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Abstract Interactions between dislocations potentially provide a control on strain rates produced by
dislocation motion during creep of rocks at high temperatures. However, it has been difficult to establish
the dominant types of interactions and their influence on the rheological properties of creeping rocks due to
a lack of suitable observational techniques. We apply high-angular resolution electron backscatter diffraction to
map geometrically necessary dislocation (GND) density, elastic strain, and residual stress in experimentally
deformed single crystals of olivine. Short-range interactions are revealed by cross correlation of GND density
maps. Spatial correlations between dislocation types indicate that noncollinear interactions may impede
motion of proximal dislocations at temperatures of 1000°C and 1200°C. Long-range interactions are revealed
by autocorrelation of GND density maps. These analyses reveal periodic variations in GND density and sign,
with characteristic length scales on the order of 1-10 um. These structures are spatially associated with
variations in elastic strain and residual stress on the order of 10~ and 100 MPa, respectively. Therefore,
short-range interactions generate local accumulations of dislocations, leading to heterogeneous internal
stress fields that influence dislocation motion over longer length scales. The impacts of these short- and/or
long-range interactions on dislocation velocities may therefore influence the strain rate of the bulk material
and are an important consideration for future models of dislocation-mediated deformation mechanisms in
olivine. Establishing the types and impacts of dislocation interactions that occur across a range of laboratory
and natural deformation conditions will help to establish the reliability of extrapolating laboratory-derived
flow laws to real Earth conditions.

1. Introduction

The viscosities of olivine-rich peridotites in the upper mantle exert a control on the rates and styles of many
tectonic processes (Turcotte & Oxburgh, 1972). Flow laws derived from laboratory experiments predict that
the viscosities of such rocks are in turn commonly controlled by rates of dislocation motion during deforma-
tion of olivine by dislocation creep or dislocation-accommodated grain boundary sliding (Hansen et al., 2012;
Hirth & Kohlstedt, 2003; Kohlstedt & Hansen, 2015). However, such predictions require extrapolations across
several orders of magnitude in strain rate and to a lesser extent in stress (Hirth & Kohlstedt, 2003; Karato & Wu,
1993; Paterson, 1976). Confidence in predicted flow properties can be gained if the rate-limiting microphysi-
cal processes can be identified and demonstrated to be the same in both the laboratory and natural settings
(Hirth & Kohlstedt, 2015; Paterson, 1976). However, it remains unresolved whether strain rate during power
law creep of olivine is limited by the rate at which dislocations overcome lattice resistance during glide
(Cooper et al, 2016) or the rate at which they climb to overcome obstacles (Hirth & Kohlstedt, 2015;
Weertman, 1970). Distinguishing between these possibilities would be aided by improved characterization
of the microstructural factors that influence the stress required for glide, the resistance they impose, and
the means by which they are overcome.

Within grain interiors, interactions between dislocations potentially provide an impediment to dislocation
glide, requiring either increased stress or recovery by climb/cross-slip for glide to continue. Dislocation
morphologies in olivine deformed at 800-900°C, and large differential stresses (up to ~1 GPa) suggest
that interactions between dislocations with the same Burgers vector, primarily [001], impede dislocation
glide (Mussi et al, 2015). This finding is supported by simple elastic analysis and more complex 3-D
simulations of dislocation dynamics (Durinck et al.,, 2007). In contrast, experiments conducted at 1550-
1600°C on single crystals of olivine revealed no evidence that interactions between different dislocation
types modified either the microstructure or mechanical behavior (Durham et al., 1985). These previous
studies suggest that the significance (and possibly the nature) of dislocation interactions in olivine
may vary with temperature. This implication motivates investigation of dislocation interactions in
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Figure 1. Lower hemisphere stereographic projections of loading directions of samples PI-1433 and PI-1436 relative to the
crystal orientations in the reference frame of the EBSD maps.

olivine deformed at temperatures intermediate to those above and which typify the shallow upper mantle
and many deformation experiments.

We employ high-angular resolution electron backscatter diffraction (HR-EBSD), developed in the materials
sciences (Britton & Wilkinson, 2011, 2012a, 2012b; Wilkinson et al., 2006) and recently adapted to analyze oli-
vine (Wallis et al., 2016). HR-EBSD is used to map lattice rotations and elastic strain variations in single crystals
of olivine deformed at 1000°C and 1200°C. These data are used to estimate densities of geometrically neces-
sary dislocations (GNDs) and heterogeneities in residual stress to investigate dislocation interactions. The use
of single crystals allows analysis of microstructures and stress fields that developed without the complicating
effects of compatibility constraints imposed by neighboring grains (Bai & Kohlstedt, 1992; Demouchy et al.,
2013; Girard et al., 2013; Kohlstedt & Goetze, 1974; Mackwell et al., 1985; Mussi et al., 2015). This approach iso-
lates the effects that arise solely from interactions among dislocations within a single grain. We analyze the
GND density distributions in detail to (1) test whether they preserve evidence for particular dislocation inter-
actions, (2) interpret controls on the development of intragranular substructure and stress fields, and (3) infer
the impacts of these processes on rheological properties of olivine during high-temperature creep.

