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The longevity of deep continental roots depends critically on the rheological properties of upper mantle
minerals under deep upper mantle conditions. Geodynamic studies suggest that the rheological contrast
between the deep continental and oceanic upper mantle is a key factor that controls the longevity of the
continental roots. Current understanding of rheological properties of deep upper mantle is reviewed to
examine how a large enough rheological contrast between the continental and oceanic upper mantle
develops that leads to the longevity of the deep continental roots. Based on the microstructures of naturally
deformed deep continental rocks as well as on the observations of seismic anisotropy, it is concluded that
power-law dislocation creep dominates in most of the deep upper mantle. Deformation by power-law creep
is sensitive to water content and therefore the removal of water by partial melting to form depleted
continental roots is a likely mechanism to establish a large rheological contrast. The results of experimental
studies on the influence of temperature, pressure and water content on plastic flow by power-law dislocation
creep are reviewed. The degree of rheological contrast depends critically on the dependence of effective
viscosity on water content under “wet” (water-rich) conditions but it is also sensitive to the effective
viscosity under “dry” (water-free) conditions that depends critically on the influence of pressure on
deformation. Based on the analysis of thermodynamics of defects and high-temperature creep, it is shown
that a robust estimate of the influence of water and pressure can be made only by the combination of low-
pressure (<0.5 GPa) and high-pressure (>5 GPa) studies. A wide range of flow laws has been reported,
leading to nearly 10 orders of magnitude differences in estimated viscosities under the deep upper mantle
conditions. However, based on the examination of several criteria, it is concluded that relatively robust
experimental data are now available for power-law dislocation creep in olivine both under “dry” (water-free)
and “wet” (water-saturated) conditions. These data show that the influence of water is large (a change in
viscosity up to ~4 orders of magnitude for a constant stress) at the depth of ~200-400 km. I conclude that
the conditions for survival of a deep root for a few billions of years can be satisfied when “dry” olivine
rheology with a relatively large activation volume (>(10-15)x10~% m>®/mol)) is used and the substantial
water removal occurs to these depths. High degree of water removal requires a large degree of melting in the
deep upper mantle that could have occurred in the Archean where geotherm was likely hotter than the
current one by ~200 K presumably with the help of water.
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1. Introduction

Understanding of the physical properties of the upper mantle is
critical to the study of dynamics of this region. For example, the
longevity of deep continental roots depends critically on the contrast
in density and viscosity between the continental roots and surround-
ing convecting mantle (e.g., Doin et al. (1997); Lenardic and Moresi
(1999); Shapiro et al. (1999a)). The density contrast can be estimated
through the estimates of temperature profile and the change in major
element chemistry and is relatively well understood. It is widely
accepted that the continental lithosphere is nearly neutrally buoyant
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despite low temperatures due to the small difference in the major
element chemistry (e.g., Jordan (1981); Poudjom Djomani et al.
(2001); Kelly et al. (2003)). Consequently, the major factor that
controls the stability of the continental roots is their rheological
properties, particularly the rheological contrast between deep con-
tinental roots and surrounding (oceanic or subduction zone) upper
mantle. However, the evaluation of the rheological contrast has been
hampered by the lack of reliable quantitative studies on these
properties under the deep upper mantle conditions.

In order to assess the role of rheological properties, I first review
the current understanding of temperature distribution and chemical
composition of the continental upper mantle and I conclude that the
role of differences in temperature and/or major element composition
(and the variation in grain-size) is unlikely to account for a large
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rheological contrast required to preserve a continental lithosphere. A
possible role of the lower water content of the continental lithosphere is
highlighted, as first pointed out by Pollack (1986). However, the degree
of rheological control of the stability of the deep continental roots is
sensitive to the rheological properties under the deep upper mantle
conditions that were not well understood until very recently. For
example, the experimental data Pollack used, i.e., Carter (1976); Post
(1977), have been shown to have major uncertainties particularly with
regard to the influence of water, and the water weakening effect in
olivine was in fact not demonstrated by these studies (e.g., Chopra and
Paterson (1981)). During the subsequent years, high-resolution rheo-
logical data have been obtained for olivine at low pressures using a gas-
medium deformation apparatus (<0.5 GPa; (Karato et al., 1986; Mei and
Kohlstedt, 2000a,b)). However, as [ will demonstrate in the following,
the rheological results determined at pressures below ~0.5 GPa cannot
be extrapolated to pressures exceeding a few GPa, because the pressure
effect is large and non-monotopic. Consequently, although these low-
pressure results are reliable and form the basis for the conceptual
understanding of microscopic mechanisms of creep, these results
cannot be used to discuss upper mantle rheology below ~20 km depth.

Many efforts during the last ~10 years have been made to obtain
quantitative experimental data on (olivine) rheology under higher
pressures. However, due to the technical difficulties in the experimental
studies under high pressures (and to the complications in the plastic
properties), it is not straightforward to obtain robust experimental results
on plastic properties under high pressure conditions. In fact, published
results on plastic deformation of olivine show a large scatter. The value of
the activation volume, a key parameter to characterize the pressure effect,
for example, ranges from ~0 to ~27 x 10~ 6 m>/mol that corresponds to a
more than 10 orders of magnitude difference in effective viscosity (at a
constant stress). Although some intermediate values of activation volume
were adopted in some earlier papers (e.g., Karato and Wu (1993); Hirth
and Kohlstedt (1996, 2003)), there was no strong basis for such choices
and widely different values were reported by recent experimental studies.
Therefore it is essential to critically evaluate the published results on
plastic deformation of upper mantle minerals and to estimate various key
parameters (temperature, water content, grain-size) in the deep
continental upper mantle in order to assess the mechanism by which
the continental lithosphere has survived for ~3 Gyrs.

In the next section, I will first review geophysical and geological
studies on the continental upper mantle, including its thermo-
chemical structures and the models to explain the longevity of the
deep continental roots. Next, [ will examine flow laws of the upper
mantle minerals (mostly those of olivine) and finally discuss the cause
for the survival of the deep continental roots.

2. Geophysical and geological studies on the continental upper mantle
and geodynamic studies on the longevity of the continental roots

2.1. Thickness and structure of the continental lithosphere (Fig. 1)

The thickness of the continental lithosphere has often been
estimated through seismological studies. In these studies, the con-
tinental lithosphere is defined in two different ways. In most studies
(e.g., Jordan (1975); Anderson (1979) see also Artemieva (2009)), the
continental lithosphere is identified as a near surface region below the
continents where the seismic velocities are faster (say by more than
0.5%: see Fig. 1a) than an average mantle. Some technical issues,
particularly the issue of anisotropy have been discussed (e.g., Anderson
(1979); Gung et al. (2003)), and these authors discussed that when the
influence of anisotropy is included, the actual thickness of the Archean
continents is ~200-250 km rather than ~300-400 km (however, from
geothermal profiles, (Artemieva, 2006) showed that some young (~2.7-
2.9 Gyrs) Archean continents have thicker roots, >250 km).

The significance of the “thickness” of the continental lithosphere by
this method is not clear because the average seismic wave velocities do

not directly correspond to the properties of the mantle. Also the choice of
velocity anomaly of 0.5% is arbitrary. A more direct approach is to use the
depth variation in seismic anisotropy. Anisotropy is caused mainly by
lattice-preferred orientation of minerals (e.g., Wenk (1985); Chapter 21
of Karato (2008)), and hence it is directly related to plastic flow. For
example, when a region of a continent is rheologically strong, that region
will not be deforming and any seismic anisotropy there will be a frozen
anisotropy. In contrast, when materials become soft enough to allow
appreciable strain-rates, say >10~ 1> s~ ! (corresponding to the viscosity
of 10%° (10?2) Pa s for the stress of 0.1 (10) MPa), then anisotropy there
will reflect deformation in the recent past. Consequently the depth
variation in anisotropy would be used to constrain rheological
stratification (Fig. 1b). Based on the analyses of SKS waves, Vinnik
et al. (1992) reported that the azimuthal anisotropy in the continental
upper mantle follows fossil plate tectonic motion in the shallow part, but
in the deep regions, the direction of the azimuthal anisotropy reflects the
current (or near recent) plate motion (the transition depth is not well
constrained in this study). Similar results were obtained by Deschamps
et al. (2008) through the analyses of surface waves who showed a
complicated depth varying azimuthal anisotropy. Similarly, using
surface wave data, Gung et al. (2003) showed that the continental
upper mantle below ~200-250 km has high radial anisotropy.

The age measurements of xenolith samples using Re-Os isotope
systematics showed that the ages of xenolith samples from south African
craton are 2.7+ 0.2 Gyrs in the depth range of ~30 to ~200 km that
agrees with the age of the crust within the errors (Carlson et al., 1999b)
(Fig. 1c). This indicates that the whole cratonic lithosphere in this region
has been maintained from the time when the crustal materials were
formed despite large lateral translation of continents relative to the
surrounding mantle. However, some exceptions are also reported. For
example, in the Slave craton (Canada; (Kopylova and Russell, 2000)) and
in Wyoming (Carlson et al., 1999a) where deeper xenoliths show younger
ages and less depleted chemical characteristics. Also, this technique can
be applied only to the depth where samples are collected. Therefore
no information is obtained below ~200 km from this technique.

