliths
(Gueguen and Nicolas, 1980). These mantle rocks are mylonitized,
with significant grain size reduction, so diffusion creep plays a
dominant role (Jin et al., 1998; Dijkstra et al., 2004). In this study,
we focus on the deformation of continental lithosphere associated
with its lateral movements, in which strain rate is much lower
than that in a ductile shearing zone.

2. Problem setting

The Kaapvaal craton presents a unique opportunity to inves-
tigate the thermal and dynamic structure of continental litho-
sphere over geological time, because kimberlite pipes are both
spatially and temporally widespread. Kimberlite pipes sample the
lithosphere at different depths, and based on xenoliths from each
pipe, we can reconstruct a lithospheric profile at the time of
kimberlite eruption. Pearson (1999) applied the Re–Os isotope
system to date mantle xenoliths in Kaapvaal kimberlites (Fig. 1b).

Fig. 1. (a) Schematic geologic map showing major structural units in southern Africa, with Kaapvaal Craton in shaded area (after Griffin et al. (2003)). Also shown are the

present locations of kimberlite fields sampled by Pearson (1999) (b). Abbreviation of kimberlite fields: FL—Farm Louwrencia; J—Jagersfontein; F—Finsch; K—Kimberley;

P—Premier; NL—North Lesotho; R—Ramatseliso; A—Abbotsford. (b) Schematic cross-section of southern Africa showing Re-depletion model ages (in Ga) at depths

corresponding to selected xenoliths from individual kimberlite pipes (after Pearson (1999)). Labels on the top of kimberlite pipes correspond to the locations in Fig. 1a. Also

shown on the top in italic are the kimberlite ages.
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The observed Re depletion model age pattern may be summarized
as follows. First, the ages are nearly consistent for xenoliths from
the same kimberlite pipe, especially for those low-temperature
series above 200 km. Second, the ages of xenoliths vary laterally
among pipes across the craton. Xenoliths in the North Lhesoto
pipe have ages of around 3 Ga, while those in other pipes that
intruded the Archean Kaapvaal Craton have ages around the
Archean–Proterozoic boundary (2.5 Ga). Xenoliths exhumed in
Proterozoic terranes have ages of about 2 Ga or younger. Finally,
the ages of kimberlites are considerably younger than those of
xenolith. Except Proterozoic Finsch pipe, all the other kimberlites
are of Cretaceous ages (Fig. 1b). On the basis of this geochrono-
logical pattern, Pearson (1999) proposed the ‘lateral block accre-
tion’ model: blocks were laterally added to a preexisting Archean
continental core, and Proterozoic blocks were subsequently
accreted to the margins of the Archean craton.

Once we realize that, after fully stabilized around 3 Ga, the
Kaapvaal continental lithosphere must have experienced shear
deformation associated with continental drift, the above geologi-
cal observation can be turned into an important constraint on the
rheology of lithospheric mantle. That is, the lithospheric mantle
beneath the Kaapvaal craton has to be strong enough to preserve
the geochronological pattern exhibited by mantle xenoliths over
the time scale of billions of years. To this end, we first estimate a
likely thermal evolution of the continental lithosphere, and then
explore its possible deformation history with a range of olivine
flow-law parameters.

We use a simple one-dimensional (1-D) model with constant
thickness over time to represent the continental lithosphere.
Estimates on the thickness of the continental lithosphere beneath
the Kaapvaal craton vary substantially (e.g. James et al., 2001;
Eaton et al., 2009; Evans et al., 2011), but diamondiferous xenoliths
indicate that the lithosphere is at least 170 km thick. Given that the
deepest xenoliths sampled by Pearson (1999) originate at about
250 km, we set 250 km as the base of lithosphere in our model, the
choice also adopted by previous studies on the thermal structure of
the Kaapvaal lithosphere (McKenzie et al., 2005; Michaut et al.,
2007). Seismic surveys show that the average crustal thickness of
the Kaapvaal craton is around 35–40 km (Nguuri et al., 2001;
Stankiewicz et al., 2002; Niu and James, 2002). Granitic upper crust
with higher radiogenic heat production rate is distinguished from
mafic lower crust for an accurate calculation of thermal evolution.
The base of highly radioactive upper crust, according to geological
field studies, is located at the depth of 13 km (Nicolaysen et al.,
1981; Jones, 1988).