2. Methods

2.1. Deformation Experiments

We analyze two samples consisting of single crystals of San Carlos olivine (approximately Fogg). The samples
were deformed in experiments described in detail by Schneider (2008) and similar to those of Demouchy
et al. (2009). Here we summarize the most relevant aspects of the experiments. Samples were oriented with
Laue X-ray back-reflection diffraction. For sample PI-1433, the loading direction approximately bisected the
[010] and [001] directions (the [011]. direction). For PI-1436, the loading direction approximately bisected
the [100] and [010] directions (the [110]. direction) (Figure 1). Samples were cut as square parallelepipeds
approximately 4.4 X 4.4 mm in cross section and 8.0 mm in length. Samples were coated in powdered ortho-
pyroxene to buffer silica activity, and then jacketed in nickel sleeves to maintain oxygen fugacity at the
Ni/NiO buffer. Samples were deformed in a gas-medium apparatus (Paterson, 1990) at the University of
Minnesota at a confining pressure of 300 + 5 MPa. Experiments consisted of load-steps, in which the axial
load was progressively increased. The [011]. sample was shortened to 7.25% longitudinal strain at 1000°C.
The stress during the final load step was 388 MPa. The [110]. sample was shortened to 14.67% longitudinal
strain at 1200°C. The stress during the final load step was 218 MPa. Samples were cooled to 400°C within
15 min immediately after unloading. The [011]. and [110]. loading directions correspond to the most viscous
and least viscous orientations, respectively, observed in previous high-temperature creep experiments on
single crystals of olivine (Bai et al., 1991; Durham & Goetze, 1977).

2.2, Sample Preparation and Data Acquisition

Samples were cut in sections containing the loading direction and approximately normal to a low-index
direction (e.g., [100] for the [011]. sample; Figure 1). Specimen surfaces were polished with progressively
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finer diamond suspensions with grit sizes from 15 pm down to 0.25 um and finished by polishing with
0.03 um colloidal silica. EBSD maps of both samples were collected using an FEI Quanta 650 FEG E-SEM
equipped with an Oxford Instruments Nordlys-Nano EBSD camera and AZtec 2.1 acquisition software. Data
were acquired in low-vacuum mode with 50 Pa chamber pressure to minimize charging while removing
the need for coating. During data acquisition, diffraction patterns were stored for subsequent HR-EBSD post-
processing. The map of the [011]. sample consists of 212 x 223 points at a step size of 1.25 um and was col-
lected with 2 x 2 binning of pixels in the diffraction patterns, giving 640 x 480 pixels in each pattern (Wallis
et al, 2016). The map of the [110]. sample consists of 450 x 320 points at a step size of 1.0 um and was col-
lected without binning of pixels in the diffraction pattern, giving 1344 x 1024 pixels in each pattern. After
acquisition of EBSD data, dislocations in both samples were decorated using the oxidation technique of
Kohlstedt et al. (1976). The decorated dislocations were imaged using backscattered electrons at 5 kV accel-
erating voltage and 5 mm working distance.

2.3. HR-EBSD Analysis

Stored diffraction patterns were reanalyzed using the HR-EBSD approach of Wilkinson et al. (2006) and Britton
and Wilkinson (2011, 2012a). A reference pattern with high band contrast was chosen from each map. One
hundred regions of interest (ROIs) were selected from each diffraction pattern and cross correlated with
the corresponding ROIs in the reference pattern to determine the relative shift of each ROI. A displacement
gradient tensor was fitted to the shifts in each pattern, allowing calculation of the lattice rotations and elastic
strains relative to the reference pattern, both with a sensitivity of approximately 10~* (Wilkinson et al., 2006).
Residual stress variations were calculated from the elastic strain variations using the elastic moduli of olivine
at 1 atm and 273 K (Abramson et al., 1997). In this analysis, the stress component normal to the sectioned
specimen surface is assumed to be relaxed to zero. Strains are calculated in the reference frame of the micro-
scope stage, but we present components of the stress tensor in the crystal reference frame to aid interpreta-
tion of their impact on dislocation processes.

The measured values of elastic strain, and hence residual stress, are relative to the strain state of the reference
pattern. For samples in this study, the majority of the sample material appears to be under some residual
elastic strain, and therefore, it is not possible to pick unstrained reference patterns. As a result, the measured
values are relative to the unknown strain state of the reference patterns. Nonetheless, the results document
the magnitude of heterogeneity in both elastic strain and residual stress. We follow the approach of Jiang et al.
(2013a) and Mikami et al. (2015) by subtracting the mean of each component of the stress heterogeneities
from the measured stress state at each point (i.e., normalizing the mean of each stress component to zero).
This recasts the results as stress heterogeneities relative to the mean stress state in each map. Assuming that
any externally applied deviatoric stresses (i.e., exerted by the jackets) on the crystals during mapping were
negligible and that the maps cover sufficient area that the mean stress state of the mapped region approx-
imates that of the whole crystal (N.B. the caveat of stresses normal to the specimen surface being relaxed),
then the normalized stress heterogeneities approximate the absolute stress states.

