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Abstract

The rheology of the upper mantle impacts a variety of geodynamic processes, including postseismic deformation
following great earthquakes and post-glacial rebound. The deformation of upper mantle rocks is controlled by the
rheology of olivine, the most abundant upper mantle mineral. The mechanical properties of olivine at steady state

are well constrained. However, the physical mechanism underlying transient creep, an evolutionary, hardening phase
converging to steady state asymptotically, is still poorly understood. Here, we constrain a constitutive framework that
captures transient creep and steady state creep consistently using the mechanical data from laboratory experiments
on natural dunites containing at least 94% olivine under both hydrous and anhydrous conditions. The constitutive
framework represents a Burgers assembly with a thermally activated nonlinear stress-versus-strain-rate relationship for
the dashpots. Work hardening is obtained by the evolution of a state variable that represents internal stress. We deter-
mine the flow law parameters for dunites using a Markov chain Monte Carlo method. We find the activation energy
430 + 20 and 250 + 10 kJ/mol for dry and wet conditions, respectively, and the stress exponent 2.0 4 0.1for both

the dry and wet cases for transient creep, consistently lower than those of steady-state creep, suggesting a separate
physical mechanism. For wet dunites in the grain-boundary sliding regime, the grain-size dependence is similar for
transient creep and steady-state creep. The lower activation energy of transient creep could be due to a higher jog
density of the corresponding soft-slip system. More experimental data are required to estimate the activation volume
and water content exponent of transient creep. The constitutive relation used and its associated flow law parameters
provide useful constraints for geodynamics applications.
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Introduction is characterized by a nonlinear relationship between

Our current understanding of the rheology of the upper
mantle comes mainly from rock deformation studies in
the steady-state creep regime, where olivine and olivine-
bearing rocks are deformed in the relevant temperature
and pressure conditions (e.g., Carter and Avé Lallemant
1970; Chopra and Paterson 1981, 1984; Karato et al. 1986;
Karato and Wu 1993; Mei and Kohlstedt 2000a). How-
ever, the rapid deformation following large earthquakes
often cannot be explained solely by the steady state
response of the viscoelastic substrate (e.g., Pollitz 2003,
2005; Freed et al. 2010; Qiu et al. 2018; Tang et al. 2019;
Weiss et al. 2019; Tang et al. 2020) and requires the acti-
vation of transient creep, a hardening phase of the rheo-
logical behavior associated with higher strain rates than
the steady-state response at similar loading conditions.
Geodynamic studies rely on the constitutive formula-
tions and parameters derived from laboratory studies to
estimate and refine a thermo-mechanical model of the
lithosphere—asthenosphere system and explain various
observations (e.g., Freed and Biirgmann 2004; Rousset
et al. 2012; Rollins et al. 2015; Masuti et al. 2016; Muto
et al. 2019; Agata et al. 2019; Barbot 2020). More insights
into the constitutive behavior of transient creep from lab-
oratory data is needed to better constrain the physics of
rock deformation.

Olivine at high temperature deforms mainly by dislo-
cation creep, diffusion creep, and dislocation-accommo-
dated grain-boundary sliding (DisGBS). Dislocation creep

stress and strain rate, and does not depend on grain
size. Diffusion creep is characterized by a linear relation
between stress and strain rate and is highly sensitive to
grain size. DisGBS has the characteristics of both disloca-
tion creep and diffusion creep with a nonlinear relation
between stress and strain rate and a dependence on grain
size (e.g., Hirth and Kohlstedt 1995; Hansen et al. 2011;
Wang et al. 2010; Ohuchi et al. 2015). The dominant
mechanism at steady state can be determined from the
deformation map based on stress and grain size (Ashby
1972). Dislocation creep is usually considered the domi-
nant mechanism under asthenospheric conditions based
on deformation experiments (e.g., Karato and Wu 1993),
seismic anisotropy (e.g., Montagner and Tanimoto 1990;
Silver and Holt 2002; Long and Silver 2009), and mantle
xenolith microstructure (e.g., Mercier 1985; Park and
Jung 2015). However, the deformation of olivine under
both laboratory and asthenospheric conditions is close
to the boundaries between dislocation creep, diffusion
creep, and DisGBS, and the physical conditions may
vary either due to grain-size evolution at geological time
scales (Karato 1989; Rozel et al. 2011) or due to varying
loading conditions during the seismic cycle (Lambert and
Barbot 2016; Barbot 2018).

Grain boundary sliding accommodated by the motion
of dislocation was first observed in fine-grained olivine
mineral by Hirth and Kohlstedt (1995), who proposed
grain boundary sliding (GBS) as an additional degree
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of freedom to relax the von Mises (1928) criterion that
requires the activation of five independent slip systems
for the homogeneous deformation by strain partition-
ing of a polycrystalline mineral. Additional experiments
have been conducted to determine the flow law parame-
ters of DisGBS under different conditions. Hansen et al.
(2011) conducted experiments on San Carlos olivine
aggregates with different grain sizes under dry condi-
tions and argued that the seismic anisotropy observed
in the asthenosphere is not purely due to dislocation
creep and that DisGBS could be one of the dominant
mechanisms of deformation (see also Wang et al. 2010).
In addition, high-pressure (~ 6.7 GPa) experiments on
olivine aggregates using a deformation-DIA apparatus,
a type of multi-anvil deformation apparatus, under dry
and wet conditions have been conducted, and the flow
law parameters for the DisGBS mechanism at steady
state were determined (Ohuchi et al. 2015).

The flow law parameters of upper-mantle rocks for
dislocation creep, diffusion creep, and DisGBS under
dry and wet conditions in the steady state regime are
well known (e.g., Karato et al. 1986; Mei and Kohlst-
edt 2000a, b; Karato and Jung 2003; Hirth and Kohlst-
edt 2003; Hansen et al. 2011; Wang et al. 2010; Ohuchi
et al. 2015). In contrast, the transient creep flow law
parameters for all these mechanisms under dry or wet
conditions are unknown. A few studies analyzed data
in the transient creep regime (Post 1977; Chopra 1997;
Hanson and Spetzler 1994; Thieme et al. 2018), but
the transient creep flow law parameters were not con-
strained uniquely. Post (1977) and Chopra (1997) per-
formed experiments on dunites under constant stress
conditions using a solid-medium and a gas-medium
apparatus, respectively, and concluded that transient
creep and steady-state creep are controlled by similar
physical mechanisms.