3. Thermal evolution of continental lithosphere

A temperature profile in the lithosphere is calculated by
solving 1-D heat conduction (Turcotte and Schubert, 2002) with
temperature boundary conditions. The surface temperature is
fixed at 25 1C, while the bottom temperature at 250 km depth is
time-dependent and calculated from a given potential tempera-
ture (a hypothetical temperature of a mantle brought up adiaba-
tically to the surface without melting) with an adiabatic gradient
of 0.5 1C/km. For the temporal variation of mantle potential
temperature, we use the prediction from the thermal evolution
model of Korenaga (2006, 2008), which has been shown to be
consistent with petrological constraints on the secular cooling of
the upper mantle (Herzberg et al., 2010). An alternative boundary
condition in previous studies (Jaupart and Mareschal, 1999;
McKenzie et al., 2005; Michaut et al., 2007) is related to the basal
heat flux sustained by underlying convecting mantle. Whereas
solving heat conduction with the heat flux boundary condition is
equally straightforward, the temporal evolution of the basal heat

flux is poorly known, so this type of boundary condition is not
considered in this study. This temperature boundary condition
results in a discontinuity in heat flux at the boundary, but in
reality, such discontinuity would be quickly smoothed by the
growth of a thermal boundary layer beneath the lithosphere. Due
to convective instability, the thermal boundary layer would
repeatedly experience growth and destruction (e.g. Korenaga
and Jordan, 2002), and our choice of the bottom boundary
condition aims to capture the first-order influence of astheno-
spheric ‘‘heat bath’’ on continental lithosphere, without dealing
with the dynamics of such small-scale convection.

Thermal conductivities and their temperature dependency are
adopted from Chapman and Furlong (1992), Hofmeister (1999) and
Whittington et al. (2009). The temperature-dependent heat capa-
cities and densities for different layers of lithosphere are calculated
with an internally-consistent thermodynamic dataset for minerals
(Holland and Powell, 1998), together with the proportions of
major phases. Internal heating within the lithosphere is caused by
the decay of four radioactive isotopes: 235U, 238U, 232Th, and 40K.
Their half-lives and rates of heat generation are summarized in
Turcotte and Schubert (2002). The concentrations of these isotopes
in the continental lithosphere are from Taylor et al. (1981) and
further adjusted by field observations and measurements, as sum-
marized in Michaut et al. (2007). The details of model parameters
are given in Appendix A.

We use a forward-time-central-space finite difference method
(Press et al., 1992) with a time step of 10 Myr and a depth interval
of 1 km. We do not assume a steady state a priori to take into
account the effect of transient cooling. The initial conditions are
largely unknown, so we start with random initial conditions at
4 Ga (Fig. 2). Initial geotherms are randomly chosen within two
adiabatic geotherms with the surface temperatures of T¼25 1C
and T¼Tp. Calculated temperature profiles converge after one
billion years, as expected from the thermal diffusion time scale.
The diffusion time scale is given by L2/k (e.g. Turcotte and
Schubert, 2002), where L is a length scale (250 km) and k is the
thermal diffusivity (about 1�10�6 m2/s), and is about two billion
years in this case. A steady state is typically achieved within a
fraction of the diffusion time scale. The calculated temperature
profiles agree well with the geothermobarometry of mantle
xenoliths, which has been extensively studied for the Kaapvaal
craton (Fig. 3). In the subsequent section, we ignore the first
0.5 Gyr of the calculated thermal history, which is highly variable
because of random initial conditions, and focus on thermal
evolution from 3.5 Ga to present. We further compare the 1000
calculated thermal profiles with thermobarometry results derived
from mantle xenoliths (e.g. Boyd and Nixon, 1975; Danchin, 1979;
Lazarov et al., 2009) and choose the one that matches xenolith
data most closely as the best-fit profile for the following calcula-
tions (Fig. 3).

4. Dynamic evolution of subcontinental lithospheric mantle

4.1. Model formulation and flow-law parameters

We assume that a relatively depleted ‘dry’ lithospheric mantle
overlies a ‘wet’ convective upper mantle (Fig. 4). The bottom
boundary at 410 km is set to be non-slip, i.e., zero horizontal
velocity at the bottom. If flow in the transition zone shares the
same direction with that in the upper mantle, this non-slip
boundary condition overpredicts shear stress and strain rate,
but the opposite case could have also occurred during the last
few billion years. The non-slip boundary condition is thus chosen
as a neutral choice. With this bottom boundary condition, the
surface velocity vplate, is simply a depth integral of strain rate

X. Chu, J. Korenaga / Earth and Planetary Science Letters 333–334 (2012) 52–6254
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through the upper mantle:

vplateðtÞ ¼

Z 0 km

410 km

_eðt,zÞdz: ð2Þ

As shown in Eq. (1), the strain rate depends on flow-law para-
meters as well as environmental variables. We adopt the set of
olivine flow-law parameters recommended by Korenaga and
Karato (2008) (Appendix B), in which a number of rock deforma-
tion data are integrated in a consistent statistical framework. For
the environmental variables, we use best-fit temperature profiles
obtained in the previous section (Fig. 3) and calculate correspond-
ing pressure profiles using the equations of state for mantle rocks.
A temperature profile through the convective mantle is an adia-
batic thermal profile that continues from the basal temperature of

the lithosphere. For the sake of simplicity, ductile deformation in a
cold and stiff crustal layer is assumed to be insignificant.