Densities of geometrically necessary dislocations (GNDs) were estimated from the lattice rotations through
analysis of the Nye tensor (Nye, 1953). The Nye tensor is a function of gradients in both lattice rotations
and elastic strains (Wilkinson & Randman, 2010), but the former are an order of magnitude larger than the
latter in this application. Thus, we neglect elastic strain gradients in our GND analysis. The GND analysis used
here follows the pseudoinversion method of Wallis et al. (2016), whereby six common types of dislocation
(those presented in Figures 5 and 6) are specified a priori, and the densities of each are calculated to fit
the measured gradients in lattice orientation. As six components of the lattice curvature can be measured
from 2-D EBSD maps, consideration of no more than six types of dislocations results in a single, best fit solu-
tion for the densities of each type (Wallis et al., 2016). This simple approach contrasts with those employed in
previous work on metals where the multitude of slip systems requires additional assumptions or constraints
to select one of many possible combinations of dislocation types and densities to fit the measured lattice
orientation gradients (Jiang et al., 2015; Wilkinson & Randman, 2010). The apparent density of GNDs depends
on the mapping step size and, to a lesser extent, on the binning of pixels in diffraction patterns (Jiang et al.,
2013b; Ruggles et al., 2016; Wallis et al., 2016). Wallis et al. (2016) presented a detailed assessment of these
effects for the same map of PI-1433 as used in this study. The differences in step size and binning between
the two maps reported here have negligible impacts on the GND density results. In addition, unlike the
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Figure 2. Schematic illustration of edge dislocations of opposite sign arranged into (a and b) slip bands and (c and d) tilt
walls. The red arrows indicate the direction of Burgers vector.

estimates of elastic strains, estimates of GND densities do not depend on the choice of reference pattern.
Moreover, our analysis focuses on the relative densities of different types of dislocation, which can be
reliably estimated from the map data. We denote both positive and negative densities of each type of
GND to discriminate between dislocations of the same general type but with opposite Burgers vectors (for
the same line direction). Opposite Burgers vectors lead to opposing senses of lattice curvature, as illustrated
schematically in Figure 2 for slip bands and tilt walls.

We used cross correlation and autocorrelation of the GND density maps to characterize the GND distributions
in more detail. We used normalized cross correlation between maps of the absolute density of each disloca-
tion type to assess the degree to which different types of dislocation are spatially coincident. The resulting
correlation coefficients provide quantitative measurements of the
spatial coincidence of dislocation types. 2-D autocorrelation functions,

@ [10], 1200°C, this study computed for maps of individual dislocation types, characterize the
——  [110],, 1200°C, Bai et al. [1991] directionality and periodicity of the GND distributions. Positive values
o [011], 1000°C, this study in the autocorrelation function indicate correlation, whereas negative
——  [011],, 1000°C, Bai et al. [1991] - . . . .
3 values indicate anticorrelation. All autocorrelation functions are normal-
s 4 =---- Evansand Goetze [1979] . R K .
DA -2 ldrissi et al. [2016] ized to a maximum peak height of one. We present 1-D representations

] of the autocorrelation functions by radially averaging over each quad-
. rant of the 2-D functions. Periodicity within particular quadrants records
E the characteristic length scales of the GND distributions, whereas differ-
ences between quadrants reflect directionality in the GND distributions.

Strain rate (s™")

-9 MM B

10’ 10° 3. Results
Differential stress (MPa) .
3.1. Mechanical Data

Figure 3. Mechanical data from load stepping tests on samples deformed in Figure 3 presents strain rates measured during load steps in the two
the [011]c and [110]. orientations at 1000°C and 1200°C, respectively. The . . .

L } ) ) . experiments. The [011]. sample deformed at strain rates in the range
lines indicate strain rates predicted by previously published flow laws for ~; 6 1

dislocation creep (Bai et al., 1991) and low-temperature plasticity (Evans & 9.4 x107"-24 x 107" s~ " under stresses of 163-388 MPa. The data do
Goezte, 1979; Idrissi et al., 2016). not lie on a well-defined line in Figure 3, preventing determination of
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10 ym

[011]. b [110].

Figure 4. Decorated dislocations in the [011]. and [110]. samples. The traces of crystal axes are annotated, and the loading
direction was top-bottom. (a) The blue arrows mark examples of clusters of dislocations arranged in bands parallel to
the trace of [001] in the [011]. sample. These are consistent with the presence of slip bands of (010)[001] edge dislocations.
(b) The [110]. sample contains gradients in dislocation density (top left to bottom right) over distances of tens of
micrometers. The white lines in the [110]. sample are decorated microcracks.

a stress exponent for this sample. The [110]. sample deformed at strain rates in the range 3.2 X 1075-
33 x 107> s7' under stresses of 108-218 MPa. In Figure 3 the results from the [110]. sample define a
straight line with a gradient that indicates a stress exponent of 3.5.

3.2. Decorated Dislocations

Backscattered electron images of dislocations decorated using the oxidation method of Kohlstedt et al.
(1976) reveal different distributions of dislocations in the two samples (Figure 4). The density of dislocations
evident in the image of the [011]. sample is 1.5 x 10'> m~2 (Figure 4a). This sample contains dislocations
arranged in linear structures aligned with the [001] axis (Figure 4a). These sets of aligned dislocations are con-
sistent with the presence of slip bands (Figures 2a and 2b) of (010)[001] edge dislocations, which are
expected to be activated in the [011]. loading orientation (Figure 1). This hypothesis is explored in detail
below. Typically, dislocations are unevenly distributed along these bands, forming clusters a few micrometers
in length (examples marked by blue arrows in Figure 4a). In contrast, the [110]. sample lacks these linear
arrays of decorated dislocations (Figure 4b). Instead, dislocations in the [110]. sample appear randomly dis-
tributed but exhibit gradients in dislocation density (top left to bottom right in Figure 4b) over distances of
tens of micrometers. The dislocation density in the top left of Figure 4b is 2.1 x 10" m™2, whereas in the
bottom right of the image the dislocation density is 1.6 x 10'> m ™2,