Hanson and Spetzler (1994) conducted further experi-
ments on olivine single crystals and argued that tran-
sient creep could be anisotropic, as they observed strain
softening instead of strain hardening in the case of the
[110], orientation. Hanson and Spetzler (1994) and
Chopra (1997) found that the dislocation density evolves
during the transition from transient creep to steady-state
creep, in agreement with theoretical models that assume
an evolving internal microstructure (e.g., Karato 2008).
Recently, Thieme et al. (2018) conducted a detailed study
of the transient creep of olivine aggregates under anhy-
drous conditions at high temperature (1273 and 1473 K)
and 300 MPa of confining pressure using a gas-medium
apparatus. Dislocation microstructures were analyzed at
different cumulative strain in the transient regime, but
evidence for a systematic evolution of the microstructure
was inconclusive.
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Several mechanisms have been suggested for the tran-
sient creep of olivine aggregates (e.g., Karato 1998; Sher-
burn et al. 2011; Masuti et al. 2016; Holtzman et al. 2018;
Hansen et al. 2020; Karato 2021) and for ice (e.g., Ashby
and Duval 1985). Based on the similarity of hardening
behavior between single crystal and olivine aggregate at
low temperature, an intragranular mechanism is thought
to be dominant in the transient regime, where the micro-
structural changes during transient creep are related
to the evolution of backstress due to long-range elas-
tic interaction among dislocations (Hansen et al. 2019).
In contrast, based on the plastic anisotropy observed in
olivine and ice, an intergranular mechanism has been
proposed to be dominant in the transient regime, where
the strain incompatibility and hence the internal stress
arises due to the difference in strengths of different slip
systems (e.g., Karato 1998; Masuti et al. 2019; Ashby and
Duval 1985; Karato 2021).

The goal of this study is to establish the validity and
determine the parameters of a constitutive framework for
the transient creep of dunites. The microstructure evo-
lution during transient creep could be modeled with an
empirical flow law that involves the evolution of a state
parameter. Sherburn et al. (2011) employ a formulation
derived from viscoplasticity theory (Nemat-Nasser and
Hori 1999; Nemat-Nasser 2004), using isotropic and
anisotropic kinematic hardening. Since transient creep
corresponds to an initial rapid displacement followed by
a slower response, work hardening is appropriate. How-
ever, the formulation of Sherburn et al. (2011) contains
a large number of free parameters that cannot be fully
constrained with available laboratory data. The labora-
tory data on transient creep can be explained by a sim-
ple formulation that captures the evolution of effective
viscosity throughout the experiment, showing system-
atic hardening towards an asymptotic steady-state value,
with a ratio of transient to steady-state viscosity of 0.17
to 0.67 (Chopra 1997). These constraints can readily be
assimilated in linear spring-dashpot assemblies for geo-
physical modeling (e.g., Sabadini et al. 1985; Yuen et al.
1986) and in studies of postseismic deformation (e.g.,
Pollitz 2005; Hoechner et al. 2011; Wang et al. 2012).
However, a linear constitutive law is not compatible with
our corporate understanding of the rheology of the upper
mantle at steady state, which involves a non-linear stress-
versus-strain-rate relationship with explicit dependencies
on temperature, water content, and grain size. Overall,
there is no consensus in the mineral physics community
on the exact formulation of the transient creep of olivine
aggregates.

Here, we consider a formulation with few degrees of
freedom that extends the rheological laws that are well
established for steady state (e.g., Hirth and Kohlstedt
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2003; Karato and Jung 2003). Taking geodynamic appli- element is captured by a spring-dashpot assembly (Fig. 1).
cations into account, we consider the constitutive rela- The model is compatible with the inter-granular tran-
tionship proposed by Masuti et al. (2016), whereby sient dislocation creep theory proposed by Karato (1998),
the mechanical behavior of the representative volume  whereby the small strain during the initial transient stage
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Fig. 1 Schematic of the nonlinear Burgers model and ideal stress-versus-strain curve for olivine aggregates. a The Maxwell element has a dashpot
and the spring in series. The spring in the Maxwell element represents the elastic strain, where Gy is the Young's modulus, and the dashpot
represents the long-term inelastic strain. The Kelvin element has the spring in parallel with the dashpot, and represents the transient inelastic strain,
where G is the hardening coefficient. b) Strain rate as an input to the nonlinear Burgers model. ¢-g Stress, Kelvin strain, Maxwell strain, Kelvin strain
rate, and Maxwell strain rate response in the nonlinear Burgers model, respectively
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of deformation is accommodated by the soft-slip system
and, as the deformation continues, the hard-slip system
takes over to homogenize the stress (see also Ashby and
Duval 1985). The nonlinear Burgers formulation has
proven useful to model postseismic deformation follow-
ing giant earthquakes, including the 2012 M,, 8.6 Indian
Ocean (Masuti et al. 2016), the 2011 M,, 9.1 Tohoku-
Oki (Muto et al. 2019; Agata et al. 2019), and the 2010
M,, 7.2 El Mayor-Cucapah (Tang et al. 2020) earthquakes,
especially when multiple cycles of earthquakes, slow-slip
events, and other stress perturbations are involved (Shi
et al. 2020; Barbot 2020).

In this work, we present an analysis of laboratory data
for transient and steady state creep to establish the effect
of grain size, stress, and temperature for dry and wet con-
ditions. The manuscript is organized as follows. In the
next section, we describe a curated data set that allows
us to parameterize the effects of grain size, stress, and
temperature. Then, we describe the nonlinear constitu-
tive formulation and a numerical method to simulate
forward models of deformation at constant strain rate.
We present a Monte Carlo method to estimate the con-
stitutive parameters from nonlinear inversion of labora-
tory data. Next, we determine the flow law parameters
for the steady state and transient creep of dunites in dry
and wet conditions. We verify the applicability of the
constitutive framework on San Carlos olivine and some
other dunite data. This is followed by a discussion of the
physics underlying transient and steady state creep and a
conclusion.

Experimental data and observations

The evolution of transient creep is most easily identi-
fied in experiments conducted at constant strain rate.
However, only a few experiments conducted thus far in
the community provide sufficient temporal resolution of
stress evolution to constrain the underlying constitutive
law. Available data sets for dunites using a gas-medium
apparatus include the constant strain-rate experiments
of Chopra and Paterson (1981) and Chopra and Paterson
(1984) and the constant stress experiments of Chopra
(1997); other data sets using a solid-medium apparatus
include the work of Post (1977). The solid-medium appa-
ratus, such as Griggs and D-DIA, has been valuable to
determine the flow law parameters of steady-state creep
for various rocks (e.g., Karato and Jung 2003; Hirth and
Kohlstedt 2003; Biirgmann and Dresen 2008; Ohuchi
et al. 2015). However, it cannot be used to constrain the
transient creep flow law parameters without correction of
the frictional stress between the deformation piston and
the confining media (e.g., Kido et al. 2016; Holyoke III
and Kronenberg 2010). Whether this correction is pre-
cise enough to study transient creep remains to be tested.
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To mitigate potential bias from the Griggs apparatus, we
do not include the data from Post (1977) in our analysis.
Unfortunately, most of the data from Chopra (1997) do
not include a clearly identifiable transient creep in the
strain-versus-time curves (Additional file 1: Figure S1 )
and are also excluded from our inversion.