Because diffusion creep and dislocation creep can occur in
parallel, the total deformation is a sum of contributions from both
mechanisms:

_e ¼ _edif f þ _edis: ð3Þ

For each mechanism, a flow law depends on the water content of
olivine, and after calculating strain rates with both ‘dry’ and ‘wet’
flow laws, a greater strain rate is considered to be what actually
takes place, i.e.,

_e ¼maxð_ewet , _edryÞ: ð4Þ

Fig. 3. Thermal structure of Kaapvaal cratonic lithosphere based on our modeling results (solid curve) that best fit the estimated P–T conditions of mantle xenoliths

(squares; Lesotho, Boyd and Nixon, 1975; Finsch, Lazarov et al., 2009; Premier, Danchin, 1979). Present-day thermal profile calculated by McKenzie et al. (2005) is also

shown for comparison (gray curve).

Fig. 2. 1000 temperature profiles calculated with random initial conditions at 4.0 Ga and temperature boundary conditions (see text for details). Discrepancies due to

random initial conditions diminish mostly after the first 1 billion years.
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With a very low water content, for example, a ‘wet’ flow law
predicts a diminishingly small strain rate, and in this case, a ‘dry’
flow law provides a realistic estimate on strain rate. Measure-
ments of water content as high as �800 ppm H/Si have been
reported for mantle xenoliths (Miller et al., 1987; Bell and
Rossman, 1992; Kurosawa et al., 1997), which are even higher
than for the wedge mantle in subduction zone (Peslier and Luhr,
2006). This high water content, however, contradicts deformation
microstructures observed in olivine (Katayama and Korenaga,
2011). A recent study by Peslier et al. (2010) suggests that the
water content is about 85 ppm H2O (233 ppm H/Si) at the
maximum and is probably about 60 ppm H2O (164 ppm H/Si)
on average. Their study also indicates that the water content is
nearly constant with pressure less than 5 GPa (above 155 km
depth) and decreases to around zero at 7 GPa (�220 km depth).
However, the number of samples from greater than 5 GPa is
limited, so we set the water content of the lithospheric mantle
uniformly to 164 ppm H/Si. The water content of the underlying
convective mantle is set to 800 ppm H/Si (Hirth and Kohlstedt,
1996).

The grain size of olivine is assumed to be 7 mm, based on
measurements in mantle xenoliths collected from the Kaapvaal
craton (e.g. Ave Lallement et al., 1980). This leaves the deviatoric
shear stress as the only unknown in the flow-law equation
(Eq. (1)). For this Couette-flow-type model (Fig. 4), shear stress
is constant across the whole layer, and for a given surface velocity,
Eq. (2) can be solved numerically for such constant shear stress.
Even if surface velocity does not change with time, shear stress
still varies with time because the time-dependent temperature
profile affects mantle rheology. Present-day surface velocity at
southern Africa is about 7 mm/yr in the hotspot reference frame
(Gripp and Gordon, 2002). The variation of plate velocity in the
past can be obtained from paleogeomagnetic studies (e.g., Jurdy
et al., 2005) and can also be estimated based on the thermal
evolution of Earth (Korenaga, 2006, 2008). We will test several
possibilities on the temporal variation of plate velocity.

As the thermal structure of the lithosphere becomes more
uncertain at greater ages (Fig. 2), the time integration of strain
rate is conducted backward in time, starting at the present day.
Relative displacement with respect to the surface is calculated as

a function of time, for different depths in the lithosphere. The
kimberlite pipes studied by Pearson (1999) are separated from
each other by about a hundred kilometers, so the lateral displace-
ment across the lithosphere must be on the same scale at most;
otherwise the geochronological pattern in mantle xenoliths
would be severely destroyed.

