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In applications critical to the geological, materials, and engineering sciences, de-
formation occurs at strain rates too small to be accessible experimentally. Instead,
extrapolations of empirical relationships are used, leading to epistemic uncertainties
in predictions. To address these problems, we construct a theory of the fundamental
processes affecting dislocations: storage and recovery. We then validate our theory for
olivine deformation. This model explains the empirical relationships among strain rate,
applied stress, and dislocation density in disparate laboratory regimes. It predicts the
previously unexplained dependence of dislocation density on applied stress in olivine.
The predictions of our model for Earth conditions differ from extrapolated empirical
relationships. For example, it predicts rapid, transient deformation in the uppermantle,
consistent with recent measurements of postseismic creep.

dislocation creep | transient creep | dislocation density | olivine | Bauschinger effect

Many problems in the materials, engineering and geosciences require assessment of the
mechanical behavior of crystalline solids at extremely low strain rates. These include
applications to gas turbines (1), power stations (2), glaciers (3), and Earth’s interior
(4). Understanding the mechanical properties of materials in these settings is crucial
for predicting the creep-limited lifetime of engineering components and the response of
the solid Earth to changing surface loads, such as shrinking ice sheets. The small strain
rates in these settings are impractical or impossible to explore in laboratory experiments.
Therefore, predictions are typically made by extrapolation from experiments performed
at much higher strain rates. Confidence in such extrapolations should be based on a clear
understanding of the physics of deformation. However, steady-state deformation data are
largely rationalized using phenomenological power-law fits (5), and transient strain rates
are often modeled using approaches that are not rooted in the underlying physics (6).
At this point, there is no physics-based model of steady-state and transient deformation
that is self-consistent across multiple deformation regimes.

Deformation of crystalline solids occurs by the motion of crystal defects. In this study,
we examine the role of line defects—dislocations—within the crystal lattice. Deformation
as a consequence of dislocation motion has been divided into categories including low-
temperature plasticity, dislocation creep, and grain-size–sensitive dislocation creep, each
of which has been modeled as a physically distinct mechanism, e.g., ref. 7. Going beyond
these models of steady-state creep, the evolution of dislocation microstructure controls
transient strain rates at low strains (8) and other classical features of deformation such
as the Hall–Petch effect (9) and the Bauschinger effect (10). Here, we present a unified,
physics-based, quantitative description of all these features of deformation associated
with dislocation motion.

Deformation due to dislocation motion is sensitive to the density of dislocation lines
within crystals. We therefore construct a model for evolution of dislocation density
that makes physics-based, testable predictions about deformation at both low and
high strain rates. The classical theory for dislocation-density evolution in the materials
sciences is the Kocks–Mecking–Estrin (KME) model, which has been used to model
low-temperature deformation of metals including silver, copper, aluminum, and nickel
(11–16). This theory is derived from the hypothesis that dislocation density increases due
to dislocation storage, a geometric description of the increase in dislocation-line length
during dislocation glide, and decreases due to dynamic recovery, a description of strain-
dependent dislocation annihilation that is thought to dominate at low temperatures (17).
However, extensions of the KME model to high temperatures are problematic because
they exclude key aspects of dislocation physics, incorporating either phenomenological
parameterizations (12, 14) or relying on an empirical scaling between the applied stress
and dislocation density (5, 18).
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We demonstrate that laboratory data from experiments at
low and high temperatures can be explained in a self-consistent
manner by accounting for two additional aspects of dislocation
physics. First, we augment the KME theory with a model for static
recovery that describes the high-temperature, time-dependent
annihilation of dislocations. In this model, we emphasize the role
of fast-diffusion pathways in dislocation annihilation. Second,
we couple the theory of dislocation evolution to a flow law
that explicitly describes the competing roles of dislocations as
both carriers of deformation and generators of stress fields that
act to oppose deformation. The combined model provides a
parsimonious, physics-based explanation of i) yield stresses at
low temperatures, ii) steady-state and transient creep at high
temperatures, iii) the scaling between dislocation density and
stress, iv) kinematic hardening, v) the Bauschinger effect, and vi)
the Hall–Petch effect.