Previous work on transient creep often involved fitting
individual strain-versus-time curves against a constitu-
tive model prediction (e.g., Post 1977; Chopra 1997). This
approach is limited because of the possible trade-offs
between model parameters that can fit the data equally
well. In addition, each strain-versus-time data set may
require inconsistent parameter values. We, therefore,
consider the data from Chopra and Paterson (1981) and
Chopra and Paterson (1984) that cover a wide range of
thermodynamic conditions and showcase a clearly identi-
fiable phase of transient creep. They conducted constant
strain rate experiments on Aheim dunites with a grain
size of 900 wm and on Anita Bay dunites with a grain
size of 100 pm under hydrous and anhydrous conditions
using a gas-medium apparatus. The experimental condi-
tions span a wide range of temperatures from 1273 K to
1673 K and strain rates from 107° to 10~% s~1 (Tables 1
and 2), but were conducted at the same confining pres-
sure of 300 MPa. We use their full stress-versus-strain
curves that are corrected for apparatus distortion, except
for runs number 2706 and 4392, which were conducted
at 1273 K and did not reach steady state. Due to power-
law breakdown at lower temperature (e.g., Katayama
and Karato 2008), the deformation in these experiments
could be dominated by the Peierls mechanism instead of
dislocation creep. Some of the experimental data from
Chopra and Paterson (1981) have been published as part
of Chopra (1986), including runs number 4313, 4381,
4485, 4306, 4370, and 4371. Runs number 4709, 4699,
and 4705 from Chopra (1986) are not included in our
analysis as the deformation in these experiments indi-
cated diffusion creep and not dislocation creep.

Chopra and Paterson (1984) determined the flow law
parameters for the steady-state creep of dunites. For
the anhydrous case, they found the stress exponent to
be 3.6 £ 0.1 and the activation energy to be 535 £ 15 kJ/
mol (Table 4). Under anhydrous condition, dunites do
not show any grain size dependency. However, under
hydrous condition the deformation of dunites is grain-
size sensitive. Chopra and Paterson (1981) analyzed
only the steady-state data under hydrous conditions and
provided the flow law parameters for Aheim and Anita
Bay dunites separately. They reported the stress expo-
nent 3.35+0.09 and 4.48 £0.16, and the activation
energy 444 £ 12 and 498 + 19 kJ/mol for Anita Bay and
Aheim, respectively. They also discussed the observation
of grain size dependency using two different theoretical
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models, and concluded that either intra- or inter-gran-
ular mechanisms, or both, could be contributing to
deformation. Here, we exploit these data further by intro-
ducing grain size dependency explicitly in the constitu-
tive formulation.

In addition to the data discussed above, there are
some data sets available for the San Carlos olivine
aggregates (e.g., Karato et al. 1986; Thieme et al. 2018;
Demouchy et al. 2013; Mei and Kohlstedt 2000a). The
composition of San Carlos olivine is different from dunite
and hence these data sets cannot be combined together
to determine a unique set of flow law parameters. In
addition, the experimental setup across most laboratories
varies, requiring additional random stochastic variables
that complicate the inversion (e.g., Korenaga and Karato
2008). As the experimental setup for San Carlos olivine
aggregates from Karato et al. (1986) is similar to the one
of Chopra and Paterson (1981) and Chopra and Paterson
(1984), we use these data to check the applicability of the
nonlinear Burgers model and to verify the similarities
with the dunite flow law parameters. Although a major-
ity of the data from Chopra (1997) cannot be used, we do
test our model performance against those few data sets,
where the transient and steady-state creep are clearly
identified.

Flow law for transient creep

Several attempts have been made to formulate a rheo-
logical law for transient creep, in particular for metals
(e.g., Andrade 1910; Voce 1948; Hart 1970; Poirier 1980;
Chinh et al. 2004), but these formulations do not satisfy
a number of fundamental principles, such as time frame
invariance and reference frame indifference, that allow
extrapolation for geodynamics applications. The same
deformation should be predicted for any clock and any
coordinate system. Recent developments in numerical
modeling of geodynamic processes (e.g., Van Dinther
et al. 2013; Herrendorfer et al. 2015, 2018; Sobolev and
Muldashev 2017) or seismic cycles (e.g., Barbot 2018; Shi
et al. 2020; Barbot 2020) require a constitutive framework
amenable to continuously evolving stress with multiple
perturbations. This precludes using time explicitly in the
constitutive formulation, unless as a derivative.

We consider a Burgers spring-dashpot assembly,
which consists of a Maxwell element in series with a
Kelvin element (Fig. 1), where the dashpots obey a non-
linear stress-versus-strain-rate relationship. The Kel-
vin and the Maxwell elements represent the soft- and
hard-slip systems, respectively, capturing the transient
and steady-state creep mechanisms. The spring in the
Kelvin element represents the internal stress within
the representative volume element. The spring in the
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Maxwell element represents the macroscopic stress on
the whole aggregate. The effective stress on the soft-slip
system may be different from the macroscopic stress
due to internal stress. During the initial stages of defor-
mation, the internal stress evolves continuously and
the soft slip-system dominates in the transient regime.
Once the internal stress is approximately equal to the
macroscopic stress, the deformation becomes domi-
nated by the hard-slip system. In this idealized model,
the Maxwell and Kelvin elements are in series, and
the corresponding strain rates are additive. Hence, the
thermodynamically irreversible part of the strain rate is
given by

g =éx +ém, (1)

where £ is the strain rate in the Kelvin element, £y is the
strain rate in the Maxwell element, and &’ represents the
total inelastic strain rate.

The strain rate in the Maxwell element is given by a
nonlinear stress-versus-strain-rate relationship com-
patible with previous findings (e.g., Karato and Jung
2003; Hirth and Kohlstedt 2003):

o = An o™ dPM exp [ — M

eM=Amo™d exp( RT)’ (2)
where Ay is the pre-exponential factor, o is the devia-
toric stress, my is the stress exponent, Ep; is the activation
energy, R is the universal gas constant, 7T is the tempera-
ture, and d and py are the grain size and its exponent.
The formulation captures the behavior of various micro-
physical mechanisms of deformation at steady-state
depending on the choice of parameters (e.g., Biirgmann
and Dresen 2008). For example, diffusion creep cor-
responds to my = 1, dislocation creep corresponds to
pMm = 0and ny > 1, and DisGBS corresponds to py > 0
and my > 1.