4.2. Model results

Modeling results for shear stress and relative displacement are
presented in Fig. 5 for a variety of cases (see also Appendix C). As
one of the common features among all cases considered, shear
stress in the upper mantle has been gradually increasing for the
last 3 Gyr, because the mantle is cooling and becoming more
viscous. The magnitude of stress is in the range of 0.01–0.06 MPa,
about two orders of magnitude lower than the stress previously
obtained with grain-size-related piezometers (e.g., 4–6 MPa; Ave
Lallement et al., 1980). For the reference case shown in Fig. 5a
(the case with 164 ppm H/Si), relative displacements over the last
3.5 Gyr are 15 km, 58 km and 190 km, respectively, at the depths
of 200 km, 225 km, and 250 km. Relative displacements at depths
shallower than 200 km are therefore small enough to preserve the
geochronological pattern described by Pearson (1999). The dis-
placement at the depth of 250 km is large, but xenoliths from
around this depth belong to the ‘sheared’ or ‘high temperature’
series (Boyd and Nixon, 1975; Pearson et al., 1995; Pearson,
1999).

To test the robustness of the reference case, we perturb it for
the water content of the lithospheric mantle, the water content of
the convective mantle, grain size, and plate velocity. Shear stress
is almost independent of the water content of the lithosphere
(Fig. 5a) although weaker lithosphere due to higher water content
leads to a slightly greater displacement (Fig. 5b). This weak
sensitivity is understandable because most of the shearing takes
place in the weak convective mantle, but non-zero sensitivity also
indicates that the flow-law parameters for the ‘wet’ condition are
what controls lithospheric deformation. When the convective
mantle is dryer and more viscous, higher shear stress is required
to maintain the same plate velocity (Fig. 5c), and higher stress
results in greater displacement in the lithosphere (Fig. 5d).
Results with different grain sizes show that, near the base of
the lithosphere, strain rate due to diffusion creep is comparable to
but smaller than that due to dislocation creep (Fig. 5f; compare
the cases with grain size of 7 mm and with infinite grain size at
250 km, the latter having no contribution from diffusion creep),
while in shallower lithospheric mantle, diffusion creep over-
weighs dislocation creep. Nevertheless, integrated displacement
is mostly due to deformation at the bottom of lithosphere, so the
effect by neglecting diffusion creep is trivial. In the convective
mantle where temperature increases only adiabatically but pres-
sure increases linearly with depth, dislocation creep, which has a
smaller activation volume than diffusion creep, dominates ductile
deformation. As a result, shear stress is virtually insensitive to
changes in grain size, even when varied from 2 mm (close to
coarse mylonitic peridotite) to infinity (Fig. 5e). Too small a grain
size does, however, lead to a geologically unacceptable situation;
in the case of grain size of 2 mm, relative displacements within
much weakened lithosphere dramatically increase to thousands
of kilometers (Fig. 5f). Finally, higher plate velocity leads to higher
shear stress (Fig. 5g) and greater displacement (Fig. 5h).

The reference model calculation is repeated with flow-low
parameters recommended by Hirth and Kohlstedt (2003). At
200 km depth displacement over the past 3.5 Gyr is 116 km,
which is one order of magnitude larger, but still lies in reasonable
bounds. Shear stress at present is accordingly similar to the result
with the parameters of Korenaga and Karato (2008), but the shear

Fig. 4. Cartoon illustrating our flow model composed of 250 km-thick lithosphere

and underlying convective upper mantle. With no variation in the horizontal

direction, momentum balance dictates that shear stress is constant throughout the

section. The basal boundary at 410 km is assumed to be non-slip. Difference in

strain rate between the top and bottom of lithosphere leads to relative displace-

ment within lithosphere.
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Fig. 5. Results of dynamic modeling in terms of stress evolution (left) and surface displacement with respect to certain depths (200 km, 225 km and 250 km) measured

from the present (right). Thick red curves denote results with standard conditions (grain size of 7 mm, plate velocity of 7 mm/yr, and water contents of 164 ppm H/Si in

lithosphere and 800 ppm H/Si in convective mantle; see text for details). Black and blue curves denote modeling results from sensitivity analysis: (a, b) varying water

content in lithospheric mantle; (c, d) varying water content in convective mantle; (e, f) varying grain size; and (g, h) varying plate velocity. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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stress evolution curves are more concave. Sensitivity analysis
shows that the parameters of Hirth and Kohlstedt (2003) lead to
the greater sensitivity of predicted stress to grain size and plate
velocity.