All of these processes and phenomena are relevant to olivine
(6, 7, 10, 19), a mineral that controls the strength of Earth’s
upper mantle. Olivine has four key advantages in testing our
approach. First, its dislocation density can be readily measured
using an oxidation-decoration technique (20), and there are
many published experiments against which to compare model
predictions (19, 21–23). Second, no physics-based model has self-
consistently explained the scaling of the steady-state dislocation
density with applied stress in olivine, which is empirically distinct
from the classical case in which dislocation density is proportional
to the applied stress squared (19). Third, recent experiments have
demonstrated the crucial importance of modeling dislocation
physics in understanding olivine deformation (6, 10), but
currently, no self-consistent, physics-based model exists for this
purpose. Fourth, there are a variety of independent geophysical
observations that constrain the behavior of Earth’s upper mantle
at natural strain rates, e.g., refs. 4 and 24 that may eventually
be used as a test of predictions of our model for strain rates
inaccessible in the laboratory.

Model Derivation

The two essential components of our model are an equation
for the evolution of dislocation density and a flow law that
describes how strain rate depends on dislocation density and
other variables, such as applied stress. Both are outlined here and
detailed in SI Appendix, Text. Within our framework, we do not
distinguish between different types or categories of dislocations.

Dislocation density, ρ, evolves due to dislocation storage and
dislocation recovery. Dislocation storage describes the increase
in ρ with increasing plastic strain as dislocation loops expand.
The storage rate is ε̇/(bL), where ε̇ is the strain rate, b is the
magnitude of the Burgers vector, and L is a length scale that
describes the average distance traveled by a dislocation before it
is stored in the lattice (16). We assume that L is controlled by the
presence of other dislocations and grain boundaries (SI Appendix,
Text).

Dislocation recovery describes the decrease in ρ due to dislo-
cation annihilation. Recovery may be characterized as dynamic,
whereby its rate is strain-dependent, or as static, whereby its rate is
time-dependent. Our model incorporates both types of recovery
(SI Appendix, Text); to focus on unique aspects of the model and
make connections with high-temperature creep data, we discuss
only static recovery here.

In static recovery, dislocations of opposite sign are driven
to climb and annihilate by the interaction of their stress fields
(25). The rate of recovery depends on the amount of suitable
dislocations, their separation, and the climb velocity (25).

Dislocation climb requires diffusion of vacancies to the climbing
segment of the dislocation. Classical treatments, which assume
that vacancies diffuse through the lattice, suggest that the recovery
rate is proportional to ρ2 (25). However, vacancies can also
diffuse along fast diffusion pathways, like dislocation cores and
grain boundaries (26, 27). We focus on the role of these fast
diffusion pathways and neglect diffusion through the bulk lattice
(SI Appendix, Text). To account for different types of pathways,
the diffusivities of each type are weighted by the volume fraction
of that pathway (28). The volume fraction of dislocation cores
(pipes) is proportional to ρ, and hence, the rate of recovery
controlled by pipe diffusion is proportional to ρ3. In contrast,
the volume fraction of grain boundaries is inversely proportional
to the grain size d , and thus, the rate of recovery controlled by
grain-boundary diffusion is proportional to ρ2/d .

Accounting for the rates of dislocation storage and static
recovery, the evolution of dislocation density is given by

ρ̇ =
1
b

(
m
√
ρ +

n
d

)
ε̇︸ ︷︷ ︸

storage

−

(
Rgb(T )

ρ2

d
+Rpipe(T )ρ3

)
︸ ︷︷ ︸

static recovery

, [1]

where ε̇ is the strain rate, m and n are material constants, T
is the temperature, and R×(T ) are rate coefficients for static
recovery by grain boundary or pipe diffusion. The Arrhenius
temperature dependence of these rate coefficients is associated
with the diffusivity of the slowest-diffusing species along the
respective pathway.