3.3. Lattice Rotations and Geometrically Necessary Dislocations

Sets of intragranular structures are evident in the maps of lattice rotations in both samples (Figures 5 and 6).
Components of the rotation matrix describing lattice rotations relative to the reference points reach magni-
tudes up to approximately 1072 radians (approximately 0.6°) within each map area (Figures 5 and 6).
However, much of the fine structure visible in the maps results from rotations on the order of 10~ radians
or ~0.05° (Figures 5 and 6). The [011]. sample contains two sets of structures that are evident in the maps
of rotations (black and blue arrows in Figure 5). One prominent set of structures trends top right to bottom
left and is visible in maps of each off-diagonal term of the rotation matrix (black arrows in Figure 5, hereafter
termed Set 1). A second set of structures consisting of much lower magnitude rotations trends top left to
bottom right and is most evident in the map of the w,, component of the rotation matrix (blue arrows in
Figure 5, Set 2). The [110]. sample also contains two sets of structures (grey and yellow arrows in Figure 6,
Sets 3 and 4, respectively) with similar trends to those in the [011]. sample (Figure 5). Set 3 consists of
broad bands, up to approximately 100 um in width, with relative rotations on the order of 1072 radians.
Set 4 is evident in the map of the w;, component of the rotation matrix and consists of short segments
oriented top left to bottom right but arranged in linear arrays along the margins of the bands in Set 3.
During acquisition of the EBSD data, secondary-electron images revealed that structures of Set 4 are related
to arrays of short microcracks. Therefore, the apparent lattice rotations and GND densities associated
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Figure 5. Lattice rotations and densities of geometrically necessary dislocations (GNDs) in the [011]. sample deformed at 1000°C and 388 MPa. Rotations are repre-
sented by one map for each off-diagonal component of the antisymmetric rotation tensor (w;;) describing the crystal orientation at each pixel relative to that of the
reference point (black point in the map of w15). The black and blue arrows indicate structures of Set 1 (mixed character) and Set 2 (including bands of

(010)[001] edge dislocations in slip band orientations). Projected crystal axes are marked in white.
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Figure 6. Lattice rotations and densities of geometrically necessary dislocations (GNDs) in the [110]. sample deformed at 1200°C and 218 MPa. Rotations are repre-
sented by one map for each off-diagonal component of the antisymmetric rotation tensor (wij) describing the crystal orientation at each pixel relative to that of the
reference point (black point in the map of w12). The grey and yellow arrows indicate structures of Set 3 (predominantly bands of (001)[100] edge dislocations in slip
band orientations) and Set 4 (apparent GND density associated with microcracks). Projected crystal axes are marked in white.
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Figure 7. Look-up tables of the correlation coefficients between maps of the absolute densities of each pair of dislocation
types in the [011]c and [110]. samples. Values close to one indicate strong correlation between dislocation types,
whereas values close to zero indicate poor correlation. Symbols denote the possibilities for interactions between each pair
of dislocation types based on the Peach-Koehler equation (Peach & Koehler, 1950) assuming straight dislocations of
pure edge or screw character. The arrows indicate the dislocation types involved in sets of structures marked in Figures 5 and 6.

with Set 4 likely result from small rotation gradients associated with the microcracks and should not be
interpreted in terms of dislocation processes.

Maps of each dislocation type exhibit sets of structures comparable to one or more of those sets evident in
the maps of lattice rotations (Figures 5 and 6). Densities of GNDs within these structures are on the order of
10"2 m~2 in both samples. Wallis et al. (2016) provided preliminary characterization of the dislocation struc-
tures in the [011]. sample, and here we characterize them in more detail. Set 1 consists primarily of (001)[100]
edge dislocations and screw dislocations with both [100] and [001] Burgers vectors. Set 2 consists primarily of
(100)[001] and (010)[001] edge dislocations with lower densities of GNDs and closer spacing of the bands
compared to Set 1. Edge dislocations of (010)[100] are present in similar densities to the other dislocation
types but are distributed less coherently across both sets of structures (Figure 5). In many places it is evident
that the sets of structures contain adjacent, and sometimes regularly alternating, bands of dislocations of the
same type but opposite sign (Figure 5).

The [110]. sample also contains structures with alternating bands of dislocations of the same type but
opposite sign (Figure 6). Set 3 consists primarily of (001)[100] edge dislocations, with more minor contribu-
tions from each of the other dislocation types, except (010)[100] edge dislocations. These bands are often
separated by regions of much lower GND density (Figure 6). The microcracks of Set 4 appear in the GND den-
sity maps as short segments of apparent high GND density, probably due to slight rotations across the
crack traces.

The spatial coincidence of each pair of dislocation types in a particular sample is evaluated in Figure 7 using
cross correlation of the GND density maps in Figures 5 and 6 and based on the absolute densities of each
dislocation type. The [011]. sample exhibits strong correlation between (001)[100] edge dislocations and
[100] screw dislocations, which have a correlation coefficient of 0.88 (Figure 7). In both samples, notably ele-
vated correlation coefficients also occur between dislocation types with nonparallel Burgers vectors (Figure 7).
In the [011]. sample these correlations are between [001] screw dislocations and both (001)[100] edge dislo-
cations (0.69) and [100] screw dislocations (0.55) (Figure 7). In the [110]. sample these correlations are
between (100)[001] edge dislocations and both (001)[100] edge dislocations (0.75) and [100] screw disloca-
tions (0.66) (Figure 7).