Estimating temperature-depth profiles in the continental upper
mantle are critical to the study of stability of the continents. There are
two sources for constraining temperature-depth profile. First, one can use
the chemical composition of xenoliths brought to the surface from
<200 km depth if one assumes that the pressure-temperature conditions
recorded in xenoliths reflects “steady-state” geotherm. Together with the
observed surface heat flow and the estimated distribution of radiogenic
heat production, temperature-depth profiles can be inferred (e.g.,
(Rudnick et al.,, 1998; Artemieva, 2006)). Alternatively, observed seismic
wave velocity versus depth profiles can be inverted to temperature-depth
profiles using a mineral physics-based inversion scheme (Ro6hm et al,
2000). This latter work provides a unique constraint on the geothermal
profiles in the deep upper mantle (>200 km) that is not accessible by
xenolith samples. They found that although seismic wave velocities vary a
lot among different regions in the shallow regions in the continental upper
mantle (<150 km), the variation in seismic wave velocities below
~250 km is small. When velocity difference is inverted for temperature
difference, temperature variation in the shallow regions is up to +300 K,
whereas it is less than + 100 K in the deep part (~200-300 km) among
various continents. In the deep upper mantle (>250 km), the temperature
distribution in both oceanic and continental regions reaches to the similar
values, i.e., an adiabat with a potential temperature of ~1520-1570 K.

In sum, both seismological and petrological studies suggest a
thickness of the deep roots of ~200 km (with some variations) for old
continents. Consequently, in the following, [ will examine under which
conditions the rheological contrast between the deep continental upper
mantle and surrounding mantle becomes large enough to protect the
continental roots for billions of years. In doing so I will assume a
temperature difference of less than +100 K. Some geodynamic
considerations suggest that the upper mantle temperatures have
decreased with geologic time, but the rate at which temperatures
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Fig. 1. The structures of the continental upper mantle. (a) Average velocity anomalies (data from James et al. (2001) (adopted from Carlson et al. (2005))): average seismic wave
velocities in the shallow continental upper mantle is faster than the average Earth model such as PREM (Dziewonski and Anderson, 1981). This is likely due to the lower temperature
(and different chemical composition). A high velocity region is often identified as the continental lithosphere (e.g., Jordan (1975); Anderson (1979)), but due to the influence of
several factors and to the arbitrariness of the magnitude of velocity anomalies for this definition, this provides only a vague definition of the continental root (see e.g., Carlson et al.
(2005); Artemieva (2009)). More direct evidence is the distribution of “ages” with depth (Carlson et al., 1999b, 2005) but the sampling is limited to ~200 km depth. (b) Stratification
in seismic anisotropy: in the shallow region where viscosity is high, anisotropy reflects fossil deformation when that region was hot and had low viscosity, whereas in the deep hot
region where viscosity is low enough, anisotropy reflects current on-going (or near recent) deformation. Therefore the transition from fossil to current (near recent) anisotropy (i.e.,
anisotropy caused by current or recent deformation) marks a depth above which no substantial deformation occurs in the geological time-scale. (¢) Distribution of estimated ages of
continental upper mantle (from Carlson et al. (1999b)) showing a narrow range of ages indicating that this portion of continental lithosphere has moved as a single unit after its

formation for ~2.5 Gyrs.

have decreased is ~70 K/Gyrs (e.g., Abbott et al. (1994)). However, the
long-term variation of geotherm is not well constrained. For example,
based on the results of melting experiments, Takahashi (1990)
suggested that the Archean geotherms away from mid-ocean ridges
might be cooler than the current values. Similarly, using an unconven-
tional scaling law for secular cooling, Korenaga (2006) proposed a much
slower cooling rate (~30 K/Gyrs). In the following, I will use the
geotherms shown in Fig. 2 to calculate the rheological properties and the
influence of secular cooling will also be discussed.

2.2. Compositions of the continental upper mantle

Mineralogical composition of the continental upper mantle is
constrained by the composition of mantle xenoliths. Since I will
discuss the rheological properties of deep continental roots, I will
focus on the composition of the deep continental upper mantle. The
dominant rock in this region is garnet lherzolite. The (cratonic)
continental upper mantle is made of olivine-rich garnet peridotites
(olivine: 60-80% mol fraction, orthopyroxene: 10-30%, garnet: 0-10%,
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Fig. 2. The temperature-depth profiles for a typical old oceanic upper mantle (age of
80 Myrs) and for continents. For continents, two geotherms are shown corresponding
to typical shield and Archean craton. Geotherms below 100 km are considered in the
present study. The green region represents the temperature-depth data from mantle
xenoliths, and the orange region corresponds to the temperature-depth profiles
inferred from the inversion of seismic surface wave data from continental upper mantle.

clinopyroxene: 0-10%) (e.g., Walter (2005)). The depth variation in
mineralogy is not large (e.g., Lee (2003); Carlson et al. (2005)). The
volume fraction of garnet and clinopyroxene is so small that their
effect on rheological properties can be ignored. Also the volume
fraction of orthopyroxene is not very large, and the observations of a
majority of garnet peridotites from the continental lithosphere show
no major contrast in strain between olivine and orthopyroxene, or
somewhat higher strength of orthopyroxene than olivine (e.g.,
(Mercier and Nicolas, 1975)). However, there are notable exceptions.
For example, the “sheared lherzolites” i.e., highly deformed perido-
tites found from deep continental upper mantle (~160-200 km
depth) (Boyd, 1973; Boullier and Gueguen, 1975) show the evidence of
localized deformation in fine grained orthopyroxene. But deformation
of sheared lherzolites occurs with a much shorter time scales than the
time scale of mantle convection (e.g., Goetze (1975); Skemer and
Karato (2008)). Also, recently Ohuchi and Karato (submitted for
publication) showed that orthopyroxene is much weaker than olivine
under low temperature conditions (see also Raleigh et al. (1971)). But
at high temperatures, the rheological contrast between olivine and
orthopyroxene becomes small. Therefore in the following, we consider
that the rheological properties of the deep upper mantle as those of
olivine. Also the presence of lattice-preferred orientation in most of
xenoliths from continental upper mantle including ultra-deep
xenoliths coming from the depth deeper than ~300 km (Jin, 1995)
suggests that deformation is by dislocation creep.

There are some differences in major element chemistry such as the
Mg/(Mg + Fe) ratio (percentile of this ratio is known as Mg#) and the
modal fraction of minerals. The Mg# for a primitive upper mantle
(pyrolite) is estimated to be ~88, whereas depleted regions have
higher values, 90-92 (e.g., Ringwood (1975)). Mg# of the typical
oceanic upper mantle is ~90 whereas for the continental upper
mantle, it can be higher (Mg# ~90-92). The modal fraction of
minerals is different between depleted continents and surrounding
mantle (less garnet and clinopyroxene, and more orthopyroxene in
the continents), but such a difference does not have a large effect on
rheological properties in the present approximation where the
rheological properties are determined by those of olivine.

Water contents in the continental upper mantle are not well
constrained. For example, in calculating the strength profile of the
continental upper mantle, Kohlstedt et al. (1995) used the experi-
mental results at “wet” (water-saturated) conditions, whereas the
experimental data at “dry” (water-free) conditions were used for the
oceanic upper mantle. However, as we will show, if the continental
upper mantle is “wet” and the oceanic upper mantle is “dry”, then the
viscosity of the continental upper mantle would be lower than that of
the oceanic upper mantle and the deep continental roots would not
have survived for the geological time. Xenolith samples from
kimberlite magmas show a range of water content, but in all cases
much less than the saturation limit (less than ~0.015 wt.%; e.g., Bell
and Rossman (1992a)).

There are two major challenges in estimating the water content in
the deep continental upper mantle from mantle xenoliths. First,
because the diffusion of water in minerals is fast (this is particularly
the case where hydrogen is dissolved by itself, charge compensated by
diffusion of vacancies or electron holes), observed water contents in
minerals rarely reflect their original water contents. In fact, for olivine
in which the chemical diffusion of water is known to be fast (Kohlstedt
and Mackwell, 1998), there is very little correlation between the water
content and the concentration of other elements (Bell et al., 2004). In
contrast, for garnet where dissolution of hydrogen is considered to
occur as a combined substitution of Si with Al (Mookherjee and
Karato, submitted for publication), chemical diffusion of water
requires diffusion of Al that is slow. Therefore the water content in
garnet more faithfully reflects the equilibrium water content in the
mantle than olivine. Given the water content of garnet, the
corresponding water content in olivine can be calculated from the
known partition coefficient of water between these two minerals.
Mookherjee and Karato (submitted for publication) showed that the
partition coefficient is less than unity between olivine and garnet (at
low water fugacity) indicating that the water content in garnet gives
an upper limit for the water content in olivine.