Eq. 1 is coupled to a flow law that describes the dependence
of the strain rate on dislocation density, applied stress, and
temperature. Dislocations are the carriers of deformation, so
the flow law depends on dislocation density and velocity
(29). Dislocation motion is a thermally-activated process (30)
described by a stress-dependent energy barrier (SI Appendix,
Text), which leads to the flow law

ε̇ = A(T )ρ sinh
(
σ − σρ − σd

σref (T )

)
, [2]

where A(T ) is a rate coefficient with an Arrhenius dependence on
temperature, and σ is the applied stress. σref (T ) is the reference
stress, which is related to the strength of barriers to dislocation
motion and has a linear dependence on temperature (SI Appendix,
Text).

Through thermodynamic considerations, we find that the ap-
plied stress is opposed by two microstructurally-derived stresses,
σρ and σd (SI Appendix, Text). The classical Taylor stress,
σρ = αµb

√
ρ, describes the cumulative effect of stress fields

generated by dislocations (31). Here,µ is the shear modulus, and
α is a constant. The second, σd = βµb/d , is the threshold stress,
which classically represents the minimum applied stress required
for a dislocation loop to expand within a grain (32), where β
is a constant. In traditional models of dislocation creep, the
dislocation velocity is assumed to be limited by the timescale of
dislocation climb, e.g., ref. 33. In contrast, within our framework,
we self-consistently model the effect of dislocation climb on
dislocation velocity through its influence on dislocation density.
Slower dislocation climb leads to a higher dislocation density, and
therefore a higher Taylor stress, which opposes the applied stress
driving deformation in Eq. 2 and thereby limits the dislocation
velocity.

Eq. 1 and Eq. 2 constitute our model for deformation due to
dislocations at high temperatures. The model incorporates the
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physics of both dislocation climb, through the recovery terms in
Eq. 1, and dislocation glide, in the form of the flow law Eq. 2.
The full model, detailed in SI Appendix, Text, self-consistently
describes transient and steady-state deformation at both low and
high temperatures and incorporates grain-size effects. Given the
applied stress, temperature, and grain size, these equations can
be solved for the evolution of dislocation density and strain rate,
both prior to and at steady state.

Model Validation and Calibration

Before the model can be applied, it must be calibrated and
validated by comparison with data derived from deformation
experiments. To this end, we use published data from steady-
state (Fig. 1) and transient (Fig. 2) creep experiments on olivine.

At steady state, the model predicts a (nonlinear) relationship
among stress, dislocation density, and strain rate. This relation-
ship is modulated by the grain size that, for simplicity, we treat as
an independent variable, though in fact grain-size evolution may
be coupled to dislocation density, e.g., ref. 36. We do not consider
oxygen fugacity, which is known to affect strain rates (34).
Since fugacity varies among experiments, we consider only data
collected at the Ni–NiO buffer. Our calibration and subsequent
extrapolation to mantle conditions are not particularly sensitive
to differences among activation energies of different processes; we
therefore assume that all temperature-dependent processes have
the same activation energy, Q .

We first test the hypothesis that pipe diffusion plays a critical
role in grain-size insensitive dislocation creep in olivine. To do
so, we assume that grain-boundary diffusion is negligible and
calibrate our model against the steady-state experimental data
on large-grained (0.9 mm) aggregates from Keefner et al. (34).
This calibration constrains the rate coefficients of the flow law
Eq. 2 and pipe-diffusion recovery Eq. 1, as well as the activation
energy.

Fig. 1A demonstrates that the model captures the stress
and temperature dependence of strain rate. To highlight the
stress dependence of strain rate, we normalize the data to one
temperature using our fitted activation energy in the inset of
Fig. 1A. Although our model is not formally a power law, it
gives an apparent power-law exponent of ∼3.5 over the range of
laboratory conditions, consistent with previous empirical analysis
of this dataset (34).

Fig. 1B compares the predicted steady-state dislocation density
with published measurements from experiments using single
crystals of olivine (21–23). At intermediate applied stresses (30
to 400 MPa), the model predicts that the dislocation density
approximates a power law of applied stress with an exponent of
1.4, consistent with an empirical power-law fit (22). However,
at both small and large applied stress, the model predicts that
dislocation density has a stronger dependence on applied stress,
consistent with the trend of experimental data at small applied
stresses and the more-limited data at large applied stresses. Aside
from α, which relates the Taylor stress to the dislocation density,
all parameters used to predict dislocation density are constrained
by the calibration in Fig. 1A. The data in Fig. 1B constrains α to
be 2.46± 0.13 (SI Appendix, Text). We note that the value of α
only shifts the predicted dislocation-density curve in Fig. 1B to
lower or higher dislocation density without affecting its shape.