Additional details of the structures evident in each map of GND density are revealed by their autocorrelation
functions in Figure 8. Several characteristics of the autocorrelation functions are similar among different
dislocation types. Except for (010)[100] edge dislocations in the [110]. sample, autocorrelation functions

WALLIS ET AL.

DISLOCATION INTERACTIONS IN OLIVINE 7666



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014513

[011]
[100] screw (001)[100] (010)[100]

(010)[001]

(z-0TX) Ajsusp uonedo|sip Jo
uolje|allod0ine pasijew.oN

Distance (um)

Distance (um)

[110].
[100] screw (001)[100] (010)[100]

[001] screw
600

400

(z-0TX) Ajisusp uonedo|sip Jo
uoije|allod0ine pasljewloN

200

Distance (pm)

00 200 400 600

Distance (um)

Figure 8. Autocorrelation functions of the GND density maps in Figures 5 and 6 for each dislocation type in the [011]c and
[110]c samples, respectively. Each autocorrelation function is normalized by its maximum peak height.

for each dislocation type in both samples exhibit directionality and periodicity. In particular, the structure in
the autocorrelation functions follows trends that reflect those of the underlying sets of GND density
structures. The periodic structure of the autocorrelation functions contains bands of correlation (positive
values) and anticorrelation (negative values), resulting from GNDs of either the same or opposite sign,
respectively. The amplitudes and wavelengths of this periodicity vary between dislocation types.

Figure 9 presents 1-D radial averages of 2-D autocorrelation functions, including averages over all quadrants
and over opposite quadrants. Several of these 1-D autocorrelation functions derived from averaging all quad-
rants reveal consistently positive correlation extending over length scales of a few micrometers to tens of
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Figure 9. Radial averages of 2-D autocorrelation functions for each dislocation type. Positive values indicate correlation,
negative values indicate anticorrelation, and values of zero indicate lack of correlation. Differences between averages for
different quadrants of the autocorrelation function indicate directionality in the spatial distribution of dislocations.

micrometers. In particular, (001)[100] edge dislocations and both [100] and [001] screw dislocations in the
[011]. sample exhibit correlation over approximately 15 pm. Similarly, (001)[100] and (100)[001] edge
dislocations in the [110]. sample exhibit correlation over approximately 35 um.

Comparisons between radial averages of specific quadrants of the autocorrelation functions characterize the
directionality and periodicity evident in the maps of several dislocation types in both samples. In the [011],
sample, the bottom right and top left quadrants of the autocorrelation functions for (001)[100] and (010)[100]
edge dislocations, as well as both [100] and [001] screw dislocations, exhibit periodic correlation and
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anticorrelation with wavelengths of approximately 20 um. In contrast, the top right and bottom left quad-
rants of the autocorrelation functions for these dislocation types exhibit correlation over distances greater
than 20 um.

The autocorrelation functions for (100)[001] and (010)[001] edge dislocations in the [011]. sample exhibit
similar general characteristics but in the opposite quadrants. The top right and bottom left quadrants exhibit
strong anticorrelation over distances of approximately 5 um. Across longer length scales these quadrants
reveal low-magnitude alternating correlation-anticorrelation with wavelengths of approximately 10 um.
The bottom right and top left quadrants of the autocorrelation functions for these dislocation types demon-
strate correlation over 6-8 um.

For the [011]. sample the strongest signals are present in the autocorrelation functions for (001)[100] and
(100)[001] edge dislocations. These dislocation types exhibit correlation over distances of several tens of
micrometers in the radial averages of the top right and bottom left quadrants and the full autocorrelation
functions. However, the radial averages of the bottom right and top left quadrants of the autocorrelation
functions for these dislocation types fluctuate between correlation and anticorrelation of varying strength.
These fluctuations have wavelengths of tens of micrometers and switch between being dominated by antic-
orrelation or correlation approximately every 50-70 pm. The autocorrelation functions for the other disloca-
tion types typically exhibit correlation over distances of approximately 10-40 pum but are generally
uncorrelated over longer length scales.

3.4. Elastic Strain and Residual Stress Variations

For both samples analyzed here, maps of individual components of the (relative) elastic strain tensor contain
sets of structures comparable to some of those evident in the distributions of lattice rotations and GND den-
sities (Figures 10 and 11). In the [011]. sample, maps of the &;1, &5, and &;, components (i.e., the in-plane
components) of the strain tensor reveal periodic bands aligned with the Set 2 GND structures. Variations in
the magnitude of each component of the strain tensor between these bands are on the order of 1073 (com-
pared to 102 radians for the lattice rotations; Figure 5). Less common structures, aligned with the Set 1 GND
structures, consist of variations of similar magnitude in the same components of the strain tensor. Relatively
little structure is visible in maps of the &3, €53, and &33 components of the strain tensor.

In the [110]. sample, most structure is again present in maps of the &;1, £25, and ;> components of the strain
tensor. These maps contain prominent bands of varying magnitudes of elastic strain aligned with the Set 3
GND structures. The arrays of microcracks (Set 4) are associated with relatively local perturbations in the strain
fields. The variations in each map of these components of the strain tensor are typically on the order of 107>
(compared to 102 radians for the lattice rotations; Figure 6). Again, the out-of-plane &3 components of the
strain tensor exhibit less pronounced structure.