In general, the strain rate in the Kelvin element is a

function of the effective stress:

qx = 0 — GKéxK, (3)

where ¢i is the cumulative strain in the Kelvin element
and Gy is a work-hardening coefficient. The effective
stress drives plastic deformation in the Kelvin element
and is modulated by Gkeg, which represents the inter-
nal stress within the representative volume element.
The strain rate in the Kelvin element can then be writ-
ten éx = fk(qx ), where fx is a zero-crossing at the origin
and monotonically increasing function. The exact form of
fk is unknown, with possibly linear, nonlinear, or expo-
nential forms. For consistency with the functional form
of the stress-versus-strain rate at steady state, we adopt
the following power law, thermally activated formulation:
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éx = Ak qx llq||"™ ™ d™PX eXp<_RT>’ (4)

where the form x [|x||"~! is to allow for possible reverse

deformation in the Kelvin element in some conditions, for
example, to simulate cyclical deformation (e.g., Hansen
et al. 2019). When the effective stress is negative, expres-
sions of the form x” would give rise to complex numbers
when 7 is not an integer and are, therefore, inadequate.
The parameters Ak, nk, pk, and Ex play the same roles as
in equation (2), but for the Kelvin element. Masuti et al.
(2016) describe a tensor equivalent of equation (4), but a
scalar formulation is sufficient to model laboratory data.
The formulation is appropriate to represent transient and
steady-state creep consistently. For example, steady state
implies éx = 0, such that the strain rate in the Maxwell
element represents steady-state plastic flow. During tran-
sient creep, both the Kelvin and Maxwell components
contribute to the total inelastic strain. Therefore, rapid
deformation of the Kelvin element is associated with the
phase of transient creep, even though the Maxwell com-
ponent also contributes strain during that stage (Fig. 1).

The olivine flow law parameters and their uncertainties
at steady state are well known for dislocation and diffu-
sion creep (e.g., Biirgmann and Dresen 2008; Korenaga
and Karato 2008). However, the flow law parameters and
their uncertainties for transient creep are unknown. In
this study, we focus on the experimental data conducted
at the confining pressure of 300 MPa. The effective activa-
tion energy, therefore, represents an activation enthalpy
with a small pressure effect. We restrict ourselves to the
determination of the transient creep parameters Ay, Gk,
nk, and Ex for the anhydrous case, assuming that the
steady-state flow law parameters are known from previ-
ous studies, and to Ak, Gx, 1k, px, Ex, Am, M, pm, and
E for the hydrous case.

Modeling approach

Unlike for the steady-state creep parameters, which can
be determined using any of the least-squares methods
that solve a linear inverse problem, determining the tran-
sient creep parameters requires the modeling of the time
series of strain or stress under constant stress or constant
strain rate conditions, respectively, and the resulting
inverse problem is nonlinear. We model the stress-ver-
sus-strain evolution with the nonlinear Burgers model
described above as follows.

We consider a spring-dashpot model (Fig. 1), where
the total strain rate is the sum of the elastic and inelas-
tic components (e.g., Andrews 1978; Barbot and Fialko
2010):

g=a¢ 4 &, (5)
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where £¢ and &’ are the elastic and inelastic strain rates,
respectively. Substituting Hooke’s law £¢ = & /Gy, where
Gwm is Young’s modulus, we obtain

6 = Gm(é — &Y. (6)

Equations (2), (3), (4), and (6) form a set of coupled non-
linear ordinary differential equations associated with an
initial value problem.

To simulate deformation data given constitutive
parameters and physical conditions, we solve the govern-
ing equations numerically using a predictor—corrector
method with a fixed step size of At = 0.5s. We recast the
governing equations described above in canonical form
as

).’ = f(Y, t) ’ (7)
with the state vector

o

M

€K
3

y= (8)

and where the function f(y, f) combines equations (2),
(3), (4), and (6). In the predictor step, the initial guess is
obtained using

Yir1 =Yy + At f(y;, t) (9)

where the subscript refers to integer time steps. In the
corrector step, the initial guess is improved with

Yit1 = Vi + % f(yi, i) + £(¥ir1, &) (10)
The constant strain-rate experiments may consist of
two phases. The first stage is the hardening part where
a strain rate is applied. In the relaxation parts, a sudden
change of strain rate, lower than the hardening part, is
imposed. We solve the hardening and the relaxation part
of the stress-versus-strain curves separately with appro-
priate initial conditions. The initial condition for the
hardening part is straightforward with y = 0. The transi-
tion for the strain rate stepping experiments follows the
continuity condition, such that the initial condition for
the simulation at a different strain rate is the value of the
state vector y at the end of the previous phase. The non-
trivial initial conditions for each experiment are given
in Table 1. The total time of integration is the maximum
strain divided by the imposed strain rate. For dry and wet
dunites, the maximum time of integration needed is of
the order of 20,000 s.

We perform a preliminary exercise, where we model
each stress-versus-strain curve for dry dunites with an
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independent set of parameters within the nonlinear Burg-
ers rheology (Additional file 1: Table S2; Figure S3). Each
curve can be predicted with a great degree of precision,
suggesting the suitability of the proposed model. How-
ever, the inversion is poorly constrained and the resulting
constitutive parameters are not unique (Additional file 1:
Table S2). The aim of our study is to determine the tran-
sient creep flow law parameters uniquely within error
bars, which requires inverting all the stress-versus-strain
data sets with a unique set of constitutive parameters.
To do so, we first solve the governing equations using a
numerical solver for a given set of parameters for all ther-
modynamic conditions. Then, we determine the flow law
parameters that best describe all the laboratory obser-
vations simultaneously and their uncertainties using a
Markov chain Monte Carlo (MCMC) method.

We use Gibbs sampling, a type of MCMC technique, to
explore the model space, as it provides a simple and effi-
cient technique to search for the best-fit parameters and
their uncertainties, even for nonlinear problems (Geman
and Geman 1984; Casella and George 1992; Hang et al.
2020). For example, Gibbs sampling has been used to
constrain the steady-state flow law parameters of oli-
vine considering multiple mechanisms operating at the
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same time (Korenaga and Karato 2008; Jain et al. 2019).
For a given set of physical parameters, we simulate the
mechanical response, i.e., the stress-versus-strain series,
for all the experimental conditions. We then compare the
synthetic stress-versus-strain series to all the experimen-
tal data. We compute the global misfit between all the
experimental and simulated data, assuming a uniform
error in stress of £2 MPa (Hirth and Kohlstedt 1995).
The global misfit is reduced in each iteration of Gibbs
sampling, and the procedure, therefore, represents a
global optimization of all the model parameters. For the
anhydrous case the free parameters are A, Gk, nx, Ex,
and Gy For the hydrous case, they are Ax, Gk, nx, px,
Ex, and Gy.