There is a clear correlation between the water content in garnet
and the concentration of elements that are enriched in the kimberlite
magma (e.g., FeO, TiO,; Bell et al. (2004)). In mantle xenoliths,
sheared lherzolites are enriched with these elements compared to
coarse-granular peridotites (Danchin, 1979). An implication of this
observation is that the pristine continental upper mantle has smaller
water contents than the values seen in mantle xenoliths from the
kimberlite magma (Mookherjee and Karato, submitted for publica-
tion). In fact, there are a number of mantle xenoliths that show much
smaller water contents (e.g., San Carlos olivine has almost no water;
(Mackwell et al., 1985)). Many mantle xonoliths (from south Africa)
showed olivine A-type fabrics (Ben Ismail et al., 2001; Skemer and
Karato, 2008), which indicates that they were deformed under water-
poor conditions (<0.001 wt.%) (for olivine fabrics see Karato et al.
(2008)). Water-poor conditions are also consistent with a generally
accepted view that the continental lithosphere is a residue of
extensive partial melting (e.g., Jordan (1981); Carlson et al. (2005)).
This point will be discussed in more detail when I examine the
condition for the survival of the deep continental roots. An argument
to support such a model was presented by Hirth et al. (2000) based on
the inferred electrical conductivity. In contrast, a common view in the
petrology/geochemistry is that the source region of mid-ocean ridge
basalt (MORB) contains ~0.01-0.02 wt.% of water (e.g., Ito et al.
(1983); Dixon et al. (2002); Hirschmann (2006)) and the water
content is higher in the upper mantle in the subduction zone (Ito et al.,
1983; Stolper and Newman, 1994; Shito et al., 2006): the maximum
amount of water (in olivine) in the subduction zone will be close to
the saturation limit, ~0.1 wt.%. In summary, the water content is up to
~0.1 wt.% in the subduction zone upper mantle, ~0.01-0.02 wt.% in
the oceanic upper mantle (asthenosphere), and less than 0.001 wt.%
in the continental upper mantle with local enrichment due to
metasomatism (Fig. 3). Note that in a typical environment where
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Fig. 3. (a) A cartoon showing the water distribution in the upper mantle. The water content in the oceanic asthenosphere is well constrained from the observations on MORB to be
~0.01-0.02 wt.% (Ito et al., 1983; Dixon et al., 2002; Hirschmann, 2006). Wedge mantle in the subduction zone contains a large amount of water, ~0.1 wt.% (Stolper and Newman,
1994; Ito et al., 1983; Shito et al., 2006). In contrast, the water content in the continental upper mantle is less constrained. A plausible model is that the majority of the continental
lithosphere has low water content (less than 0.001 wt.%) due to a large degree of partial melting, whereas locally continental upper mantle is enriched with water due to the influence
of volatile-rich magmatism such as kimberlite. Most samples from the continental upper mantle is from these regions. (b-1) Correlation of water content and Mg# or TiO, content in
garnet from continental upper mantle (data from Bell and Rossman (1992a)) (absorbance is proportional to water content). Garnet is chosen because diffusional loss or gain of water
is likely less important for garnet than olivine. The kimberlite xenolith from deep continental upper mantle show 0.001-0.01 wt.% of water (Bell and Rossman, 1992b; Bell et al., 2004)
but these values likely over-estimate the water content in the pristine continental upper mantle. Garnet unaffected by metasomatism likely have high Mg# and low TiO, (Danchin,
1979) shown by green regions. (b-2) Water contents in garnet in some ultra-high pressure eclogites (data from Xia et al. (2005)). Ultra-high pressure eclogites are considered to have
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Fig. 4. Grain-size in the continental upper mantle from peridotite xenoliths (modified from
Mercier (1980), the data for deep (>300 km) upper mantle is from Jin (1995), JAG-84-318).

deep continental roots are subjected to convectional erosion, two
upper mantle materials are involved one depleted (water-poor)
materials in the continental roots and another relatively water-rich
materials in the convecting surrounding mantle (see also Fig. 5).
Therefore it is possible that the rheological contrast in these materials
is due partly to the difference in water content.

What about the grain-size? Grain-size can have an important effect
on rheological properties under some conditions (e.g., Karato (2008),
Chapter 8 and 19). However, most of deep mantle rocks show a small
range of grain-size, a few mm (e.g., Mercier (1979, 1980); Fig. 4) except
for “sheared lherzolites”. Sheared lherzolites are upper mantle xenoliths
from the depth of ~150 km to ~200 km (Boyd, 1973; Goetze, 1975))
showing a smaller grain-size (on the order of ~0.1 mm), and they are
potentially important for the discussion of deep continental rheology.
However, the structural and compositional analyses of these rocks
suggest that these rocks were deformed by some short-term events (on
the time scale of ~10°>~* years (Skemer and Karato, 2008)) and their
microstructure is not representative of a long-term deformation. I
conclude that the grain-size of a typical continental upper mantle is
several mm and the corresponding stress level is ~0.1-1 MPa if one
accepts that grain-size is controlled by dynamic rercystallization (e.g.,
Karato et al. (1980); Mercier (1980); Urai et al. (1986); Drury and Urai
(1990); van der Wal et al. (1993)). These results will be used to discuss
the possible mechanisms of deformation in the deep upper mantle.

In summary, the differences in temperature and major element
chemistry between the continental and surrounding oceanic upper
mantle, or between the continental lithosphere and asthenosphere
are small. In the following, we will first examine to what extent the
differences in these factors could affect the stability of the deep
continental roots, and second, we will explore the influence of another
factor, the water content.

2.3. Preservation of the continental lithosphere

Geochemical and geophysical observations indicate that old
continental lithosphere has survived for 2-3 Gyrs. There are two

different processes that could have destroyed the continental litho-
sphere. One is the gravitational instability caused by density
contrast (the Rayleigh-Taylor instability, e.g., Houseman and Molnar
(1997)) and the convective erosion (e.g., Lenardic and Moresi (1999))
(Fig. 5).

The continental lithosphere is cooler than the surrounding mantle,
and therefore it is likely to be denser. If it were denser, then
gravitational instability would have destabilized the continental
lithosphere. However, the analyses of gravity signals and the
composition of continental xenoliths show that the continental
upper mantle is chemically different from the oceanic upper mantle,
and the chemical buoyancy nearly compensates for thermal buoyancy
(e.g., Jordan (1975); Shapiro et al. (1999b)). Let us, for now, assume
that the density contrast is small and the continental lithosphere is
neutrally buoyant. In such a case, the important process that could
destroy the continental lithosphere is convective erosion, i.e., the
removal of continental materials due to the viscous force exerted by
the convection current in the nearby regions. Previous geodynamic
studies showed that a viscosity contrast of ~ 10> is required to maintain
the integrity of the continental lithosphere for ~3 Gyrs against
convective erosion (e.g., Lenardic and Moresi (1999); Shapiro et al.
(1999a)). The viscosity contrast of two materials with non-linear
rheology depends on either stress or strain-rate is kept constant
(Chapter 19 of Karato (2008)). Because the convective erosion occurs
when two materials are in contact without any constraints on strain-
rate, this viscosity contrast must be the viscosity contrast at the same
stress and not at the same strain-rate. In the following I will examine
how this condition can be met based on the analysis of experimental
data on rheological properties of the upper mantle materials.

3. Some fundamentals of rheological properties

Although the average viscosity of Earth mantle is well constrained
from some geodynamic studies (e.g., Mitrovica (1996), Chapter 18 of
Karato (2008)), these studies provide only weak constraints on the lateral
or small-scale variation in rheological properties such as the rheological

(a) Rayleigh-Taylor instability

continent

(b) convective erosion

continent

Fig. 5. Schematic drawings showing two mechanisms of destruction of the deep
continental roots. (a) Rayleigh-Taylor instability caused by density inversion.
(b) convective erosion. When density contrast is small as suggested by the gravity
observations, the second mechanism (convective erosion) dominates.
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contrast between the continental and the oceanic upper mantle. Some
efforts have been made to infer the lateral variation in rheological
properties from geodynamic studies (e.g., Zhang and Christensen (1993);
Cadek and Fleitout (2003)), but the spatial resolution in these studies is
limited. Therefore, it seems most appropriate to use laboratory data on
rheological properties combined with geophysical, geochemical infer-
ences on some key parameters (such as temperature, water content) to
infer the degree of the rheological contrast across the continental-
oceanic upper mantle boundary.

However, experimental approach to mantle rheology is challenging
for the following reasons. First there is a vast difference in the time scale
of deformation between laboratory studies and deformation in Earth, and
any results from experimental studies need to be extrapolated in order to
apply them to deformation in Earth. Second, it is difficult to conduct
quantitative deformation experiments under deep Earth conditions.
Based on the coordinated efforts during the last several years, the latter
difficulties have been overcome and quantitative deformation experi-
ments can now be conducted to pressures exceeding ~17 GPa at
temperatures to ~2200 K (Karato and Weidner, 2008). However the large
difference in the time scale (strain-rate) always exists that implies that
one needs to extrapolate laboratory data to estimate the rheological
properties of Earth's interior. In order to justify such an extrapolation, one
needs to demonstrate that the microscopic mechanisms operating in the
given set of laboratory studies are the same as those operating in Earth.
Also the mathematical formula (“constitutive relationship”) must be
consistent with the microscopic physics of deformation.

There are a few different approaches to accomplish these challenges.
A common procedure is to conduct well-defined laboratory deformation
experiments (under limited conditions), to analyze the data to find an
appropriate constitutive relationship, and to examine the deformation
microstructures of laboratory samples to place constraints on the
microscopic mechanisms of deformation. Plastic deformation in solid
materials occurs by the motion of crystalline defects. Upon applying a
deviatoric stress, concentration of defects will be modified and after
certain strain, steady-state distribution of defects is established leading
to steady-state deformation. For steady-state deformation, a unique
relationship between strain-rate (&) and other variables (stress (o),
temperature (T), pressure (P), water fugacity (fij20) (or water content
(Cw)), grain-size (L)) can be defined. Such a relationship (constitutive
relationship) holds for a particular mechanism (i-th mechanism) and in
general written as (e.g., Kocks et al. (1975); Karato (2008))

& = fi(0,T,P; fipo, L) (1a)

and the corresponding effective viscosity is given by 1; = 0/2¢&;. When
water content is fixed (a closed system behavior), then instead of
water fugacity, one can use water content, Cy.