We next calibrate the full model, including grain-size effects,
against experimental data from Hansen et al. (35) and Keefner
et al. (34). The former used fine-grained (≈10 µm) olivine
aggregates. This calibration constrains the rate coefficients of
the flow law Eq. 2 and both types of recovery Eq. 1, as well as

A

10-4

10-6

100
1

3.5

400

T = 1498 K
σ = 200 MPa

Grain size (μm)

Keefner et al. (2011)

Hansen et al. (2011)

C

B

Fig. 1. Model predictions for steady-state deformation under laboratory
conditions compared to experimental data. (A) Strain rate as a function of
applied stress predicted by our calibrated model, assuming that grain-size
effects are negligible (solid lines). The mechanical data from Keefner et al.
(34) used in the calibration are plotted for comparison (circles) at different
temperatures (indicated by color). The inset compares model prediction
at T = 1,498 K with data normalized to this temperature. (B) Dislocation
density as a function of stress predicted by the calibrated model plotted
in A (blue line) compared to an empirical dislocation-density piezometer (22)
(red line) and experimental data (black open symbols). The gray shaded area
represents the 95% CI from propagating the uncertainties in the underlying
model parameters. Data are taken from experiments on single crystals; BK =
(22), DGB = (21), KG = (23). (C) Strain rate as a function of grain size predicted
by the calibrated model incorporating grain-size effects (solid line) compared
to normalized mechanical data from Keefner et al. (34) (blue) and Hansen
et al. (35) (red). The experimental data are normalized to a temperature of
1,498 K and a stress of 200 MPa and then grouped according to grain size.
The circles represent the mean normalized strain rate within each group.
The error bars represent one SD of the normalized strain rate within each
group. The strain rate predicted by the diffusion creep flow law from ref. 35
is plotted as a dashed line.

the activation energy. Fig. 1C compares the predicted grain-
size dependence of strain rate against the experimental data.
The experimental data are normalized to a single stress and
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Fig. 2. Comparison of transient deformation predicted by our model to experimental data. Plastic strain as a function of time from a stress-reduction
experiment (OxR0002) from Hansen et al. (6) (black line) compared to the model prediction (red line). This experiment was performed on a single crystal
compressed uniaxially in the [101]c orientation at 1,523 K. The initial stress prior to reduction was 162 MPa. The curves are labeled with the percentage
reduction in stress. In A, the plastic strain rate evolves over relatively short timescales (∼10 s), whereas in B, the plastic strain rate evolves over longer timescales
(∼100 s).

temperature using the calibrated model. The calibrated model
captures the stress, temperature, and grain-size dependencies of
both datasets.

Finally, we consider the transient deformation predicted by our
model. Hansen et al. (6) performed stress-reduction experiments
in which olivine single crystals are deformed at a constant applied
stress until steady-state deformation is achieved, and then, the
applied stress is reduced to a new constant value. Transient
deformation occurs after each stress step. We calibrate our model
for single crystal deformation using steady-state mechanical data
from Hansen et al., treating the steady-state Taylor stress prior
to stress reduction as a fitting parameter (SI Appendix, Text).
Fig. 2 demonstrates that our model provides a good fit to the
transient plastic strain. Small stress reductions (<50%) lead to
short transients, whereas larger stress reductions result in longer
transients that have extended periods of reverse plastic strain
rates. Importantly, our model is able to match the sense of the
transient, in terms of forward or reverse plastic strain, as well as
the magnitude of reverse plastic strain following the transient.
In our model, the negative plastic strain rates result from the
Taylor stress temporarily exceeding the (positive) applied stress,
consistent with the Bauschinger effect.