We also consider the effect of time-dependent plate motion
(Fig. 6). One example is the history of plate velocity predicted
from the thermal evolution model of Korenaga (2006). Hotter
mantle in the past results in a higher degree of partial melting and
leaves more depleted and viscous residue, making mantle con-
vection more sluggish. This plate velocity prediction is regarded
as a global average, normalized with the present-day value of
40 mm/yr, and is consistent with the supercontinental cycle
(Hoffman, 1997) and with the life span of passive margins
(Bradley, 2008). Moreover, for plate motion in the Phanerozoic,
a more refined model specific to the African continent based on
paleogeomagnetic reconstruction (Jurdy et al., 1995) can be
adopted, but these subtle features in plate velocity evolution
neither lead to significant change in the general trend of stress
evolution (Fig. 6b) nor relative displacements in the lithosphere
(Fig. 6c).

To summarize, our results indicate that, in the lithospheric
mantle, viscous deformation is controlled by ‘wet’ creep mechan-
isms, and strain rate by diffusion creep is comparable to disloca-
tion creep, or even larger at shallower depths, whereas estimated
shear stress is controlled mostly by dislocation creep in the
convective mantle. Relative displacements across the lithosphere
predicted with the flow-law parameters of Korenaga and Karato
(2008) are consistent with major geological constraints from
mantle xenoliths. We are thus reasonably confident with our
estimates on the magnitude of shear stress in the upper mantle
and its secular evolution.

5. Discussion

5.1. Sensitivity to olivine flow-law uncertainty

We used the set of flow-law parameters recommended by
Korenaga and Karato (2008), who constructed a comprehensive
statistical framework to analyze different deformation data in a
coherent manner and estimate full parameter uncertainty includ-
ing covariance. Each flow-law parameter comes with its own
uncertainty, but it is important to realize that one cannot vary one
parameter independently with others. For example, they esti-
mated the activation volume for ‘wet’ dislocation creep to be
473 cm3/mol, but if one wishes to see the consequence of using

its low-end value (i.e., 1 cm3/mol), the pre-exponential factor A in
Eq. (1) must be adjusted properly following their statistical
framework. Otherwise, a resulting flow law would become
inconsistent with existing rock deformation data. While one
may intuitively expect lower viscosity and thus greater displace-
ment for lower activation volume, the pre-exponential factor
decreases at the same time, and this decrease more than com-
pensates for the decrease in activation volume, resulting in higher
viscosity and smaller displacement. Thus, a good understanding
of the statistical framework developed by Korenaga and Karato
(2008) is essential when investigating the effect of flow-law
uncertainty. As discussed in the previous section, ‘wet’ dislocation
creep dominates ductile deformation in the upper mantle, so we
focus on this deformation mechanism.

Fig. 7 illustrates the dependence of relative displacement at the
depth of 200 km on flow-law parameters. The results indicate that
large activation energy and small activation volume favor small
displacement. At the recommended bounds of activation energy
(423–623 kJ/mol) and activation volume (1–7�10�6 m3/mol), the
displacement minimum is as low as 7 km, while the largest
displacement is 64 km, reached at largest activation volume and
smallest activation energy, still lies in an acceptable range (i.e.,
less than 100 km) (Fig. 7a). At the same depth with the same
setting, displacement calculated with the parameters of Hirth and
Kohlstedt (2003) nearly doubles the maximum in the above
bounds. We also calculate the dependence of displacement on
the activation energy and activation volume of ‘wet’ diffusion
creep, but the difference between the maximum and minimum is
only about 0.2 km at 200 km depth, with varying these parameters
in their recommended ranges.

The uncertainty of the water exponent does not significantly
affect displacement (Fig. 7b), which is understandable in this
problem setting; when the water exponent varies, the viscosities
of the lithospheric mantle and the convective mantle change nearly
proportionally, so the proportion of displacement experienced in the
lithosphere remains essentially the same. Similar insensitivity to
displacement is also found for the stress exponent; when solving
Eq. (2) for shear stress in upper mantle, we are actually solving for
sn in the flow laws, so the effects of uncertainty in the stress
exponent are not visible in predicted displacements.

In summary, with flow law parameters varying in their likely
uncertainty ranges, predicted displacements between surface and
200 km depth all lie in a geologically acceptable range. Large
activation energy and small activation volume favor small dis-
placement, while the other parameter uncertainties have little
influence on it.