The heterogeneous distributions of elastic strains evident in Figures 10 and 11 correspond to heterogeneous
residual stresses, which remain in the sample even after removal of the external load (Figures 10 and 11). In
the [011]. sample, structures evident as banded stress heterogeneities are present in the maps of the g,, opc,
and o, components of the stress tensor. This notation of the components of the stress tensor refers to the
stresses in the crystal reference frame. Thus, o, describes stress acting in the [100] direction on the (001)
plane and vice versa, due to the symmetries of both the stress tensor and crystal lattice. The magnitudes
of these heterogeneities are on the order of 100 MPa. Notably, this is the same order of magnitude as the
applied differential stress during deformation. The structure evident in the stress distributions is comparable
to the structures in maps of the &;4, €25, and &, components of the strain tensor and to Set 2 GND structures.
Gradients extending across the whole map areas, for example, in the map of oy, in Figure 10, potentially
result from slight errors in the position of the pattern center and therefore are not interpreted further. The
map of 0,5 contains little structure as the [100] direction is approximately normal to the specimen surface,
on which the normal stress is assumed relaxed.

Stress heterogeneities are also evident in the [110]. sample (Figure 11). Maps of the 6,,, Gpp, Gap, and o4¢
components of the stress tensor display bands of varying residual stress aligned with the structure seen in
maps of the &1, €,, and &, components of the strain tensor and Set 3 GND structures (Figure 11).
Prominent local perturbations in the fields of the 6,4, 0pp, and o,, components of the stress tensor are
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Figure 10. Elastic strains and residual stresses in the [011]. sample. Elastic strains are represented by one map for each component of the symmetric strain tensor (g;),
describing the strain state at each pixel relative to that of the reference point (black point in map of &;5). The tensor gj; is in the reference frame of the EBSD map.
Residual stresses are represented by one map for each component of the symmetric stress tensor (o) describing the stress state at each pixel relative to

that of the reference point. The tensor gj; is in the crystal reference frame to illustrate variations in the residual stresses acting on each slip system.
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Figure 11. Elastic strains and residual stresses in the [110]. sample. Elastic strains are represented by one map for each component of the symmetric strain tensor (g;)
describing the strain state at each pixel relative to that of the reference point (black point in the map of &15). The tensor ;i is in the reference frame of the EBSD
map. Residual stresses are represented by one map for each component of the symmetric stress tensor (o) describing the stress state at each pixel relative to that
of the reference point. The tensor g;; is in the crystal reference frame to illustrate variations in the residual stresses acting on each slip system.
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associated with the arrays of microcracks (Set 4). In the map of o, these perturbations form dipoles of posi-
tive and negative stresses at each of the crack tips. The magnitudes of stress heterogeneities, both between
the bands and associated with the microcracks, are on the order of 100 MPa. The map of o contains little
structure as the [001] direction is approximately normal to the specimen surface, on which the normal stress
is assumed relaxed.

4. Discussion

4.1. Comparison to Published Flow Laws

The mechanical data presented in Figure 3 can be compared to previously published flow laws for olivine sin-
gle crystals to gain insight into the operative deformation mechanisms. Bai et al. (1991) derived flow laws for
single crystals of olivine from deformation experiments conducted at higher temperatures than the present
study. Extrapolation of their flow law for [110]. oriented samples to a temperature of 1200°C closely predicts
the strain rates of our [110]. sample (Figure 3). Therefore, we infer that this sample deformed by dislocation
creep. In contrast, extrapolation of the flow law of Bai et al. (1991) for [011]. oriented samples to a tempera-
ture of 1000°C underestimates the strain rates of our [011]. sample by over 3 orders of magnitude (Figure 3).
This difference implies the operation of an additional deformation mechanism, which was probably
low-temperature plasticity. Therefore, in Figure 3, we compare the experimental data to the commonly used
flow law of Evans and Goezte (1979) for low-temperature plasticity, and the recently published flow law
of Idrissi et al. (2016). The flow laws for low-temperature plasticity are in better agreement with the experi-
mental data for the [011]. sample than is the flow law of Bai et al. (1991), indicating a large contribution of
low-temperature plasticity to the strain rate.

4.2. Comparison to Dislocation Structures in Previous Experiments on Single Crystals of Olivine

Dislocation microstructures in single crystals of olivine deformed in similar orientations to the samples in
this study have been described in several previous works (Bai & Kohlstedt, 1992; Cooper et al., 2016;
Durham et al.,, 1977; Hanson & Spetzler, 1994). In these studies, dislocations were imaged using decoration
by oxidation (Kohlstedt et al., 1976). Therefore, the types of dislocations were inferred from the crystallo-
graphic orientations of dislocation lines, the loading directions, and shape changes of the samples. The
densities of decorated dislocations in our samples (Figure 4) are broadly consistent with the relationship
between dislocation density and differential stress found by Bai and Kohlstedt (1992) extrapolated to
higher differential stresses. However, dislocation densities obtained from decoration are not directly com-
parable to GND densities obtained from HR-EBSD as the fraction of the dislocation population that contri-
butes to measured lattice curvature (i.e.,, appears as GNDs) typically varies with mapping step size and
depends on the precise arrangement of dislocations (Jiang et al., 2013b; Wallis et al., 2016). We note also
that it is not possible to predict which dislocations were free to glide during deformation based solely on
whether they appear as GNDs or SSDs as their mobility depends on other factors in addition to their spa-
tial relationship to other dislocations.