Deformation in the Laboratory

Our model elucidates the microphysical relationships between
dislocation density, applied stress, and strain rate that operate
under laboratory conditions. The model illustrates that the
steady-state dislocation density may be limited either by the
Taylor stress or by recovery. In the first case, dislocation density
increases until the Taylor stress approximately balances the
applied stress, such that ρ ∝ σ 2 and the strain rate becomes
small. As a result, the dislocation storage rate becomes small
and can balance the recovery rate. Alternatively, at steady state,
the applied stress may significantly exceed the Taylor stress if
dislocation density is limited instead by recovery. If recovery
occurs mainly by pipe diffusion, the model predicts ρ ∝ σ 2/3.
The calibrated model predicts that, under laboratory conditions,
both processes are significant, leading to the apparent ρ ∝ σ 1.4

scaling observed in experimental data (Fig. 1B). This scaling
previously lacked a physical explanation.

The ρ–σ scaling also influences the relationship between
steady-state strain rate and applied stress. The steady-state strain
rate is not linearly proportional to dislocation density as classically
suggested by the Orowan equation (SI Appendix, Text) because

the Taylor stress is also dependent on the dislocation density.
The precise relationship between steady-state strain rate and
dislocation density can be determined by solving Eq. 1 at
steady state. If pipe-diffusion rate-limits dislocation climb, and
thereby dislocation recovery, then ε̇ss ∝ ρ

5/2. Combining this
scaling for the strain rate with the scaling between disloca-
tion density and applied stress under laboratory conditions,
we predict an apparent stress exponent of (5/2) × 1.4 =
3.5, in agreement with experimental data on coarse-grained
olivine (Fig. 1A).

Accounting for grain-boundary processes results in a model
that is sensitive to grain size, as illustrated in Fig. 1C . Grain
size influences the steady-state dislocation density, and therefore
strain rate, through recovery controlled by grain-boundary
diffusion. Decreasing the grain size increases the rate of recovery,
causing a corresponding decrease in the steady-state dislocation
density and hence Taylor stress. At larger grain sizes, the strain rate
is limited by the Taylor stress, and hence, the steady-state strain
rate increases with decreasing grain size. However, at smaller
grain sizes, the strain rate is instead limited by the availability of
dislocations, and hence, further decreasing the grain size decreases
the strain rate. At constant applied stress, the dependence of the
steady-state strain rate on dislocation density can be understood
through Eq. 2, which has a maximum as a function of dislocation
density.

These grain-size dependencies are consistent with available
experimental data. For fine-grained samples (∼10’s µm) and
laboratory-accessible stresses, our model predicts an inverse
relationship between strain rate and grain size (Fig. 1C ) and
an approximate stress exponent of 3, congruent with empirical
analyses (35). These data were previously interpreted in terms
of dislocation-accommodated grain-boundary sliding (disGBS).
In this interpretation, the strain rate is limited by dislocation
annihilation at grain boundaries (37, 38). This rate-limiting
process is the same as the case considered here, in which
grain-boundary diffusion controls dislocation recovery. In classic
models of disGBS, there is an additional contribution to the
strain rate from sliding on grain boundaries, which we do
not model. However, sliding is understood to make a limited
contribution (1 to 10%) toward the total strain rate (39),
justifying the omission of this process from our model. We note
that recovery by grain-boundary diffusion has the same functional
form as recovery due to grain-boundary migration, highlighting
an additional link to models focused on migration as a recovery
mechanism (36).
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Deformation at Geological Strain Rates

We have thus far demonstrated consistency between our model
and experiments. We now examine predictions of our model
beyond laboratory conditions. In particular, we consider applied
stresses far smaller than those normally accessed in the laboratory
but typical within Earth’s mantle. Fig. 3A explores the predicted
dependence of strain rate on applied stress for a range of grain
sizes. In the limit of infinite grain size, for which grain-boundary
diffusion does not contribute to recovery, we predict a transition
in stress exponent from 3.5 at typical laboratory stresses to 5 at
smaller applied stresses. The transition in stress exponent results
from a transition in the ρ–σ relationship.