Fig. 6. Modeling results with more realistic plate velocities. (a) Assumed history of plate velocity; constant at 7 mm/yr (red), prediction by thermal evolution modeling by

Korenaga (2006) (black), and with Phanerozoic plate velocity reconstruction by Jurdy et al. (1995) (blue). Stress evolution and displacement corresponding to each model

velocity are shown in (b) and (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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5.2. On grain-growth kinetics in the lithospheric mantle

One robust result in our modeling is the magnitude of shear
stress in the upper mantle, which is considerably lower than
previous estimates using grain-size-based piezometeric laws that
reflect dynamic recrystallization. At steady-state deformation
achieved by dynamic recrystallization, grain size is related to
stress empirically as (e.g. Karato et al., 1980; van der Wal et al.,
1993)

Lg ¼ Ags�rg , ð5Þ

where Lg is grain size, s is stress, and Ag and rg are constants not
sensitive to temperature and pressure. Theoretical derivations
(Austin and Evans, 2007; Ricard and Bercovici, 2009; Rozel et al.,
2011) suggest that the grain size is conceptually a ‘paleowatt-
meter’ that reflects the rate of energy dissipation, rather than a
‘paleopiezometer’ that measures the deviatoric stress, but the
empirical constitutive relation in Eq. (5) is still useful, with
parameters either derived from deformation experiments (e.g.
Jung and Karato, 2001; van der Wal et al., 1993) or estimated from
natural rocks in ductile shear zones (e.g., Goetze, 1975; Nicolas,
1978). This relation provides a useful tool to estimate paleo-
stresses from the microstructure of naturally deformed rocks in
mylonite zones (e.g. White, 1979). Strain rates in deformation
experiments (10�5 s�1) and ductile shearing zones (10�12–
10�14 s�1) are, however, both much higher than those in the
stable continental lithosphere (10�16–10�17 s�1), and a simple
application of Eq. (5) to cratonic xenoliths may not be warranted
(though these xenoliths were likely to have experienced disloca-
tion creep according to our results in Section 4). As discussed
above, our estimate on stress in the continental lithosphere is
about two orders of magnitude lower than that estimated with
grain-size-based piezometers (e.g. Ave Lallement et al., 1980). By
the same token, if we apply Eq. (5) to derive equilibrium grain
size from our stress estimate, we would predict too large grain
size to be consistent with xenolith observations (Fig. 8).

Previous studies based on the dislocation density of olivine
grains all suggest stresses even higher than those piezometric
estimates. Some of these studies are summarized in Skemer and
Karato (2008), and a recent study by Arndt et al. (2010) gives the

Fig. 8. Grain size evolution in lithosphere at depth 200 km. Dashed curve

1 denotes constant grain size of 7 mm, average of grain sizes observed in mantle

xenoliths (Ave Lallement et al., 1980). Gray curves in shaded area denote grain size

prediction according to dynamic recrystallization, using stress calculated in this

study (Fig. 6b, black curve); 2. Lg¼104.41s�1.18 (Lg in mm, s in MPa; Jung and

Karato, 2001); 3. Lg¼104.14s�1.33 (Lg in mm, s in MPa; van der Wal, 1993); 4.

s¼11Lg
�0.5 (Lg in mm, s in kbar; Goetze, 1975); 5. s¼19Lg

�0.67 (Lg in mm, s in kbar;

Post, 1973); and 6. Temperature-dependent law, Lg¼1.13s�1.4 exp (13500/RT) (Lg

in mm, s in kbar; Mercier, 1976). Solid curve 7 denotes grain-size evolution

according to the monomineralic grain-growth law (see text for details), starting

with L0¼0.1 mm at 3.5 Ga, n¼2, H¼160 kJ/mol, and k0¼104.2 mm2 s�1 (Karato,

1989); Solid curves 8a, b and c denote grain-size evolution predicted with the

thermodynamically self-consistent damage equation (Rozel et al., 2011) with

growth exponent p¼2, 3, and 4, respectively; Dotted curves 9a and b denote

grain-size evolution calculated with the grain-growth parameters suggested by

Hiraga et al. (2010), fEN¼0.2, and growth exponent (a) p¼4 and (b) p¼5.

Fig. 7. Dependence of displacement across lithosphere (relative to 200 km depth) on olivine flow-law parameters. Displacement is calculated with a pair of flow-law

parameters for wet dislocation creep varying within their likely bounds (as suggested by Korenaga and Karato (2008)) while fixing other parameters. (a) Activation energy

and activation volume, and (b) activation energy and water exponent.
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estimate of stress in a range of 100–400 MPa. Such high stress
level, however, corresponds to extremely high strain rate, and
these authors suggest that it is unlikely to be related to con-
tinental drift or sublithospheric convection. Skemer and Karato
(2008), for example, speculated that their samples might have
been sheared by a rapidly rising plume, whereas Arndt et al.
(2010) conjectured that the inferred high stress might originate
in a transient phenomenon associated with the formation of
kimberlite magma. Also note that the type of lattice-preferred
orientation varies as a function of stress and water content, but
cratonic xenoliths commonly exhibit A-type fabric, and as
Katayama and Korenaga (2011) argued, this fabric information
may be used to place an upper limit on the water content, but it is
not useful as stress indicator because A-type fabric has no lower
bound for stress. Thus, it remains unclear how these microstruc-
tures can constrain the stress level associated with continental
drift, which is our main focus in this study.