& = fi(0,T,P; Gy, L). (1b)

Important deformation mechanisms in Earth's interior and in
experimental studies include (i) (power-law) dislocation creep,
(ii) diffusion creep and (iii) exponential creep (the Peierls mechanism).
Each mechanism has its own constitutive relationship and the above
three mechanisms operate independently. Fig. 6 illustrates how the
dependence of effective viscosity on some variables changes when
deformation mechanism changes. In the experimental study of plastic
deformation, effective viscosity (strength at a given strain-rate) is
measured in a limited parameter space and the results are extrapolated
to estimate the effective viscosity of Earth's interior. As seen in Fig. 6,
extrapolation of experimental data is valid only when extrapolation is
within the same deformation mechanism where the same constitutive
relationship determined in the lab would apply.

When several mechanisms of deformation operate, the use of a
deformation mechanism map is a convenient way to understand
which mechanism is dominant in a certain parameter space (Frost and

(a)

Peierls

affective viscosity

temperature

(b)

Peierls

effective viscosity

strain-rate

Fig. 6. Schematic diagrams showing the influence of temperature (a) and strain-rate (b)
on the effective viscosity for the Peierls mechanism and power-law creep. At low
temperatures or high strain-rates, the Peierls mechanism (exponential creep)
dominates for which 7).« /T - loge whereas at high temperatures and/or slow
strain-rates, the power-law creep dominates for which 1o ociz # exp (). Results from
one regime cannot be extrapolated to another regime.

Ashby, 1982). Fig. 7 shows a deformation mechanism map of olivine
on a stress versus grain-size space at a given temperature, pressure
and water content. In this map, I chose temperature and pressure
conditions appropriate for the deep upper mantle (water content is
assumed to be low, i.e., “dry”). Using the estimated grain-size and
stress in the deep upper mantle, one can conclude that likely
mechanism that may operate in Earth is either power-law dislocation
creep or diffusion creep for low strain-rate deformation that occurs in
Earth's interior (I will provide a detailed discussion to sort out which
one is more important in the deep continental upper mantle).
However, in laboratory deformation experiments where strain-rates
are higher and grain-size is smaller (in most cases), likely mechanisms
of deformation are exponential creep (the Peierls mechanism),
power-law dislocation creep or diffusion creep depending on the
exact conditions of deformation experiments. In particular, the
exponential creep (the Peierls mechanism) tends to dominate under
high-pressure conditions because a material becomes strong at high
pressures. Results from such experiments cannot be extrapolated to
Earth's deep interior.

The reliability of the conclusions from the deformation mechanism
map depends on the reliability of the data used to construct such a
map and also on the estimated values of parameters such as the stress.
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Both of them have large uncertainties. An alternative approach that is
free from these uncertainties is to use microstructural observations to
get some insights into the dominant deformation mechanisms in the
deep upper mantle. Almost all mantle xenoliths show strong lattice-
preferred orientation (e.g., Ben Ismail and Mainprice (1998)), and
they also show evidence of dynamic recrystallization (e.g., Drury and
Urai (1990)) suggesting the operation of dislocation creep. This is also
true for an ultra-deep xenolith from deep continental upper mantle
(deeper than 300 km) of South Africa (Jin, 1995). In addition, recent
seismological observations show evidence for strong seismic aniso-
tropy in the deep upper mantle (e.g., Gung et al. (2003)). Taken
together, I conclude that there is strong case for dislocation creep as a
dominant deformation mechanism in the deep upper mantle although
grain-size sensitive creep such as diffusion creep may operate under
limited conditions (particularly low temperature shear zones: Handy
(1989); Jin et al. (1998); Warren and Hirth (2006)).

Now let us discuss some details of the flow law for dislocation
creep. Plastic deformation at high temperature and low stress occurs
by thermally activated motion of crystalline defects and therefore the
strain-rate depends exponentially on temperature. Defect concentra-
tion and/or mobility also depend on water fugacity, and in some cases,
the deformation involves grain-boundary processes. So a generic
equation to describe the dependence of strain-rate on some thermo-
dynamic and structural parameters is (e.g., Karato (2008))
b= A fooPT) L™ o7 eXp(—%) (2a)
where & is strain-rate, A is a pre-exponential factor that is insensitive
to thermo-chemical conditions, fi20(PT) is the fugacity of water that
depends on pressure (P) and temperature (T), L is grain-size, O is
deviatoric stress, E* is activation energy, V* is activation volume, and
R is the gas constant (r, m and n are non-dimensional constants
that depend on the mechanisms of deformation). If we use a relation
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Fig. 7. A deformation mechanism map for olivine under “dry” (water-free) conditions at
~200 km conditions (P=7 GPa, T=1700 K) on the grain-size and stress space. The
power-law creep constitutive relation established by Kawazoe et al. (2009) and the
diffusion creep constitutive relationship by Mei and Kohlstedt (2000a) with the
activation volume of 6 x 10~ ® m3/mol are used. The exact location of the boundaries has
some uncertainties, but the general conclusions discussed in the text remain valid.
Plausible ranges of grain-size and stress in the deep upper mantle and in laboratory
experiments are shown by shaded regions.
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Fig. 8. The fugacity of water as a function of pressure (at T=1573 K) (from Karato
(2008)). Shown together is the ratio of mean molecular distance, [, to the molecular size
I;,. Non-ideal gas behavior becomes important when I/l,;, becomes close to 1.

Cwe<fuo, the water fugacity can be replaced with the water content in
the flow law equation,

i=A - Gy-L”

123 123
ﬂ) (2b)

m n _
o exp< BT

For dislocation creep (at modest stress level), usually m=0and n>1.

The water fugacity strongly depends on both pressure (P) and
temperature (T) and the functional form to describe the pressure and
temperature dependence of water fugacity changes with pressure
(Fig. 8). At low pressures and high temperatures, water behaves like
an ideal gas, whereas at high pressures, water molecules become close
together and water behaves like a highly incompressible, non-ideal
gas. Consequently, at low pressures, fi20(PT)ecP whereas at high
pressures, fio(P, T) o exp P‘,@% where V0 is the molar volume of
water and this transition occurs at ~0.5 GPa. Consequently, it is
essential to obtain experimental data for a pressure range including
both below and above ~0.5 GPa to determine the flow law parameters
under water-rich (“wet”) conditions.

The defect species responsible for plastic deformation likely changes
when water is added. For example, when there is no water, diffusion may
occur using empty vacancies but under water-rich conditions diffusion
can occur using hydrogen-filled vacancies (e.g., Hier-Majumder et al.
(2005)). In these cases, one needs to consider at least two mechanisms
of deformation, one deformation under “dry” (water-free) conditions
and another deformation under “wet” (water-rich) conditions with
different activation energies and volumes. In these cases, there will be
two different flow laws, and one may distinguish flow law under “wet”
condition (&wet=fwet(TROSfi20;L) OF &wer=Ffwet(TPOCw;L)) from that
under “dry” conditions (&4ry = fary(T,P0;L)). Thus,

. Hj

Eay = Aay - O - EXP<_ ;}y> 3)

and

. T Myet H:VG'[

& wet = Awet * fuzo(P,T) - 07 - exp “RT (4a)
’ T Myet H\Il:et

=Alet - G - O™ - exp| — RT (4b)



Table 1

Flow law parameters of power-law dislocation creep of olivine.

Reference log;0A n T E* (KJ/mol)  V*(10~° m?/mol)  Starting material P (GPa) T (K) Water content’ (ppm H/Si)  Apparatus

“Dry”

Kawazoe et al. (2009) 5.04¢ 3.5¢ - 530¢ 15-20 Hot-pressed aggregate made from 4.9-9.6 1300-1870 <50 RDA
San Carlos olivine

Raterron et al. (2007)* —82 26+03" - 112440 3.0+05 Single crystal of synthetic Mg,SiO,4 olivine  2.1-7.5 1373-1677 <90 D-DIA

Raterron et al. (2007)° =82 27+03F - 104 440 1.0+05 Single crystal of synthetic Mg,SiO4 olivine ~ 2.1-7.5 1373-1677 <90 D-DIA

Li et al. (2006) 3.66° 3.0% - 470® 045 Powder made from San Carlos olivine 3.5-9.6 1073-1473  570-3800 D-DIA

Karato and Jung (2003) 6.1+0.2 3.0+£01%8 - 510 +30% 14+2 Hot-pressed aggregate made from 2.0 1573 <100 Griggs (solid medium)
San Carlos olivine

Karato and Rubie (1997) SRRY 3 - 540" 14+1 Hot-pressed aggregate made from 11-15 1300-1900 - Kawai
San Carlos or synthetic olivine

Bussod et al. (1993) 5.05' 3.5 - 540! 5 Single crystal of San Carlos olivine 6.0-13.5  1720-1870 - Kawai

Borch and Green (1989) 8.00 33 - 505 28 Hot-pressed aggregate made from 0.6-2.1 1250-1700 ! Griggs (liquid medium)
Balsam Gap dunite

“Wet”

Karato and Jung (2003)¢ 29401 3.0£01% 120+£0.05 470440° 24+3 Hot-pressed aggregate made from 1.0-2.0 1473 800-1500 Griggs (solid medium)
San Carlos olivine

Karato and Jung (2003)¢ 0564+0.02 3.0+01% 1204+0.05 410+40 1143 Hot-pressed aggregate made from 1.0-2.0 1473 800-1500 Griggs (solid medium)
San Carlos olivine

Mei and Kohlstedt, (2000a,b)  3.66 3.0+0.1 0.69¢ 470 + 40* 0 Hot-pressed aggregate made from 0.10-0.45 1473-1573  ~110-380 Paterson

3.18 3.0401 098¢ 470440 20 San Carlos olivine
2.70 30401  125¢ 470+40° 38

Unit of Ais s~ '(MPa)~ """,
 For [100](010) slip system.
b For [001](010) slip system.