Gibbs sampling requires only a few tuning parameters:
the number of samples to be generated in computing the
conditional distribution for each parameter and the num-
ber of burn-in and step samples used to reduce the effect
of artificial correlation and initial guess. We benchmark
the Gibbs sampling inversion using synthetic data gener-
ated under similar thermodynamic conditions to those of
the experimental data (Table 3), and we verify that we can
recover the true values accurately (Fig. 2). With Gibbs
sampling, all the proposed samples are accepted, leading

Probability density

200

100

Probability density

Stress exponent Hardening coefficient

Probability density

Activation energy
(log,,E,)

Probability density

4 5 6 46

Pre-exponential factor Hardening coefficient
(log, A (1og,,G,)

line) from which the synthetic data were generated

4.61

Fig. 2 Gibbs sampling benchmark. We generate synthetic data using similar thermodynamic conditions to those of the experimental data using
A = 10°s7"MPa™"%, Gy = 10*%92MPa, nx = 10%47 and Fx = 10> kJ/mol. We generate 2 x 10° samples and discard the initial 10* samples. The
histograms are formed using every 100™ samples of the remaining set. The mean of the marginal distribution matches the true value (dashed black

0.4 0.5

0.6 5.55 5.6 5.65
Stress exponent Activation energy
(log,ony) (log,,E,)
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Table 1 Experimental setting for dry dunite deformation from Chopra and Paterson (1984). All the stress-versus-strain series are
available from their supplementary material. The initial conditions used to solve the ordinary differential equation for the MCMC

inversion and the best-fit model are provided here

Run number T (K) égins™! o (0) em(0) ek (0) e(0)
4580 1673 1.0 x 1074 0 0 0 0
4580 1673 32 % 1075 190 3.52 0.58 4.1
4580 1673 99 x 1076 138 6.67 043 7.1
4469 1573 1.1 %107 0 0 0 0
4469 1573 1.0 x 107 131 7.69 001 7.7
4469 1573 11 x 1074 229 8.93 067 96
4526 1483 53 % 107° 0 0 0 0
4675 1483 12%x107° 0 0 0 0
4675 1483 13 % 1070 389 453 117 57
4461 1463 1.1 % 107 0 0 0 0
4581 1573 1.1 % 1074 0 0 0 0
4581 1573 33 % 1075 368 3.95 115 5.1
4581 1573 10x107° 271 7.18 0.82 80
4666 1483 36 x 1075 0 0 0 0
4666 1483 37 x 1076 470 59 15 74
4668 1483 9.7 x 1076 0 0 0 0
4668 1483 1.1 x 107 348 15 1.1 26
4667 1483 3.1 % 1075 0 0 0 0
4667 1483 34 % 1076 567 56 17 73
4576 1573 11 %1074 0 0 0
4462 1473 12 x 107 0 0 0
4506 1553 12x 107 0 0 0

to correlated successive samples. The autocorrelation of
Gibbs samples becomes negligible after a lag of 100 sam-
ples for all the optimizations considered in the study. We
follow the same procedure for all cases described below:
we generate 2x10° samples with conditional evaluations
of 1000 samples in each dimension. We then discard the
initial 10 samples of the burn-in process and we retain
one in every hundred of the remaining samples.

Flow law parameters for dunites

In this section, we determine the transient creep flow
law parameters and their uncertainties for dunites in the
hydrous and anhydrous cases using the Gibbs sampling
inversion procedure.

Dry dunites

We first apply the MCMC approach to analyze the
experimental data of dunites under anhydrous condi-
tions, assuming the steady state flow law parameters
from Chopra and Paterson (1984). The thermodynamic
conditions used for the dry case are listed in Table 1.
Using the retained samples from our MCMC simulation,

we generate the marginal and joint distributions of the
corresponding model parameters (Fig. 3). For all cases
considered, we find similar values for the mean and the
mode of the marginal distributions, so we do not discuss
the differences. We find a strain-hardening coefficient
Gk = 33 £ 0.3 GPa, significantly smaller than Young’s
modulus Gy = 92 £ 2 GPa. We find the effective acti-
vation energy Ex = 430120 kJ/mol and stress expo-
nent nx = 2.0 £0.1 for the transient creep, lower than
those of the steady-state creep previously established by
Chopra and Paterson (1984), i.e., Ep = 535 £ 15 kJ/mol
andnpy = 3.6 = 0.1.

Using the mean of the marginal probability distribu-
tions as input parameters, we simulate the deformation,
and compare it to the stress-versus-strain experimen-
tal curves (Fig. 4). The data at fixed strain rate are
explained well. The misfit is higher than when each
curve is optimized individually (Additional file 1: Fig-
ure S3) due to the tradeoffs that naturally occur when
all data are optimized simultaneously. The model also
explains the strain rate stepping experiments, but the
fit to the relaxation phase, at a lower strain rate, is
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poorer than the initial hardening phase. This could be
due to change in the internal stress of the mineral, or
permanent changes in the microstructure due to the
exceedingly large strain reached, affecting transient
creep more than the steady state behavior. In other
words, the internal stress might have a separate evolu-
tion equation.

The overall fit to run 4668 is less satisfying and is the
only run, where the steady state was achieved much ear-
lier than other experiments. The total strain of experi-
ment 4668 is also low compared to all other experiments.
It is possible that model parameters are more strongly
influenced by other data, where, in general, the total
strain is much larger. This is not a fundamental limitation
of the nonlinear Burger, as the 4668 data can be fit per-
fectly in the individual curve fitting exercise (Additional
file 1: Figure S3). In fact, small variations in the model
parameter can improve the fit to certain data as can be
seen from the confidence interval of model predictions
(Fig. 4).

We also explore the potential of the internal state varia-
ble (ISV) constitutive framework of Sherburn et al. (2011)
that involves 20 parameters, including the isotropic
and anisotropic hardening coefficients. With this many
degrees of freedom and no data currently available to
constrain all the parameters, the ISV model may provide
a superior predicting capability. Sherburn et al. (2011)
used a subset of the data of Chopra and Paterson (1984)
to estimate the best-fit parameters, but the resulting ISV
model performs unsatisfactorily against the remaining
data (Fig. 5). In contrast, the nonlinear Burgers model
optimized using the same data set as for the ISV model
is fully constrained, provides a better fit to the data, and
involves only 8 parameters for transient and steady-state
creep. While the model of Sherburn et al. (2011) may be a
valid formulation for the deformation of olivine, the prin-
ciple of parsimony and Occam’s razor suggest that the
simpler model that we suggest, providing even a superior
fit to the data, is more meritorious.

Steady-state creep flow law parameters of wet dunites

Our main focus in this study is to determine the tran-
sient flow law parameters for dunites under hydrous and
anhydrous conditions, assuming the steady-state flow law
parameters from previous studies. In the case of anhy-
drous conditions, steady-state flow laws for the dunites
are known from Chopra and Paterson (1984). However,
for the hydrous condition, the steady-state flow laws of
Chopra and Paterson (1984) did not account for the
effect of grain size. Here, we explicitly incorporate the
grain-size dependency into our model assuming a steady-
state flow law of the following form:
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= Ay o DM _Em
éM =AM o™ d exp ( RT) ) (11)
where all the symbols have been defined previously.