As noted above, at small applied stresses, we predict ρ ∝ σ 2

due to the reduced recovery rates associated with pipe diffusion.
The recovery rate controls the difference between the applied
stress and Taylor stress. At small applied stresses, the recovery rate
becomes disproportionately small, such that the Taylor stress is
approximately equal to the applied stress, resulting in the ρ ∝ σ 2

scaling (Fig. 1B). Therefore, the apparent stress exponent is given
by (5/2) × 2 = 5. The range of predicted stress exponents for
dislocation creep is consistent with the range of stress exponents
observed in single-crystal deformation experiments performed on
olivine, for which the stress exponent across experiments varied
between 3 and 5 (42).

At finite grain size, the predicted steady-state strain rate curves
in Fig. 3A have a complex relationship with the applied stress
and grain size. Our model at steady state can be simplified by
assuming that the applied stress balances the sum of the Taylor
and threshold stresses, which approximately holds in Fig. 3A.
Combining this balance with Eqs. 1 and 2 yields ε̇ss ∝ (σ −
σd )4(σd/σ ). This approximate flow law has two limits. In the
limit that σ � σd , we recover an apparent stress exponent of
3 and a grain size exponent of 1, consistent with observations
in the laboratory (35). In the limit that σ → σd , ε̇ → 0 such
that the threshold stress σd acts as a yield stress that is inversely
proportional to the grain size, which is consistent with recent
evaluations of the Hall–Petch effect (9).

The predicted scalings in Fig. 3A illustrate an important point.
The measured power-law exponents describing relationships
between steady-state strain rates, applied stresses, grain size,
and dislocation density are not necessarily intrinsic properties
of deformation mechanisms in a given material. Instead, empir-
ical exponents reflect the underlying balance in microphysical
processes under laboratory conditions. Therefore, exponents
measured in the laboratory do not necessarily apply outside
of these conditions, even though the same set of microphys-
ical processes operate. Consequently, power laws fitted under
laboratory conditions should only be extrapolated with extreme
care. Furthermore, although we have considered only the effect
of grain size and applied stress, the same considerations also apply
to other state variables such as oxygen fugacity, water fugacity,
and silica activity.

Fig. 3B is a deformation-mechanism map exploring the strain
rate as a function of applied stress and grain size. We compare
predicted strain rates to those derived from previous flow laws
for dislocation creep (7) and grain-size sensitive dislocation creep
(35). At typical laboratory strain rates (≥ 10−5 s−1), the predic-
tions of our calibrated model are in agreement with the previous
flow laws. However, at mantle stresses (∼ 1 MPa) and grain sizes
(∼3 mm) (19), the predicted strain rates are approximately an
order of magnitude smaller than previous flow laws for dislocation
deformation (7, 35). The difference in the predicted strength

T = 1498 K5
1

A

= Yield stress

μ
μ

3.5
1

1 month
Instantaneous viscosity

Prior steady state

d = 1 mm
Δσ = 0.1 MPa
σ0 = 1 MPa

Uniform applied stress

New steady state

1 year

10 years

C

B

Threshold stress

Pipe diffusion

Grain-boundary
diffusion

Grain size (μm)