Open system.

C
4 Closed system.
e
f

From Hirth and Kohlstedt (2003).
Stress exponent is not determined but assumed.

% From Mei and Kohlstedt (2000b).

" From Karato et al. (1986).

! From Bai et al. (1991). Value of A is recalculated as that under oxygen fugacity of 102 bar.
J Based on Paterson's (1982) calibration.
X The values of r and V* are not constrained independently by this study because of the strong trade-off (see text).
! A later study (Young et al., 1993) showed a substantial amount of water in their sample.

06

86-28 (010Z) 18 Sa1sAydou03da] / 03pIvY °S
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respectively, where & is strain-rate, Aqry,wet IS @ pre-exponential factor,
Narywet 1S the stress exponent, fyoo(PT) is the fugacity of water, r
is a constant, P is pressure, T is temperature, o is differential stress,
Hd*ry‘\,,,et (= E;‘rvaet +PVd*rvaet) is activation enthalpy (Effry‘wet:
activation energy, Vgﬁvaet: activation volume) and R is the gas
constant. Note that the water fugacity in Egs. (1a) or (4) is well defined
only under water-saturated conditions. As we will discuss later, in many
experimental studies the water fugacity (content) was not clearly
defined that leads to a major uncertainty in the interpretation of the
data.

From Eqs. (2a), (2b) it is clear that strain-rate (or the effective
viscosity) is very sensitive to temperature and pressure, but also to
water fugacity and in some cases grain-size. Therefore one needs to
determine the sensitivity of rheological properties to these variables
in laboratory studies, and also the values of these variables in Earth
need to be estimated.

4. Experimental constraints on the rheological properties of
olivine under the deep upper mantle conditions

There have been several reviews on the rheological properties of
upper mantle materials (mostly for olivine) (Karato and Wu, 1993;
Kohlstedt et al., 1995; Hirth and Kohlstedt, 2003). However,
rheological properties of the upper mantle were not well constrained
in these studies mainly because of the lack of quantitative experi-
mental results at high pressures.

Several new results have been published on olivine rheology since
these reviews were published and Table 1 contains a list of published
results on olivine rheology for power-law dislocation creep (for Mg#
~90). The viscosity corresponding to each flow law is plotted for a
typical mantle geotherm for 0= 0.1 MPa in Fig. 9. In this calculation,
I assumed that the activation volume is constant when the experi-
mental results need to be extrapolated in pressure. Borch and Green
(1987) proposed that the pressure dependence of high-temperature
creep follows the homologous temperature scaling, i.e., ¢ o exp
S—% a exp(—E2) where T,, is solidus (B is a non-

imensional constant). The solidus-pressure curve of dry peridotite
has a strong curvature (Takahashi, 1986) and it would imply that the
activation volume is reduced appreciably with pressure. However, this
model is inconsistent with the observation that the rheological
properties of pure olivine are very similar to those of peridotite
(Zimmerman and Kohlstedt, 2004). The solidus of olivine is higher
than that of peridotite by several hundreds of degrees and if such a
model were valid, then the rheological properties of peridotite would
be much softer than those of pure olivine aggregates.

Fig. 9 shows a large scatter of published results on olivine rheology
even under “dry” conditions particularly when the rheological
properties under high pressures are compared. In order to understand
the possible reasons for such a large scatter, it is important to review
the nature of experimental studies of plastic deformation. Currently,
undisputable high quality data on plastic deformation are obtained
only by using a gas-medium deformation apparatus with an internal
load-cell (Paterson, 1990). Experimental results using this apparatus
under carefully controlled chemical environment and microstructures
have been published and formed a basis for the modern experimental
study of plastic deformation of minerals (e.g., Karato et al. (1986); Mei
and Kohlstedt (2000a,b); Rybacki and Dresen (2004)). However, this
apparatus can be operated only at low pressures (<0.5 GPa corre-
sponding to a depth of <15 km), which results in a major limitation for
the application of results from this apparatus to understand plastic
deformation in Earth's interior. For example, the influence of pressure
(activation volume) cannot be constrained well for mantle minerals
because the influence of pressure at low pressures is very small
compared to the uncertainties. This is particularly true if the grain-size
sensitive flow law for grain-boundary sliding accommodated disloca-
tion creep proposed by Hirth and Kohlstedt (2003) is used
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Fig. 9. Viscosity versus depth relation for the upper mantle with a typical oceanic
geotherm calculated from the power-law creep constitutive relationship for olivine.
Except for (7) and (8) all the results are reported to correspond to nominally “dry”
conditions. A reference stress of 0.1 MPa is used. The absolute value of viscosity depends
on the stress as neco’ ~™. For the explanation for the discrepancy among different
results, see text. Data source: (1): (Kawazoe et al., 2009) (an activation volume of
17 %10~ % m*/mol is used). (2): (Borch and Green, 1987) (activation volume is assumed
to be constant; see text). (3): (Karato and Rubie, 1997). (4): (Bussod et al., 1993).
(5): (Raterron et al., 2007). (6): (Li et al, 2006). (7): (Karato and Jung, 2003)
(Cw=1000 ppm H/Si (~0.007 wt.%)). (8): (Karato and Jung, 2003) (C,, = 10,000 ppm
H/Si (~0.07 wt.%)).

(Appendix A). Consequently, the rheological properties of most of
the upper mantle (plastic deformation occurs mostly in the deep
upper mantle) are essentially unconstrained by the data from low-
pressure studies.

The situation is more complicated when the influence of water is to
be evaluated. When plastic deformation is influenced by the presence
of water, the rate of deformation depends on the amount of water
dissolved in a mineral. The amount of water dissolved in a mineral
depends on the fugacity of water that increases with pressure, leading
to the softening with pressure. At the same time, pressure reduces the
defect mobility that increases the viscosity with pressure. Fig. 10
illustrates how these two effects compete. At low pressures, fugacity
effects dominate and the viscosity decreases with pressure. However,
at high pressures, the activation volume effects become important and
viscosity increases with pressure if the activation volume is large. The
degree to which activation volume effects change the viscosity can be
large but the activation volume cannot be well constrained by low-
pressure experiments (see Appendix A). This leads to large uncer-
tainties in extrapolating low-pressure data on “wet” rheology to high
pressures. However, data above ~1-2 GPa are sensitive to the
activation volume effect, so that if one combines low-pressure
(<0.5 GPa) and high-pressure (>1 GPa) data, one obtains a tight
constraint on the flow law that can be extrapolated to the deep upper
mantle if the stress under these conditions is determined with
sufficient precision (see also Karato (2006) and Appendix A).

In summary, high-resolution data from the gas-medium apparatus
at low pressures (<0.5 GPa) have major limitations in estimating the
rheological properties of most of the upper mantle. Therefore the
critical development in recent years is to expand the pressure range of
quantitative rheological studies to higher pressures under well-
characterized chemical environment particularly under well-con-
trolled water content. Obtaining quantitative rheological data above
~0.5 GPa is not trivial because there is no commercially available
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Fig. 10. A diagram illustrating the range of uncertainties if only low-pressure data are
used to estimate the viscosity of the deep upper mantle under “wet” conditions. The
flow law of a form Eq. (4a) is used and the pressure and temperature dependence of
water fugacity calculated from the equation of state was included in this calculation. At
low pressures (<0.5 GPa), the fugacity effect dominates and viscosity is reduced with
pressure. At high pressures (>1 GPa), the activation volume term can also be important
for a reasonably large activation volume. Both effects need to be characterized, but the
activation volume effect can be determined only from data at pressures exceeding
~1 GPa. If only data below ~0.5 GPa are used, activation volume is unconstrained that
leads to large uncertainties in estimating the viscosity in the deep upper mantle.

apparatus with a guaranteed resolution on mechanical data. A
commonly used high-pressure deformation apparatus above 1 GPa
is the solid-medium Griggs apparatus (e.g., Tullis and Tullis (1986)).
With this apparatus, deformation experiments can be performed to
~3 GPa. However, stress is usually measured by an external load cell
that leads to very large uncertainties in the stress estimates (e.g.,
Gleason and Tullis (1995)). With an improved sample assembly to
reduce the influence of friction on the load cell reading, some
quantitative results on flow law can be obtained (e.g., Green and Borch
(1987); Borch and Green (1987, 1989)). Alternatively, the dislocation
density-stress relationship may also be used to determine the stress
(Karato and Jung, 2003). Therefore if other key factors such as the
water content are well controlled, some quantitative rheological data
can be obtained to ~3 GPa using this apparatus. However, the pressure
effects (without water) are still small compared to the errors in the
stress estimates and the determination of pressure effects with this
apparatus is difficult.