We determine the flow law parameters at steady state
using a linear least-squares procedure and the results are
summarized in Table 5 and in Fig. 6. We find that the acti-
vation energy and stress exponent of steady-state creep
under hydrous condition are Eyp = 450 % 60 kJ/mol and
npm = 3.6 £ 0.5, respectively, in agreement with the pre-
vious results for DisGBS (e.g., Hansen et al. 2011; Ohuchi
et al. 2015; Hirth and Kohlstedt 2003). The resulting
grain-size exponent for wet dunites is pyp = 0.6 £ 0.2,
indicating that the grain size effect is small compared to
that of stress on the deformation of wet dunites. Similar
values of the grain size exponent of 0.7 & 0.1 and activa-
tion energy of 445 % 20 kJ/mol have been reported for
San Carlos olivine aggregates under anhydrous condi-
tions in the DisGBS regime (Hansen et al. 2011) and
a grain-size exponent of ~ 1 and activation energy of
423 + 56 kJ/mol have been reported for DisGBS under
dry and wet conditions (Ohuchi et al. 2015). Our esti-
mate of the grain size exponent also agrees with the theo-
retical model of Langdon (1994). However, a higher value
of the grain-size exponent around 2.0 under anhydrous
conditions in the DisGBS regime has been reported (e.g.,
Hirth and Kohlstedt 2003; Wang et al. 2010).

The effect of water content on the strength of dun-
ites was difficult to quantify in early experiments due to
partial melting of specimens under experimental con-
ditions (Van der Wal et al. 1993). The experiments on
Aheim dunite likely included more partial melt than with
the Anita Bay samples. Due to preferential partition-
ing of water into the melt and different subgrain spac-
ing between wet Anita and wet Aheim dunites, the water
content in Aheim could be lower than in the Anita Bay
dunite (Hirth and Kohlstedt 1996). Hence, the grain size
effect discussed here may be biased by a different water
content between the Anita Bay and Aheim dunites. Fur-
ther experiments in the DisGBS regime with a wider
range of grain sizes are needed to quantify the grain size
dependency of the constitutive flow law more definitely.

Transient creep flow law parameters of wet dunites

Using the steady-state flow law parameters determined
above and the data shown in Table 2, we conduct an
MCMC simulation to determine the transient creep flow
law parameters for wet dunites. Similar to the anhydrous
case, marginal and joint distributions of the samples are
generated with Gibbs sampling (Fig. 7). The distribution
of the model parameters approximately follows a multi-
variate Gaussian distribution. The parameter values and
uncertainties are summarized in Table 5. Using the mean
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Table 2 Experimental conditions for the deformation of wet
dunites from Chopra and Paterson (1981). All the experiments
were reported in Chopra and Paterson (1981). However, some
stress-versus-strain series were published as part of Chopra and
Paterson (1984) and Chopra (1986)

Run number T(K) &(s™ d (pm)
4265 1498 104 x 107° 100
4201 1373 110 x 1073 100
4299 1573 115 % 107° 100
4313 1373 1.00 x 1074 100
4371 1473 112 x 1074 100
4306 1573 1.15x 1074 100
4569 1473 782 x 1070 100
4267 1473 086 x 107° 900
4370 1473 112 % 1074 900
4381 1373 110 x 1074 900
4485 1573 1.00 x 1074 900
4380 1483 116 x 1072 900
4275 1373 1.80 x 1072 900
4582 1473 110 x 1072 900

Table 3 Temperatures and strain rates used to generate the
synthetic data for the MCMC benchmark. The initial condition for
all the variable in the state vector are zero

Number Temperature (K) Strain rate (¢ins™"
1 1673 1.00 x 1074
2 1673 1.00 x 1075
3 1573 1.00 x 1076
4 1473 1.00 x 107°
5 1483 3.00 x 107
6 1553 6.00 x 107>
7 1573 1.00 x 107°
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from the marginal distributions, we plot the data against
the model fit (Fig. 8). Unlike the anhydrous case, no
strain-rate stepping experiment data are present for the
hydrous case. The constitutive framework explains the 14
stress-versus-strain curves satisfactorily (Fig. 8).

The hardening coefficient Gx = 13 £ 0.3GPa for the
wet case is much smaller than for the dry case and also
an order of magnitude smaller than the correspond-
ing Young’s modulus (Gym = 115 GPa). We find an
activation energy for the transient creep of wet dun-
ites of 250 + 12 kJ/mol, which is lower than the acti-
vation energy of the transient creep of dry dunites
of 430+ 20 kJ/mol, and also lower than the activa-
tion energy of the steady-state creep of wet dunites of
450 £ 60 kJ/mol. We find the same stress exponent of
transient creep in both hydrous and anhydrous cases, i.e.,
nx ~ 2.0 £ 0.1. The grain-size exponent px ~ 0.7 for the
transient creep is similar to the steady-state value, sug-
gesting the same underlying mechanism.

Validation with other experimental data

Since dunites contain more than 94% of olivine, we
test how our model performs against the data of dry
and wet San Carlos olivine aggregates from Karato
et al. (1986). For the wet data, we use the transient and
steady-state flow law parameters determined from our
study that includes the effect of grain size. For the dry
data, we use the transient creep parameters from our
study and the steady-state parameters from Karato
et al. (1986). Considering that the compositions of
dunites and San Carlos olivine aggregates are slightly
different (Additional file 1: Tables S3, S4), we only opti-
mize the material-dependent parameters Ax and Ayj.
Our model performs well against both the dry and
wet data, including for the strain-rate stepping experi-
ment, using Ag = 107%° s=1 MPa="« and Ay = 10>
s~1 MPa~"™ (Fig. 9a& 9b). We also compare the model

Table 4 Flow law parameters of dry dunites determined from the constant-strain rate experimental data. The bounds column
contains the lower and upper bounds used for Gibbs sampling. Steady-state parameters for dunites are from Chopra and Paterson

(1984). The errors are for one standard deviation

Parameter Symbol Value Bounds Unit Study

Pre-exponential factor Ak 10>5%06 10~21t010° s~ IMPa—"k This study

Hardening coefficient Gk 33+03 0.1to 100 GPa This study

Stress exponent nK 20401 0.1t0 10 This study

Activation energy Ex 430 £ 20 100-800 kJ/mol This study

Young's modulus Gm 9242 10-200 GPa This study

Pre-exponential factor Am 104464009 - s~ IMPa—"m Chopra and Paterson (1984)
Stress exponent nm 36+0.1 - Chopra and Paterson (1984)
Activation energy Em 53515 - kJ/mol Chopra and Paterson (1984)
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Table 5 Flow law parameters of wet dunites determined from the constant-strain rate experimental data. The bounds column
contains the lower and upper bounds used for Gibbs sampling. The errors are for one standard deviation

Parameter Symbol Value Bounds Unit Study
Pre-exponential factor Ak 1022403 10~2t010° sTTum Pk MPa~ "« This study
Hardening coefficient Gk 13£03 0.1to 100 GPa This study
Stress exponent Nk 20+£0.1 0.1t0 10 This study
Grain size exponent DK 0.7 £0.03 0.1-5 This study
Activation energy Ex 250+ 12 100-800 kJ/mol This study
Young's modulus Gm 115+1 10-200 GPa This study
Pre-exponential factor Am 1042£24 - s~Tum™PMMPa™™ This study
Stress exponent nm 36+£05 - This study
Grain size exponent oM 0.6+£0.2 - This study
Activation energy Enm 450 £ 60 - kJ/mol This study
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nonlinear Burgers constitutive law. The grey band represents the confidence interval of the forward model, which is plotted by randomly sampling
the posterior distribution taking the covariance into consideration

with the constant stress experiment of Chopra (1997)
on wet dunite, where the transient phase is most vis-
ible. The data and model predictions agree well using
Ag = 10226 =1 m™PX MPa~"K and Ay = 1048488 g—1,
m™PM MPa~"™™ (despite some long-wavelength oscilla-
tions (Fig. 9). These results suggest that the proposed
constitutive framework may explain transient creep and
steady state creep of upper-mantle rocks for a broad
range of conditions.