Fig. 3. Predictions of our calibrated model for deformation under geologic
conditions. (A) Strain rate as a function of stress at a temperature of 1,498 K.
Curves are constructed from the calibrated model incorporating grain-size
effects using grain sizes of 10 µm, 100 µm, and 1 mm and from the calibrated
model that neglects grain-size effects (infinite). Experimental data (black
circles) from Keefner et al. (34) and Hansen et al. (35) are normalized to the
same temperature using the fitted activation energy. Plotted for comparison
are the dislocation-creep flow law (black dashed) from Hirth and Kohlstedt
(7) and the diffusion-creep flow law (colored dot-dashed) from Hansen et
al. (35). The yield stresses for dislocation deformation are indicated by
arrows below the stress axis. (B) Deformation mechanism map of dislocation-
accommodated deformation. The map is constructed as a function of grain
size and stress at a temperature of 1,498 K. Contours represent a constant
strain rate. Thick contours represent the strain rate predicted by our model,
and the thin contours are calculated using a combination of the dislocation
creep flow law from Hirth and Kohlstedt (7) and the grain-size sensitive
dislocation creep flow law from Hansen et al. (35). The colors of the contours
indicate the strain rate. The threshold stress and the boundary between the
different dominant recovery mechanisms (pipe diffusion and grain-boundary
diffusion) are plotted as thick black lines. (C) Viscosity as a function of depth
predicted by our model assuming a mantle grain size of 1 mm. The initial
steady-state viscosity under a uniform stress of 1 MPa is plotted as a black
line. The colored lines indicate the viscosity following a 0.1-MPa increase in
stress for a variety of times (red = instantaneous, orange = 1 mo following,
yellow = 1 y following, green = 10 y following, blue = new steady state).
The temperature as a function of depth is calculated assuming a half-
space cooling model and an adiabatic geotherm for a 50 million-year-old
lithosphere with a potential temperature of 1,350 ◦C (40, pp. 185–187). The
activation volume is assumed to be 15 cm3/mol in keeping with Dixon and
Durham (41).
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of the mantle reflects the changes in the scalings of the strain
rate with applied stress and grain size predicted by our model
outside of laboratory conditions. Indeed, our model predicts that
deformation has a range of grain-size sensitivities, including both
weakening and strengthening with decreasing grain size. Despite
these differences, we find that our model at d = 1 mm and mantle
stresses makes similar predictions to the Hirth and Kohlstedt (7)
dislocation-creep flow law (Fig. 3A). This correspondence may
explain the successful application of this dislocation creep flow
law to geophysical models, e.g., ref. 43. Finally, a significant
region of the deformation mechanism map corresponds to no
deformation at all by dislocation-mediated mechanisms. In this
region, stresses are lower than the threshold stress, although we
note that typical mantle stresses and grain sizes lie outside this
region. Deformation in this region is accommodated by other
deformation mechanisms such as diffusion creep. The predictions
of the diffusion-creep flow law from Hansen et al. (35) are
compared to our model in Fig. 3A. The higher strain rates at low
applied stress associated with high-temperature diffusion creep
would obscure the yielding behavior predicted by our model.

Transient Deformation under Geological
Conditions

Next, we consider the predictions of our model for time-
dependent mantle deformation. Fig. 3C explores how an abrupt
change in applied stress affects deformation under mantle
conditions. We assume an initially uniform differential stress
of 1 MPa, a reasonable ambient differential stress for the mantle
(44). For this stress, the steady-state viscosity at 100 km depth is
≈1020 Pa s. Although the stress changes in realistic geodynamic
processes will be spatially and temporally variable, in this simpli-
fied example, we apply a uniform stress change instantaneously,
using a value consistent with stress changes inferred from models
of postseismic creep (45). Although both the old and new
steady-state viscosities are similar, the transient viscosities differ
significantly from the steady state. Instantaneously, the viscosity
drops by approximately two orders of magnitude (to ≈1018 Pa s
at 100 km depth) and evolves over a timescale of months to years.

The large viscosity reduction instantaneously following a
change in stress in Fig. 3C can be understood by examining
Eq. 2. At the instant of the stress change, the dislocation density
is unchanged. Consequently, any change in viscosity must be
controlled by the change in the net stress driving dislocation
motion, which we term the effective stress. The ratio of viscosities
immediately following (η+) and prior to (η−) the stress change
are approximately given by

η+

η−
≈

σ−eff

σ−eff +1σ
, [3]

where 1σ is the stress change and σ−eff = σ− − σρ − σd is
the effective stress prior to the stress change. Under laboratory
conditions, such as those considered in Fig. 2, the effective
stress is inferred to be comparable in magnitude to the applied
stress. As a result, stress changes will not drive disproportionate
changes in the viscosity in laboratory experiments. However,
under geological conditions, we predict that the steady-state
effective stress is much smaller in magnitude than the applied
stress, and thus, stress changes can drive disproportionate changes
in the viscosity. Indeed, in Fig. 3C, the effective stress is predicted
to be of the order of kPa, which is two orders of magnitude smaller
than the stress change considered, and thus, the instantaneous

transient viscosity is approximately two orders of magnitude
smaller than the prior steady-state viscosity.