During the last several years, important progress has been made in
determining the flow laws in upper mantle minerals (mostly olivine)
through laboratory studies under high pressures (to ~10 GPa) to
characterize the influence of pressure and water. This is a result of
development of new types of high-pressure deformation apparatus
combined with the use of synchrotron X-ray radiation facility (Karato
and Weidner, 2008). However the reported flow laws using these
apparatus show a large scatter (Fig. 9). One should recall that in order
for any experimental data on plastic deformation to be applied to
Earth's deep interior, all of the following points need to be satisfied: (i)
A dense sample, either a single crystal or a dense polycrystalline
aggregate must be used as a sample. When a powder sample is used,
then the influence of compaction and/or grain crushing will
complicate the interpretation of the results. (ii) The collected data
must correspond to those at steady-state creep. (iii) The flow law
operating in the lab must be power-law creep (including a linear
rheology) rather than the exponential flow law such the one for

Peierls mechanism. (iv) The water content (water fugacity) during an
experiment must be well defined (water content must be known and
should not change too much during a single run). (v) Stress must be
measured accurately enough. (vi) The measurements must be made in
a broad enough pressure range in order to determine the flow law that
can be extrapolated to the deep upper mantle conditions. As we will
discuss, in many of the published results on high-temperature
rheology (of olivine), some of these conditions are not met that
prevents us from applying them to the upper mantle of Earth.

Some of the early works on high-pressure deformation used
powder samples (e.g., Chen et al. (1998); Li et al. (2003, 2004, 2006)),
and no detailed discussions will be made on these results except (Li
et al., 2006) where rheological data were obtained using a newly
developed DDIA apparatus. The importance of points (ii), (iii), and
(v) is obvious, but the points (iv) and (vi) may require some
discussions. The point (iv) is regarding the water content. In early
1980s, Paterson and his colleagues noted that when a natural rock is
used in a deformation experiment at high pressure and temperature,
dehydration of hydrous minerals (that are present almost always in
natural samples on grain-boundaries) provides a large amount of
water to the sample (Chopra and Paterson, 1981, 1984). When a
natural sample is used at high temperatures, partial melting could also
occur that will reduce the water fugacity if the system is under-
saturated with water (Karato, 1986). Also, although no water is
intentionally added, a significant amount of water may go into a
sample from the pressure medium in a high-pressure experiments
(see Huang et al. (2005); Nishihara et al. (2006)). Therefore water
content of a sample must be determined both before and after each
deformation experiment. However, such measurements were made in
very few cases. For example, the experimental study by Green and
Borch (1987) (see also Borch and Green (1987,1989)) reported a large
activation volume for nominally “dry” olivine, but a later study
showed a substantial amount of water in their samples (Young et al.,
1993). Because the water content during the experiments is uncertain,
these data cannot be applied to Earth's interior.

High-pressure data (to ~15 GPa) by Karato and Rubie (1997) on
“dry” olivine provide some constraints on the activation volume (V* =
(14-18)x 10~ % m3/mol), but the flow law was only roughly con-
strained in that study because the stress values were not determined
precisely. It is critical to obtain quantitative data for the power-law
creep regime at pressures higher than a few GPa to place tight
constraints on the rheological properties under deep upper mantle.
Above ~4 GPa, quantitative rheological measurements can only be
made by the use of newly developed apparatuses DDIA (deformation
DIA, (Wang et al., 2003)) or RDA (rotational Drickamer apparatus,
(Yamazaki and Karato, 2001; Xu et al., 2005)). However, the use of
these high-pressure apparatus (Griggs-apparatus, DDIA, RDA) is not
trivial and great care needs to be taken in order to obtain results that
can be applied to Earth's interior. There are only a few studies that
satisfy the criteria discussed above. For instance, although newly
developed DDIA was used in the study by Li et al. (2006) and Raterron
et al. (2007), applicability of these results to deep upper mantle is
questionable for the following reasons. In the study by Li et al. (2006),
where powder samples were used, water content was not well
characterized (water content varies from one run to another) and
strain in each segment of deformation experiment was small and
steady-state was not confirmed. Raterron et al. (2007) reported a small
activation energy for “dry” olivine single crystals (~100 kJ/mol
compared to the well-known value of ~400-500 kJ/mol for olivine)
that suggests the operation of the Peierls mechanism rather than
power-law creep (the stress exponent was not determined in their
study but rather the stress exponent was assumed in their analysis). In
a recent study by Kawazoe et al. (2009), they conducted a series of
large-strain deformation experiments to determine the steady-state
flow law of olivine aggregates in both power-law creep and the Peierls
mechanism regimes to ~10 GPa and ~1900 K (at £~10~°s~'). The
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water content in the samples was determined after annealing (before
deformation) as well as after each deformation experiment, and
shown to be less than ~4 ppm wt (“dry” conditions). They obtained an
activation volume of V* = (15-20) x 10~ m3/mol for power-law creep
(inferred from deformation microstructures and temperature sensi-
tivity of strength). Karato and Jung (2003) determined the water
content in each sample and obtained the strength corresponding to
nearly steady-state power-law creep and applied the flow law formula
of Eq. (3) to determine the flow law parameters, particularly r and V*
through the simultaneous inversion. The flow law parameters such as r
and V* reported in these studies have sound theoretical basis as
discussed by Karato and Jung (2003) (see also Chapter 10 of Karato
(2008)). Consequently, I consider that the results by Karato and Jung
(2003) and by Kawazoe et al. (2009) are the best available data for
olivine rheology for the power-law creep regime under “wet” and “dry”
conditions respectively. However, results from some other studies are
also included in the present analysis to illustrate the importance of
flow laws in evaluating the longevity of the deep continental roots.
Note that the results by Kawazoe et al. (2009) are obtained at
conditions to ~10 GPa and ~ 1900 K, and therefore there is no need for
extrapolation in pressure (and temperature) when these results are
applied to deformation of the deep upper mantle (~200-300 km
depth). Only extrapolation is extrapolation in stress, but the stress
exponent in the dislocation creep in olivine is well established
(n=3.0-3.5; (Bai et al., 1991; Mei and Kohlstedt, 2000b)).

5. Possible explanation of the preservation mechanisms of the
continental lithosphere

Let us first evaluate the possible roles of differences in temperature
and major element chemistry on the viscosity contrast between deep
continental roots and the surrounding mantle. The influence of
temperature depends on activation enthalpy, H". The value of
activation enthalpy depends on activation volume and therefore I
included a range of activation volume (from 0 to 30 x 10~ ® m®/mol in
this calculation (our preferred value is (15-20) x 10~ % m3/mol). The
results are shown in Fig. 11. The results depend somewhat on the
assumed activation volume but the conclusion is not very sensitive to
the activation volume.

The influence of difference in Mg# can be estimated using an
empirical relation that the influence of Mg# comes mainly through its

mﬂuence on activation enthalpy, H* = Hp (1 — - 1&1 — M2)) where
Hg is the activation enthalpy for a reference state (Mg# =100) and o

(=0.093) is a constant (Zhao et al., 2009). Again the influence of the
difference in Mg# is small (less than a factor of 5 for the variation of
Mg# of less than 5).

I conclude that within the plausible range of parameters, the
influence of difference in temperature and major element composi-
tion such as Mg# is too small to cause a large enough viscosity
difference (>10%) to stabilize the deep continental roots against
convective erosion. And consequently, the influence of water content
is the most likely factor that controls the viscosity contrast. The
viscosity contrast that is relevant for erosion of continent is the
viscosity contrast between sub-continental mantle and the continen-
tal roots. Based on various geological and geochemical observations,
sub-continental upper mantle, particularly the one near subducting
slabs likely contains a large amount of water (to ~0.1 wt.%). In
contrast, the continental root is likely to have undergone a high degree
of partial melting and hence depleted with water.

Let us calculate how the given de-watering will increase the
viscosity. Given the flow law under “wet” conditions, the degree to
which water affects the viscosity (strain-rate) of a material depends on
the degree of water depletion (de-watering), but it also depends on the
flow law under “dry” conditions. Note that when the water content is
reduced, then the contribution to strain-rate from processes similar to
deformation under “dry” conditions will also make an important
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Fig. 11. A diagram showing the influence of temperature difference (AT) on the viscosity
contrast. The viscosity contrast depends on the activation enthalpy (H*= E*+ PV*). For a
plausible range of activation energy and volume, the values of H* range from ~400 kJ/mol
to ~700 kJ/mol. The viscosity contrast is less than a factor of ~10 for the temperature
difference of ~100 K.

contribution. Therefore the actual strain-rate for a “wet” sample with
any arbitrary water content will be given by £~ &yet(Cw) + €ary. In
other words, &4, gives the minimum value of strain-rate (the
maximum value of viscosity). This point was not incorporated in the
calculation of the effect of de-watering by Hirth and Kohlstedt (1996),
and consequently, the degree of hardening due to de-watering
calculated by them is the upper limit (the degree of hardening
would be infinite, in their model, if all water is removed).