Discussion

Recent advancements in the modeling techniques of
postseismic deformation have provided new insights
into the mechanics of deformation of the upper mantle.
To further assist these endeavors, we provide a defor-
mation map at conditions relevant to the asthenosphere
using the flow parameters for DisGBS derived from this
study (Fig. 10). The deformation map indicates that Dis-
GBS may be an important deformation mechanism in
the asthenosphere. Other investigators have indeed
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Fig. 5 Stress-versus-strain data and best-fitting predictions of the ISV and nonlinear Burgers models for dunites in anhydrous conditions. a—c) The
model fits to the data used by Sherburn et al. (2011). All the constants from Cyto Cyg are from Table 1 of Sherburn et al. (2011), except for Cy3 = 0.83,
which corrects a typographic error. The reduced chi-square value for the ISV and nonlinear Burgers models are 41.1 and 13.9, respectively, indicating
that the nonlinear Burgers model performs better than ISV. d—f Comparison with data not used in the optimization. Reduced chi-square values for
the ISV and nonlinear Burgers models on these data are 411.2 and 105.1, respectively. The nonlinear Burgers model, which uses fewer parameters

argued that the DisGBS mechanism may be the domi-
nant deformation mechanism under upper mantle con-
ditions (Wang et al. 2010; Hansen et al. 2011; Ohuchi
et al. 2015; Bollinger et al. 2019). If so, our study deter-
mines the flow law parameters for both the transient and
steady-state creep of the wet DisGBS regime and may
allow more consistent models of mantle dynamics. Nev-
ertheless, our constitutive formulation and associated
parameters have known limitations. With the available

experimental data, we are not able to estimate the water
content exponent nor the activation volume for the tran-
sient creep of dunites. The flow law parameters for oli-
vine single crystals could be used with some caution,
as the slip systems controlling the transient and steady-
state creep may change as a function of water content,
temperature, and depth or pressure (Masuti et al. 2019).
Furthermore, several points for the application of our
proposed flow law to postseismic data analysis must be




Masuti and Barbot Earth, Planets and Space (2021) 73:208

Page 15 of 21

° T=1473K
100l . o =200 MPa
10* |
o
W
10° |
T=1473K
10 | d =500 um
. . . . . 1085 L . X X R (]
1.8 2 2.2 2.4 2.6 2.8 2.0 2.2 2.4 2.6 2.8 3
Log,, 6 (MPa) Log,d (um)
q d =500 um
10} o4 o =200 MPa
6
Y \\q
~ R4
= 105t 6
2 .,
it %
o
10° |
107
6.5 7 7.5
104T (K7)
Fig. 6 Least-squares results for the steady-state creep of dunites under hydrous conditions. The best fit model is shown in red and confidence
interval in grey. The results are summarised in Table 5. We use the steady state data at various temperatures and strain rates from Table-Il and
Table-Ill of Chopra and Paterson (1981). We use all the data except the experimental run, where the steady state was not achieved

considered. First, the pre-exponential factors Ax and Ay
incorporate a water contribution and need to be adjusted
depending on the actual water content and its power
exponent. Second, the activation energies Ex and Eym
represent apparent activation energy and an appropri-
ate activation volume needs to be chosen to account for
the pressure effect. It has been argued that the pressure
effect on the DisGBS mechanism under wet conditions is
small (Ohuchi et al. 2015), but more experimental stud-
ies are needed to quantify the pressure effect on transient
creep and steady-state creep.

The transient creep parameters offer new insights
into the possible mechanisms of deformation of olivine
aggregates in the upper-mantle conditions of pressure,
temperature, and water content. We explain the low
activation energy of transient creep by extending a the-
oretical model for plastic anisotropy, whereby the tran-
sient and steady-state creep represent the activation of
the soft-slip system and hard-slip system, respectively
(e.g., Karato 1998; Ashby and Duval 1985; Masuti et al.
2019). We consider a model, where the dislocation climb
rate depends not only on the diffusion coefficient but

also on the jog density, i.e., the number of jogs per unit
length (Karato 2010):

éxDcj, (12)
where ¢; is the jog density and D is the relevant diffusion
coefficient (e.g., Karato 2008; Poirier 1985). The activa-
tion energy of the climb-controlled dislocation creep
Ecreep is the sum of the activation energy of diffusion and
the activation energy of jog formation, following

Ecreep =Ep+E, (13)

where Ep and E; are the energies of diffusion and jog
formation, respectively, and, in the case of olivine, Ep is
for the diffusion of Si (For details, see Weertman 1968;
Kohlstedt 2006; Karato 2010, and references therein).
Following other insights on the water effect on plastic
anisotropy of olivine single crystals (Masuti et al. 2019),
we associate a high jog density to the soft-slip system and
a low jog density of the hard-slip system. Starting from
a high jog density, few new jogs are required for defor-
mation to occur and the jog formation energy is low. As
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Fig. 7 Joint and marginal distributions of the flow law parameters for the transient creep of dunites under hydrous conditions generated from
Gibbs sampling. The nonlinear Burgers model is modified to include the grain size and its exponent px

a result, the activation energy of transient creep may be
approximated by the activation energy of diffusion, i.e.,
Ex ~ Ep. In contrast, steady-state creep is controlled by
the hard-slip system, where the jog density is low, and
more jogs need to be created for deformation to occur.
For steady state creep, jog formation energy is higher, so
we have Ey; > Ex. Fei et al. (2013) found an activation
energy for the diffusion of Si in forsterite and olivine in
both dry and wet conditions of Ep &~ 430 &£ 20 kJ/mol, in
striking agreement with our results of Ex = 430 &+ 20 kJ/
mol for the dry case, indicating a negligible activation
energy for new jog formation during transient creep.
The activation energy of transient creep for the wet case
(250 + 12 kJ/mol) cannot be directly compared with
results of diffusion Si in olivine, as the rate controlling
mechanism for wet DisGBS could be different.