The magnitude of the reduction in viscosity and the evolution
timescale are consistent with geophysical observations of pro-
cesses associated with abrupt stress changes, such as postseismic
creep (24, 43, 46) and crustal uplift in response to ongoing
recent anthropogenic ice loss across a number of regions, e.g.,
refs. 47–50. The ratio of instantaneous to steady-state viscosity
is approximately independent of depth, a prediction that is in
striking agreement with viscosity profiles inverted from surface
displacements after earthquakes (45). The rate of evolution
toward steady state is depth dependent. Depths with smaller abso-
lute transient viscosities, and therefore larger strain rates, evolve
more quickly, indicating that dislocation storage controls the
transient evolution of viscosity under mantle conditions. Thus,
while steady-state deformation at mantle stresses is controlled
by the recovery coefficients R×(T ), transient deformation is
sensitive to the flow law coefficient A(T ).

Transient, dislocation-accommodated deformation in Earth is
commonly modeled using a nonlinear Burgers model, in which
transient and steady-state viscosities possess the same sensitivity
to the applied stress, e.g., ref. 6, and references therein. However,
our results indicate that transient and steady-state viscosities
have a fundamentally different dependence on the applied stress.
Moreover, our results demonstrate that transient and steady-
state viscosities under mantle conditions are likely controlled
by separate components of the dislocation microphysics. In
this work, we have considered the effect of dislocation density
on transient deformation. Over comparable strains, transient
deformation may also be influenced by other factors, such
as the development of intergranular stress heterogeneity, e.g.,
ref. 51. However, models of this mechanism (51) assume
nonlinear transient rheological laws that are in disagreement
with laboratory observations, in which the initial strain-rates
immediately following stress changes are a linear function of the
new stress (6). Over strains larger than those investigated here,
the evolution of other aspects of microstructure that we do not
account for, such as grain size and crystallographic texture, will
also influence the transient viscosity (52). Therefore, we suggest
that the evolution of dislocation density is the most relevant
process for predicting transient viscosity during stress changes
that occur on human timescales, such as postseismic creep and
crustal uplift in response to recent anthropogenic ice loss.

Broader Implications

Although we have calibrated our model for olivine deformation,
our formulation is applicable to a broad array of materials. While
the predicted transitions in stress exponent have not been directly
observed in olivine, such transitions have been observed in solid-
solution alloys (53), some of which have already been found to
be good analogs for olivine (54). For example, in experiments
on an Al–Mg alloy, the apparent stress exponent decreases from
5 to 3 for applied stresses above 7 MPa (55). This transition in
stress exponent is correlated with a change in the scaling of an
empirically-observed back stress opposing deformation, which we
take to be the Taylor stress in our model. At the smallest stresses,
for which the stress exponent is 5, the back stress is observed to
be approximately equal to the applied stress, whereas at higher
stresses, the back stress is a fraction of the applied stress (55).
These observations are in agreement with the predictions of our
model for olivine. We believe that this agreement underlines the
importance of constructing microphysical models of deformation

6 of 7 https://doi.org/10.1073/pnas.2203448120 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 8
6.

18
7.

23
2.

19
 o

n 
Ju

ly
 7

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
86

.1
87

.2
32

.1
9.



to make physics-based predictions under conditions far from the
laboratory.

The calibrated model that we have presented provides a
quantitative description of dislocation creep, grain-size-sensitive
dislocation creep, and the Hall–Petch effect in olivine. The
model is in agreement with observations of transient strain
obtained from stress-reduction tests and is in broad agreement
with estimated transient viscosities from recent observations
of geophysical processes associated with abrupt stress changes.
Our model is easily extended to incorporate dynamic recovery
(SI Appendix, Text), the dominant dislocation annihilation
process at low temperatures. Indeed, our formulation of this
process is consistent with that used by Hansen et al. (10) to model
strain hardening and the Bauschinger effect at low temperatures.
As a result, our model also extends to deformation by low-
temperature plasticity. In this work, we have assumed that the
activation energies of all processes are equal. Future work will
constrain the potentially different activation energies of each
process.
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been previously published in (6, 21–23, 34, 35). The data and code used in this
work are available at: https://doi.org/10.5281/zenodo.7572686.
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