Let us consider a case where the water content is reduced by partial
melting. As the water content becomes small, strain-rate will be
smaller until it becomes comparable to the strain-rate at “dry” (water-
free) conditions, £q4ry. Therefore the degree of hardening due to water
loss is determined by

_ tinat _ ¢ (GV) ;
~n(initial) & (CY) ®)

where viscosity is calculated at a fixed stress, Cly is the water content
of a material before partial melting and Giy™* is the water content in
the continent after de-watering due to partial melting. Given the flow

law parameters for “wet” conditions, we need to know (i) the initial
final
water content, Cy, (ii) the degree of water depletion = Cc,xfm, as

’ CD
well as (iii) the strain-rate under “dry” conditions &4,y that deﬁnvés the
base line.
The initial water content can be estimated from petrological
observations as discussed earlier (~ 001 0.1 wt.%). The degree of

water depletion by partial meltmg depends on the degree of

melting and the mode of melt removal Using the degree of melting
inferred from geochemical observations (30-50%; (Carlson et al.,
2005)), the minimum degree of de-watering can be calculated if one

assumes “batch melting”
cont final

Cg’o = Cc,n,[,a ~1073-102. If “fractional melting” (local equilibrium
W

melting)wls assumed then much larger degree of water removal can be
predicted. Geochemical observations on MORB suggest fractional
melting (Johnson et al., 1990) with respect to Ti, Zr and other rare
earth elements. However, because diffusion of water (hydrogen) is

(i.e., total equilibrium melting), leading




94 S. Karato / Tectonophysics 481 (2010) 82-98

much faster than these elements, melting might occur as batch
melting with respect to water (hydrogen). Therefore I consider that
the water depletion by a factor of ~ 10~ 2 is a conservative estimate for
the continental roots.

The degree to which viscosity changes due to de-watering (for a
fixed temperature) is shown in Fig. 12. It is shown that the degree of
hardening depends both on the degree of water removal and also on
the activation volume for “dry” olivine. If the degree of de-watering is
minimum (~10~3), then a large activation volume (high viscosity) for
“dry” olivine is needed to achieve a factor of ~10° change in viscosity
without any difference in temperature. I conclude that if temperature
is the same between the oceanic and continental deep mantle, it is
marginal to establish a large enough viscosity contrast to preserve the
continental roots for a few billion years.

I have also evaluated the combined effect of differences in
temperature and water content. Combinations of water depletion factor
(GonY/cly = Cipal/cimiialy and temperature difference between the
surrounding mantle and the continental roots (AT = Tsyrrounding —
Teontinent) that yield a viscosity contrast of 10% are calculated for a
range of activation volume for “dry” olivine (Fig. 13). The (C3"%/C%,AT)
values that fall to the south east of each curve satisfy the conditions for
the preservation of the deep continental roots. For small activation
volumes (less than ~5x10~% m3/mol), a relatively large temperature
difference between the continental roots and the surrounding mantle is
needed to preserve the continental roots. However, for activation
volumes larger than 10 x 10~ ® m?/mol, a broad range of combination of
water depletion factor (C3"%/C%) and temperature difference between
the surrounding mantle and the continental roots (AT = Tsurrounding —
Teontinent) Can satisfy the conditions for the preservation of the
continental roots. Although water effect alone may result in a large
enough strengthening as shown by Fig. 12, a combined temperature and
water content effect helps explain the longevity of the deep continental
roots. However, a large temperature contrast is unlikely particularly near
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Fig. 12. The influence of water depletion on viscosity (at ~200 km depth: P=7 GPa,
T=1700 K, 0=0.1 MPa). The degree of strengthening by de-watering depends on (i)
the initial water content, (ii) the amount of de-watering and (iii) on the “dry” rheology
that defines a base line. The range of initial water content is shown by a yellow region
that corresponds to the inferred water contents in the oceanic asthenosphere or in the
upper mantle in the subduction zone (0.01 to 0.1 wt.%). The partial melting will reduce
the water content (to a region shown by an orange region) and increases the viscosity.
The degree of viscosity increase is calculated using the flow law of “wet” olivine by
(Karato and Jung, 2003) for a range of activation volume for “dry” olivine. In order to
have more than a factor of 10% increase in viscosity by de-watering, activation volume
larger than ~17x10~% m?/mol is needed for “dry” olivine if there is no temperature
difference between continent and oceanic mantle.

10°

10°

0
w

10°

cetic

10°

1 1 1 Il !

200 250 300

10° !
-100 50 0 50 100 150
AT, K

Fig.13. Combinations of temperature difference (AT = Tsurrounding — Tcontinent) and water
content contrast (CQ"Y/Co = CiP?/Clyitaly that yield the viscosity contrast of 10° (at
~200 km depth: P=7 GPa, Tsurrounding (temperature of the surrounding mantle) =
1700 K, 0=0.1 MPa) that is needed for the preservation of the continental roots for a
range of activation volume for “dry” olivine (Vdr;f). A combination of (C9"/C{y,AT)
below (“south-east” of) each curve satisfies the condition for preservation of the deep
continental roots. For an activation volume for “dry” olivine of less than 5x10~% m?/
mol, a substantial temperature difference (more than 100 K) is needed to stabilize the
continental roots. For a range of activation volume of (10-20 x 10~ m®/mol), a broad
range of combination of (C9™/C{\,AT) can satisfy the conditions for the preservation of
the deep continental roots.

the continent-ocean boundary where convective erosion occurs
because of thermal diffusion.

It should be noted that the proposed mechanism of stabilization of
continental roots implies that the thickness of the continent correlates
with the depth to which extensive partial melting occurred. The
thickness of the continents correlated positively with the age (e.g.,
Artemieva (2006)), and therefore this implies that the melting in the
geological past likely occurred at a deeper depth.

6. Discussion
6.1. Rheology of the deep upper mantle

I have shown that the rheological properties of olivine in the power-
law creep regime are reasonably well characterized based on the
combination of high-resolution low-pressure (<0.5 GPa) data using
the gas-medium deformation apparatus and the results of high-
pressure studies (>1 GPa). The keys to establish a robust flow law are
(i) the robust determination of stress under pressures exceeding
~1 GPa, (ii) careful characterization of water contents in the samples,
(iii) the assessment of steady-state deformation and (iv) the
examination of flow law regime. Only when all of these issues are
carefully examined, a reasonably well-defined flow law can be
obtained that can be applied to the upper mantle. These results
provide a plausible explanation for the longevity of the deep
continental roots.

However, there remain some uncertainties in the flow law of the
upper mantle. Main remaining uncertainties are (i) the pressure
dependence of diffusion creep in both under “wet” and “dry”
conditions and (ii) the role of orthopyroxene. The possible role of
diffusion creep remains unclear. Karato and Wu (1993) suggested that
diffusion creep might be important under deep upper mantle
conditions because the activation volume for diffusion creep is likely



S. Karato / Tectonophysics 481 (2010) 82-98 95

smaller than that of dislocation creep. Now the activation volume (and
energy) of dislocation creep is well constrained. However, the
activation volume for diffusion creep in olivine is not yet constrained
well. If one accepts the reported value of activation volume for
diffusion creep (15x 10~ ® m3/mol under “dry” conditions) by Mei and
Kohlstedt (2000a), and if one assumes a commonly observed grain-
size of 3-10 mm (e.g., Mercier (1980)), then one will find that
dislocation creep is always dominant. On the other hand if one uses
the reported value of activation volume by Béjina et al. (1999) (~0 m?/
mol), then for the same grain-size, diffusion creep will almost always
be dominant in the deep upper mantle, and this is inconsistent with
the microstructural observations on mantle rocks. The cause for the
difference between these two studies is unknown, but possible causes
for the difference are (i) Mei and Kohlstedt's (2000a) results are for
Coble creep and therefore the activation volume is that of grain-
boundary diffusion whereas Béjina et al. 's (1999) results are for bulk
diffusion of Si, and/or (ii) uncertainties in the activation volume in
both studies are so large that the discrepancy may be within the
uncertainties. In any case, based on the observation that a deep
xenolith (>300 km) shows strong LPO (Jin, 1995) (see also Ben Ismail
and Mainprice (1998); Ben Ismail et al. (2001)) and the evidence for
strong seismic anisotropy in the deep continents (Gung et al., 2003), I
consider that the hypothesis of transition from dislocation creep in the
shallow upper mantle to diffusion creep in the deep upper mantle
does not have strong support.

6.2. Does grain-boundary sliding affect the rheological properties in the
dislocation creep regime?

Hirth and Kohlstedt (2003) emphasized that there is some
influence of grain-size even in the so-called power-law dislocation
creep regime. They argued that the published results are best fitted by
a constitutive relationship that includes grain-size, £ec0®>/L? and
Warren and Hirth (2006) proposed that such a deformation
mechanism should be added to the deformation mechanism map
using the above cited constitutive relationship. Such a constitutive
relationship is known to work for creep involving both grain-
boundary sliding and dislocation motion at a fixed grain-size (e.g.,
(Langdon, 1994)). Although such an intermediate regime may indeed
play some roles in Earth, its significance is limited and there are some
theoretical issues on the use of constitutive relationship proposed by
Hirth and Kohlstedt (2003). First and the most important is the fact
that the magnitude of such an effect is minor compared to the
influence of pressure and water. The conditions under which this type
of flow law dominates are limited to a narrow range of the parameter
space. For example, Hirth and Kohlstedt's (2003) analysis suggested
that this mechanism might be important in a limited grain-size range
that modifies the strain-rate by a factor of ~10 (see also a discussion
by De Bresser et al. (2001)). This is much smaller than the influence of
water (and pressure) discussed earlier.