A simple order-of-magnitude calculation suggests that our
stress estimate should not be seen as a surprising result. Shear
strain rate is of the order of 10�15 s�1 (i.e., typical geological strain
rate) for a surface velocity of 10 mm/yr with a non-slip boundary at
410-km depth, and corresponding shear stress can be derived by
multiplying asthenospheric viscosity with the strain rate, e.g.,
0.01 MPa for the viscosity of 1019 Pa s, or 0.1 MPa for 1020 Pa s.
The discrepancy between our stress estimate and that based on
grain-size piezometers thus warrants careful consideration.

One possible explanation for this discrepancy is that the
typical grain size of mantle xenoliths (5–10 mm) reflects a high
stress level experienced during the formation of the craton in the
early Archean, and olivine grains in the lithospheric mantle could
not grow fast enough to reach a dynamic equilibrium with the
subsequent low stress level. This idea may be tested using grain-
growth kinetics, which is generally expressed as (Hillert, 1965):

Lp
�Lp

0 ¼ kpt, ð6Þ

where L is grain size, L0 is initial grain size, n is the grain-size
exponent, t is time and kn is a temperature-dependent parameter:

kp ¼ k0 expð�E=RTÞ, ð7Þ

where E is activation energy and k0 is a pre-exponential constant.
We calculate grain-growth evolution in the lithosphere at the

depth of 200 km for the last 3.5 Gyr, starting with grain size
0.1 mm, using parameters determined for pure olivine aggregates
(Karato, 1989). The initial grain size of 0.1 mm is close to the
lower limit of grain size during the early stage of crystallization in
a putative magma ocean (Solomatov, 2000, 2007). The grain-
growth curve soars dramatically during the first few million
years and gradually reaches a quasi-steady-state size of 410 m
(curve 7 in Fig. 8). Thus, it may appear that olivine grains
can grow sufficiently quickly to the size predicted by dynamic
recrystallization.

One cannot, however, simply apply grain-growth kinetics
derived from monomineralic aggregates to polymineralic rocks.
For example, secondary phase particles are known to have a
significant influence on grain-boundary migration. If a minor
phase is ‘indigestible’ in olivine, such as orthopyroxene (opx),
moving boundaries have to increase their area in order to pass
these ‘pinning’ particles. Excess energy is thus required for
increased surface energy, which slows down boundary migration
and grain growth (Karato, 2008). The influence of opx pinning is
estimated by Evans et al. (2001) for olivine grain growth based on
data for grain-boundary mobility, assuming that grain growth is
controlled by Si diffusion on grain boundaries. With opx pinning,
the ‘steady state’ grain size is estimated to be around 10 mm,
close to typical grain sizes observed in natural xenoliths. In the
study of Evans et al. (2001), however, the grain size of mantle
xenoliths was also thought to be consistent with dynamic
recrystallization, based on the notion of high lithospheric stress,
so the origin of the observed grain size remains equivocal. With
the very low shear stress (o0.1 MPa) estimated in this study,
therefore, the grain size of cratonic olivine forms a unique
observational support for the opx pinning mechanism.

In general, grain-growth kinetics is not well understood in
realistically complicated systems owing to a number of control-
ling factors. Observed grain sizes in the lithospheric mantle could
thus provide a useful (albeit crude) constraint on some sort of
‘effective’ grain-growth kinetics. We calculate the present grain
size at 200 km depth with the same starting condition (0.1 mm at
3.5 Ga) but different grain-growth parameters (E, k0, and n), and
results suggest that large activation energy, small pre-exponential
factor k0, and small grain-growth exponent favor small grain size
(Fig. 9), which is largely intuitive. We tested two possible growth

Fig. 9. Calculated present-day grain size (at 200 km depth) and its dependence on grain-growth parameters (activation energy E, pre-exponential factor k0 and grain size

exponent p). Observed grain size (7 mm, Ave Lallement et al., 1980) is shown as dotted line. Yellow star represents the grain-growth law for pure olivine aggregates

(Karato, 1989). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (a) p¼2 and (b) p¼4.
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exponents, p¼2 and 4; the former is applicable for pure olivine
aggregates (Karato, 1989), and the latter is based on the work of
Faul and Scott (2006) and Ohuchi and Nakamura (2007) on opx-
rich peridotites, in which the presence of pyroxene inhibits the
grain growth of olivine. With the pre-exponential factor and the
growth exponent being the same as those for pure olivine
aggregates, the activation energy should be higher than
�400 kJ/mol to explain the observed small grain size. Or, if we
choose to keep the activation energy at �150 kJ/mol instead, the
pre-exponential factor needs to be lowered by about ten orders of
magnitude.