We now discuss differing views and interpretations.
Based on his results from constant stress experiments,
Chopra (1997) argued that the microstructure evolves
during the transient phase and that the mechanical

steady-state is achieved when the final microstructural
steady-state is reached. In this conception, the transient
and steady state creep represent the evolving deforma-
tion of a unique, continuously unfolding process, possi-
bly glide and climb of dislocations. His interpretation is
based on the similarity of his inferred activation energy
for transient creep and steady state creep, i.e., 380 & 100
and 498 + 38 kJ/mol, respectively, and the similarity of
the stress power exponents. Using constant strain rate
experiments, we find a lower activation energy and a
lower stress exponent for transient creep in both hydrous
and anhydrous conditions, with smaller uncertainties.
Based on these results and considering the theoretical
model of jog density described above, we suggest that
the physical mechanisms behind the transient and steady
state creep are different, i.e., one requires a higher jog
density than the other.

Our results and interpretation for the mechanics of
transient creep hold for olivine aggregates at the high-
temperature conditions relevant to the upper mantle,
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but other mechanisms may operate at different thermo-
dynamic conditions. For example, recent experimen-
tal studies on single crystals showed that dislocation
glide is the rate limiting process (Hansen et al. 2020;
Cooper et al. 2016). Low-temperature experiments
on olivine single crystal and aggregate (Hansen et al.
2019) and high-temperature experiments on single
crystals (Cooper et al. 2016) suggest a flow law with
an exponential stress-versus-strain-rate relationship.
Furthermore, the comparison of stress fields between

high-temperature and room-temperature olivine aggre-
gates (Wallis et al. 2021) and the comparison of the geo-
metrically necessary dislocation density field with the
residual stress field (Wallis et al. 2020) suggest disloca-
tion glide as the dominant mechanism. Although they
provide useful new insights, these results have not yet
been tested against available mechanical data of olivine
aggregates at high temperature. Using the low-temper-
ature stress-versus-strain curves, Hansen et al. (2019)
estimate a backstress rate non-dimensional coefficient
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Fig. 9 Validation with other data. a, b Stress-versus-strain series (black dots) for San Carlos olivine aggregates from Karato et al. (1986) with best-fit
model. The red line represents the best-fit model with the nonlinear Burgers rheology. The grey band represents the confidence interval. All the
model parameters used are same as Tables 4 and 5, except for Ax and Ay (Additional file 1: Tables S3 and S4). ¢ Constant stress experimental data of
strain-versus-time series (black dots) for Aheim dunite from Chopra (1997) and best-fit model (red profile)

for olivine aggregates of 75 & 20. Their backstress rate
estimate for single crystal orientations at high-tem-
perature (~1250-1300 °C) and l-atm pressure from
stress reduction tests is 5-28 for the [110]. and [101].
orientations and 55 for the [011]. orientation (Hansen
et al. 2020). As the rate constant value of [011]. orien-
tation at high temperature is within the uncertainty of
the rate constant for olivine aggregates at low tempera-
ture, they propose the strong slip system activated by
the [011]. orientation as the dominant slip system for
the deformation of olivine aggregates in the transient
regime. One of the possible reasons for the discrep-
ancy with our interpretation is a change of dominant
slip system with pressure (e.g., Raterron et al. 2009),
as the dominant slip system is a complex function of
water content, temperature, and pressure (see Fig. 4 of
Masuti et al. 2019). As one goes from low pressure to
high pressure under dry conditions, the dominant slip
system may change from a-slip [100] to c-slip [001].
More deformation experiments on olivine aggregates

and single crystal under thermodynamic conditions
relevant to the upper mantle are necessary to solve this
conundrum.

Conclusion

We explain the experimental deformation data of dun-
ites under hydrous and anhydrous conditions using a
nonlinear Burgers assembly. The proposed rheological
framework consistently captures the transient creep and
steady-state creep of dunites. The activation energy and
the stress exponent for transient creep are lower than
those of steady state creep. This suggests that the physical
mechanism behind the transient creep of olivine aggre-
gates may be different from that of the steady-state creep,
possibly due to a higher jog density of the soft-slip sys-
tem. Consequently, the transient creep of olivine aggre-
gates may be controlled by the soft-slip system, which is
saturated with jogs, and the steady-state creep may be
controlled by the hard-slip system, which is undersatu-
rated with jogs. Currently available diffusion data for Si,
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Fig. 10 Deformation mechanism maps drawn using the flow law parameters from this study for wet DisGBS. Under asthenospheric conditions,
DisGBS can be dominating and the flow law parameters determined in this study may be applicable for postseismic studies. We use the

water content exponent and activation volume of 0.35 and 8 cm®mol corresponding to [110] orientation. Under wet condition and at high
temperatures, the [100](010) slip-system controls the steady-state creep (Masuti et al. 2019). For the dislocation and diffusion creep, we use the flow

Grain size (in mm)

the slowest diffusing species in olivine, support our jog
density model in anhydrous conditions. Contrarily to our
findings, some recent experimental studies indicate that
the hard-slip system controls the deformation in the tran-
sient regime. This discrepancy may be caused by a change
of dominant slip system as a function of pressure, but
more experimental results are needed to resolve whether
the soft- or hard-slip system dominate during the tran-
sient creep of olivine aggregates in the thermodynamic
conditions relevant to the upper mantle. For hydrous
dunites, we use a grain-size dependent nonlinear Burg-
ers model to explain the observations, indicating a Dis-
GBS mechanism. The effect of grain size under hydrous
conditions is the same for both the transient creep and
steady-state creep of dunites. Under upper mantle condi-
tions, DisGBS may be an important mechanism of defor-
mation and we provide the flow law parameters for both
transient creep and steady-state creep. The constitutive
framework and the associated physical parameters pro-
vide a reference to model deformation in the lithosphere
and upper mantle at the time scales of the seismic cycle
and post-glacial rebound.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/540623-021-01543-9.

Additional file 1: Figure S1. Strain time series for wet dunite from
Chopra (1997). We use simple basis functions to separate the transient
and steady-state components. The overall fit is shown in red.The sepa-
rated transient and steady-state signals are shown in blue and black lines,

respectively. Figure S2. Strain time series for wet dunite from Chopra
(1997) and the best fit model (red). Each strain time series was considered
separately. Figure S3. Stress versus strain data and best-fitting predictions
(red) for dry dunites (Chopra and Paterson 1984), where each curve is
fitted separately. Table S1. Model parameters of wet dunites determined
from the constant stress experimental data of Chopra (1997). Table S2.
Flow law parameters of dry dunites determined from the constant strain
rate experimental data. Each stress versus strain curve is fit individually.
Table S3. Flow law parameters of dry San Carlos (SC) olivine aggregates.
Steady-state parameters (n, and E,y) for the San Carlos olivine are from
Karato et. al. (1986). The best-fitting values for dry dunites are given for
comparison. Table S4. Flow law parameters of wet San Carlos (SC) olivine
aggregates. Only A, and Ay, are given and the other parameters are the
same as in Table 5. The values for dunite are given for comparison. The
San Carlos olivine best-fitting values are within the uncertainties of our
wet dunites estimation.
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