Second, the formulation of grain-size sensitive creep adopted by
Hirth and Kohlstedt (2003) is not applicable to deformation involving
dynamic recrystallization. A large number of observations on naturally
deformed peridotite show that dynamic recrystallization plays an
important role in natural deformation (e.g., Poirier and Nicolas
(1975); Urai et al. (1986); Drury and Urai (1990)). When dynamic
recrystallization occurs, then grain-size is not an independent variable
but becomes a function of stress, and therefore the constitutive
relationship needs to be modified.

Finally, if indeed the influence of grain-size is large, then this leads
to a serious question as to the validity of using any low-pressure data
to infer the pressure dependence of creep. As discussed in detail in the
Appendix A, extremely high-resolution measurements of mechanical
properties are needed in order to determine the pressure dependence
of creep by low-pressure experiments. Grain-size is a parameter that
cannot be determined precisely due to its statistical distribution.

Consequently, any appreciable influence of grain-size will lead to a
serious limitation for the determination of pressure effects on creep
from low-pressure experiments. In summary, I conclude that the
influence of grain-size in the dislocation creep regime is at most
modest and much less than the possible effects of water and pressure.

6.3. Is the continental lithosphere really dry?

The above analysis based on olivine power-law creep rheology shows
that if de-watering due to deep partial melting occurs in a material that
contains a substantial water (>100 ppm wt), then the viscosity of the
depleted residual, i.e., the continental roots, will increase more than by a
factor of ~10%. Consequently, I consider that the hypothesis proposed by
Pollack (1986) is now supported by the experimental results on rock
deformation. There are additional observations to support the notion of
water-depleted continental lithosphere. First is, as  discussed before, the
observation of olivine fabric showing the dominance of A-type fabric
(e.g., Jin (1995); Ben Ismail and Mainprice (1998); Ben Ismail et al.
(2001)) that develops only at water-poor conditions (Karato et al.,
2008). Second, the mineralogy of the peridotites from the continental
upper mantle shows evidence of a large degree of “depletion” by partial
melting, i.e., a large Mg# and small Al and Ca content compared to
pyrolite (e.g., Carlson et al. (2005)).

A complication, however, is the influence of metasomatism that
would add incompatible components including hydrogen (water). It
should be noted that melting in the deep upper mantle likely occurs
with a help of addition of incompatible components such as water
(e.g.,Grove et al. (2002)). Consequently, water depletion due to partial
melting is likely caused by water addition and therefore it is natural to
expect heterogeneous structure of regions that have been affected by
deep mantle melting. Extensive metasomatism would introduce a
large amount of water (refertilization) that would reduce the strength
of the mantle. Evidence of refertilization is provided by Griffin et al.
(2003). Such refertilization events would reduce the viscosity in these
regions causing the removal of the continental lithosphere as
evidenced by Gao et al. (2002) (see also Li et al. (2008)). It is
important to reanalyze the water contents in mantle xenoliths to sort
out the influence of metasomatism to infer the water content of the
“pristine” continental upper mantle.

Another complication is the influence of other volatiles such as CO,.
The upper mantle of Earth contains both CO, than H,0 (and compounds
containing both carbon and hydrogen such as CH,) (e.g., Pasteris (1984);
Canil and Scarfe (1990); Wood et al. (1996)). The presence of CO, affects
the fugacity of water and hence indirectly influences the rheological
properties of olivine. Also, the dissolution of carbon in olivine might
directly affect its rheological properties. Currently nothing is known
about the influence of carbon on olivine rheology except for preliminary
results on carbon solubility at relatively low pressures (Tingle et al.,
1988; Keppler et al., 2003; Shcheka et al., 2006).

7. Concluding remarks

I have reviewed the current status of geological, geochemical and
geophysical observations on the continental upper mantle as well as
the results of experimental studies on plastic deformation of olivine. I
conclude that the viscosity contrast between the deep continental
roots and surrounding mantle has the most important control on the
longevity of the continental roots. I show that a robust estimate of
rheological properties of the upper mantle can only be made by the
combination of low-pressure (<0.5 GPa) and high-pressure (>1 GPa)
data. However, there have been large discrepancies among the
published results on olivine rheology above ~1 GPa. A detailed
discussion was provided to resolve this issue. I conclude that the main
cause for the discrepancy is the incomplete characterization of water
content in many previous studies, and among a large number of
studies so far published, only a few of them satisfy key requirements
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and can be used to infer the deep upper mantle viscosity. These data
can explain the longevity of the deep continental roots due mainly to
hardening by de-watering as originally proposed by Pollack (1986).

However, there are several issues that need to be investigated in
more detail. First, the flow law of olivine under “wet” conditions was
investigated only to a low pressure (<2 GPa). Extension of such a study
to higher pressures is important. There is a large scatter in the pressure
dependence of diffusion and diffusion creep in olivine. Careful studies on
the pressure effects on diffusion and diffusion creep under controlled
chemical environment need to be conducted. Also, the role of secondary
phases such as orthopyroxene needs to be evaluated in more detail. No
robust rheological data is currently available for orthopyroxene that is
stable only above ~0.5 GPa where a high-resolution gas-medium
deformation apparatus cannot be used (for a new study at higher
pressures, see Ohuchi and Karato (submitted for publication)).

From the observational side, the “thickness” of the continental
upper mantle needs to be studied in more detail. A change in seismic
velocity alone provides a loose definition of the thickness of the
continent. The depth variation of seismic anisotropy (e.g., Vinnik et al.
(1992); Gung et al. (2003); Deschamps et al. (2008)) will provide an
important tool to define the thickness of the continents. Distribution of
electrical conductivity can also provide some constraints on the water
content (e.g., Hirth et al. (2000); Wang et al. (2006)). More detailed
works in these areas will be helpful to understand the rheological
structure of the deep continents. Progress in both observational and
experimental studies is critical to improve our understanding of
evolution and dynamics of the deep continental roots.
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Appendix A. Needs for a broad pressure range for constraining
rheological properties of minerals in the upper mantle

Consider a power-law creep formula,

(A-1)

% *
e =A .()‘n . exp<_ﬂ>

RT

Because the pressure dependence is exponential, it is weak at low
pressures but becomes strong at high pressures. The magnitude of
pressure effects increases exponentially with pressure. Experimental
errors alsoincrease with pressure but the errors increase much less than
exponentially. Therefore the effect of larger signature of pressure effects
over-compensates for the effect of increased error and high-pressure
experiments have major advantage over low-pressure experiments in
determiningthe pressureeffectsonrheological properties.Toseethis, let
us estimate the errors in the estimation of activation volume. The
activationvolume canbedetermined bythe measurementsofstrain-rate
(orstress) attwo (or more) different pressures,
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or by
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for constant strain—rate tests
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where P;, are pressures at which measurements of strain-rate (or
stress) are made. Therefore if errors are due solely to the errors in strain-
rate (or stress) measurements and if errors follow the Gaussian
distribution, the standard deviation in the estimated V*, 6(V*), is related
to the standard deviation in the measured stress or strain-rate as

8(V¥) _ 2RT

vE S = Py o(logeé ) (A-3a)
or
S(V* 2nRT

(V*)z(ﬂ _npz)v*ﬁ(logo) (A 3b)

respectively where §(X) is the standard deviation of a quantity X.
Fig. A1 shows a plot of 6(V*) versus P;-P, for various values of 6(logo)
or 6(logé). It is seen that the error in the activation volume is reduced
significantly with the increase in the span of pressure. For a small
pressure span such as 0.3 GPa, precise determination of pressure effect
is difficult particularly when strain-rate is sensitive to grain-size (note
that Hirth and Kohlstedt (2003) argue that in both dislocation creep
and diffusion creep regimes, strain-rate is sensitive to grain-size. In
such a case the uncertainties in grain-size measurements (and the
uncertainties in the variation of grain-size during a run) cause a large
error in the estimate of pressure dependence of deformation).

The nature of errors is somewhat different for “wet” rheology. This
comes from the fact that the rheological properties under “wet”
conditions are sensitive to two factors, fizo(PT) and exp(— %), and
the pressure dependence of these two factors is different. At low
pressures (say<0.5 GPa), the variation of exp(— ) is small but the
water fugacity increases almost linearly with pressure, fij0(PT)ccP.
Consequently, strain-rate for a given stress increases with pressure
when pressure is increased under water-saturated conditions (see the
lower pressure portion of Fig. 10). Activation volume is essentially
determined by the difference between the strain-rate (stress)
extrapolated from low pressures following fy,0(P,T)ocP (with
V*=0) and the actual strain-rate (stress), and therefore activation
volume is constrained by a large difference in strain-rate (or stress) as
illustrated in Fig. 10 (see a pressure region above ~1 GPa).
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Fig. Al. Errors in the estimated activation volume 6V* determined by a measurement of
creep strength (stress) or strain-rate for a pressure range of P;—P, with errors of stress
or strain-rate of 10% or 1%. Solid curves correspond to those from stress measurements
(at constant strain-rate), and broken lines to those from strain-rate measurements (at
constant stress). Relative errors, 6V*/V*, depends on the activation volume, §V*, and the
results for 6V*=15x10~° m*/mol are shown.
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Consequently, even from relatively low-pressure range (say P<2 GPa),
activation volume can be determined with reasonable precision under
“wet” conditions as shown by (Karato and Jung, 2003).
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