We have also considered more recent studies on grain size
evolution. First, Hiraga et al. (2010) experimentally investigated
grain growth kinetics of olivine and opx as a function of volume
fraction of opx (fEn). Their experiments were done at
T¼136075 1C, which is close to the temperature at 200 km
depth in our model. Predicted grain growth curves at 200 km
depth, based on their suggested grain growth law, are shown in
Fig. 8, using fEn¼0.2 (average opx fraction for cratonic xenoliths;
Pearson et al., 2003) and the growth exponents of p¼4 (Curve 9a)
and p¼5 (Curve 9b). The predicted grain size with the growth
exponent of p¼4 is of millimeter scale, whereas that with p¼5 is
too small to be realistic. Fig. 9b suggests that with p¼4 and with
the same activation energy for monomineralic olivine grain
growth, the pre-exponential factor needs to be lower than 10�2,
close to the value suggested in Hiraga et al. (2010). Second, Ricard
and Bercovici (2009) and Rozel et al. (2011) derived a thermo-
dynamically self-consistent damage equation for grain-size evo-
lution that involves both grain growth and recrystallization. In
their formalism, the grain size reduction term is controlled by
mechanical dissipation and can be calculated with our estimate
on stress evolution. Dislocation creep is the dominant mechanism
of deformation, so we neglect the contribution of varying grain-
size to the dissipation term. Predicted grain-size evolutions are
shown in Fig. 8 with the growth exponents of p¼2 (Curve 8a), 3
(Curve 8b), and 4 (Curve 8c). The grain-growth parameters are
adopted from Kameyama et al. (1997) and flow-law parameters
from Korenaga and Karato (2008). The grain-size evolution
with p¼4 is very close to the calculation using the results of
Hiraga et al. (2010), which is understandable because a higher
growth exponent corresponds to a greater effect of secondary
phase pinning.

In summary, simple grain-size-based piezometers are not
applicable to cratonic xenoliths. Grain growth laws derived in
monomineralic systems should be used with caution in natural
rocks, because other factors, like secondary phase pinning, can
significantly slow down the rate of grain growth. With growth
exponent p¼4 and a corresponding empirical pre-exponential
value suggested in Hiraga et al. (2010), the predicted grain size is
of similar magnitude as observed in xenoliths. Our observational
bounds on the permissible range of effective grain growth para-
meters (Fig. 9) are shown to be in a good agreement with the
experimental study of Hiraga et al. (2010) and the theoretical
study of Rozel et al. (2011).

6. Conclusions

We have shown how to convert qualitative observations on
geochronological patterns exhibited by cratonic xenoliths into
quantitative constraints on the magnitude of shear stress asso-
ciated with continental drift as well as effective grain-growth
kinetics in the lithospheric mantle. In doing so, we were also able
to test the flow-law parameters for olivine rheology. The para-
meters recommended by Korenaga and Karato (2008) are shown to
be consistent with relatively small lithospheric-scale deformation

indicated by cratonic xenoliths. Varying these parameters within
their estimated uncertainties hardly affect this geological consis-
tency, meaning that this study by itself does not help to reduce the
parameter uncertainty.

Our results suggest that stress in the lithosphere increased
from �0.01 MPa to �0.1 MPa in the past 3.5 billion years, which
is about two orders of magnitude lower than previous estimates
based on grain-size piezometers. With the grain-growth kinetics
of pure olivine aggregates, olivine grains must have grown to the
size of �1 m, as opposed to the observed range of 5–10 mm. We
interpret this discrepancy as observational support for retarded
grain growth by orthopyroxene pinning. In order to capture the
effect of pinning by an ‘effective’ grain-growth law, the growth
exponent p¼4 is a likely estimate. This constraint on grain
growth in the lithospheric mantle over the last 3.5 Gyr is based
on the observed grain size in kimberlite xenolith, so despite its
crude nature, it will be a useful constraint when discussing long-
term mantle dynamics.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.epsl.2012.04.019.
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