For samples loaded in the [011]. orientation, the (010)[001] slip system has the greatest resolved shear stress
(Durham et al.,, 1977). However, only very slight misorientation from this ideal geometry is required to activate
dislocations with [100] Burgers vectors (Bai & Kohlstedt, 1992; Cooper et al., 2016; Darot & Gueguen, 1981). In
our nominally [011]. sample, the [100] axis is oriented at 66° to the loading direction, so activation of disloca-
tions with [100] Burgers vectors is expected in addition to those with [001] Burgers vectors. Previous studies
noted that screw dislocations with both [001] and [100] Burgers vectors are ubiquitous in samples deformed
in the [011], orientation, and these are often arranged into twist boundaries (Bai & Kohlstedt, 1992; Cooper
et al, 2016; Durham et al., 1977). Structures with significant quantities of [001] and [100] screw dislocations
are also present in our [011]. sample, particularly in Set 1 (Figure 5). These dislocation types are spatially cor-
related (Figure 7), suggesting that these bands may also have a significant component of twist character.
However, previous studies have primarily suggested twist boundaries to be parallel to (010), which is
expected from a net of [001] and [100] screw dislocations (Bai & Kohlstedt, 1992; Cooper et al., 2016;
Durham et al., 1977). The Set 1 structures in our sample appear to be at a high angle to (010). However, it
is still possible that the boundary is faceted at small length scales with local segments parallel to (010), a fea-
ture referred to as “zig-zag lines” by Bai and Kohlstedt (1992) in their Figure 8d.
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Set 2 structures in the [011]. sample contain (010)[001] edge dislocations (blue arrows in Figures 4 and 5).
Therefore, these structures are consistent with the (010)[001] slip system being activated in the [011]. loading
orientation (Cooper et al.,, 2016; Durham et al., 1977). As the [001] Burgers vector is parallel to the trace of these
structures (Figures 1 and 5), Wallis et al. (2016) interpreted them to be slip bands of (010)[001] edge disloca-
tions (e.g., Figure 2). These bands resemble the closely spaced, low-angle structures observed in crystals
deformed in the same orientation by Durham et al. (1977). Note that the orientation and spacing of these struc-
tures are similar to those interpreted by Bai and Kohlstedt (1992) (their Figure 7b) and Cooper et al. (2016) (their
Figure 8a) to also be (010) twist walls. We emphasize that the zig-zag lines discussed above and observed by
Durham et al. (1977) and Bai and Kohlstedt (1992) have high dislocation densities and are convincingly inter-
preted as twist walls (especially considering the transmission electron microscopy (TEM) observations of
Durham et al., 1977). However, the detailed views of bands parallel to (010) presented by Bai and Kohlstedt
(1992) and Cooper et al. (2016) have much lower dislocation densities without any faceting and may alterna-
tively be interpreted, in a manner consistent with our data, to be slip bands of (010)[001] edge dislocations.

For single crystals of olivine loaded in the [110]. orientation, the (010)[100] slip system has the greatest
resolved shear stress, and previous investigations of samples deformed in this orientation consistently report
microstructures that indicate the activity of this slip system (Bai & Kohlstedt, 1992; Durham et al., 1977;
Hanson & Spetzler, 1994). These microstructures include edge dislocations and loops with [100] Burgers
vectors arranged along (010) slip planes or arranged in subgrain boundaries parallel to the (100) plane (Bai
& Kohlstedt, 1992; Durham et al., 1977; Hanson & Spetzler, 1994). Maps of GND densities in our [110]. sample
reveal little structure composed of (010)[100] edge dislocations (except apparent GND density resulting
from microcracks) (Figure 6). In this sample, screw dislocations with [100] Burgers vectors are present in
Set 3, although these structures are also primarily composed of (001)[100] edge dislocations (Figure 6). These
observations suggest that dislocations of the (010)[100] slip system, if present, may be arranged such that they
do not contribute significant macroscopic curvature across the 1 pm length scale of the EBSD step size; i.e., they
are primarily statistically stored dislocations (SSDs). Similarly, tilt walls composed of (010)[100] edge dislocations
commonly observed in previous studies (e.g., Bai & Kohlstedt, 1992; Durham et al., 1977) are not evident in our
[110]. sample (Figure 6). Durham et al. (1977) found that the dislocation structure, including (100} tilt walls, was
well established by approximately 4% strain. However, in the experiments of Karato et al. (1980) polygonized
substructure did not develop until strains of 20-40% had been attained. Therefore, it remains possible that
the strain of 14.67% experienced by our [110]. sample was insufficient for subgrain boundaries to fully develop.
In contrast, GNDs of (001)[100] edge character are present in relatively high densities and arranged in
prominent bands of Set 3. These structures are similar to slip bands in that the Burgers vector of these disloca-
tions is parallel to the trace of the bands. However, discrete slip bands are not evident in the distribution of
decorated dislocations (Figure 4), and instead, the Set 3 structures consist of broader swathes dominated
by dislocations of particular types and sense of Burgers vector.

Overall, the dislocation types and distributions that we observe in both samples are broadly consistent with
those described in previous studies of single crystals of olivine, within the limitations of the various observa-
tional techniques (Bai & Kohlstedt, 1992; Cooper et al., 2016; Durham et al., 1977; Hanson & Spetzler, 1994;
Wallis et al., 2016). However, our results systematically distinguish different types of GNDs and map their
distributions over 10~* m length scales. These quantitative data sets allow us to characterize the distributions
of dislocations in new detail and interpret the processes that give rise to both the distributions of each
dislocation type and relationships between dislocation types.

4.3. Interpretation of Dislocation Interactions

A notable feature of the GND density distributions mapped in this study is that each set of GND structures
consists of multiple dislocation types (Figures 5-7). Systematic mapping of the spatial relationships between
dislocation types across representative areas would not be possible using decoration or TEM, and their iden-
tification raises a new question as to how such relationships arise.

One possibility is that each set of GND structures results from discrete boundaries with complex lattice-scale
structure composed of multiple dislocation types. This is potentially true for the correlation between [100]
and [001] screw dislocations in the [011]. sample (Figures 5 and 7), which is expected based on previous stu-
dies, and potentially represents boundaries with dominantly twist character (Bai & Kohlstedt, 1992; Cooper
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etal, 2016; Durham et al., 1977). The strong correlation between these dislocation types and (001)[100] edge
dislocations (Figures 5 and 7) may result from the presence of boundaries with mixed character, rather than
pure twist (Wallis et al., 2016). However, the other correlations between dislocation types observed in this
study (Figures 5-7) have not been reported previously.

A second and potentially more general explanation is that such spatial correlations may arise from resistance
to glide of one dislocation type by short-range interactions with another dislocation type. This hypothesis is
supported by the observation that dislocation types within each pair that exhibits a notably elevated correla-
tion coefficient are capable of mutually exerting glide forces that may influence their motion (Figure 7).
Impedance of dislocations gliding in their slip planes is evidenced by clusters of dislocations in slip bands
(Set 2 structures) in the [011]. sample (Figure 4). Previous numerical and TEM investigations of such interac-
tions in olivine deformed at temperatures of 800-900°C inferred that collinear interactions, between disloca-
tions with [001] Burgers vectors on different glide planes, are the dominant short-range interaction (Durinck
et al, 2007; Mussi et al., 2015). However, for our samples deformed at higher temperatures of 1000°C and
1200°C, correlation coefficients between different dislocation types with [001] Burgers vectors are less than
0.4 (Figure 7). These weak correlations suggest that at these temperatures collinear interactions between dis-
locations with [001] Burgers vectors are less important for inhibiting glide than other types of interaction.
Most of the strong correlations between dislocation types, with coefficients greater then 0.5, in both samples
are between dislocations with perpendicular Burgers vectors (Figures 5-7). These correlations indicate that
noncollinear interactions may pose stronger impediments to dislocation glide than collinear interactions at
these temperatures. In the [011]. sample, (001)[100] edge and [100] screw dislocations have a correlation
coefficient of 0.88 (Figure 7). This strong correlation could arise from the presence of dislocation loops with
[100] Burgers vectors or from complex boundary structures. In summary, noncollinear short-range interac-
tions between dislocations appear to have played an important role in the development of the sets of
dislocation structures.

Another characteristic of the GND density distributions in both samples is that the sets of structures typically
consist of alternating bands of dislocations of opposite sign (Figures 5 and 6). In other words, the dislocations
in adjacent bands generally have net Burgers vectors of opposite sense, resulting in alternating senses of lat-
tice curvature. This structure is evident also in the autocorrelation functions of each map of GND density,
where it manifests as periodic correlation-anticorrelation (Figures 8 and 9). We note that the opposite signs
of the GNDs inhibit net macroscopic curvature of the sample, consistent with the imposed axial shortening.
However, the segregation of GNDs with opposite sign into separate bands, and the length scales over which
this occurs, is particularly interesting. The apparent length scales over which particular types of GNDs are cor-
related and/or anticorrelated typically range from a few micrometers up to tens of micrometers (Figure 9).
Due to the sectioning effect, the apparent spacing of bands of elevated GND density in our maps provides
an upper bound on their true spacing in 3-D. Slip bands, with dislocations in alternate bands having opposite
Burgers vectors, have long been recognized in the materials sciences and are termed “dipolar mats” (Fourie
et al,, 1982; Hansen & Kuhlmann-Wilsdorf, 1986; Kuhlmann-Wilsdorf & Comins, 1983). Dislocations in dipolar
mats may be evenly spaced or may be heterogeneously spaced as a result of local pileups (Fourie et al., 1982;
Hansen & Kuhlmann-Wilsdorf, 1986). Such structures can be clearly recognized in the [011]. sample (Figures 4
and 5), whereas the [110]. sample contains bands of dislocations of opposite sign, but their slip band arrange-
ment appears to have been disrupted by enhanced climb due the higher deformation temperature (Figures 4
and 6). Bands of dislocations of opposite sign, including dipolar mats, are low-energy arrangements of
dislocations because internal stresses arising from each band are reduced over length scales greater than
the spacing of each pair of bands (Hansen & Kuhlmann-Wilsdorf, 1986). As forces are always directed so as
to decrease free energy, dislocations are driven to segregate into bands with opposing Burgers vectors,
senses of lattice curvature, and associated stress fields (Kuhlmann-Wilsdorf & Comins, 1983). Moreover,
internal stresses between the bands of a primary dislocation type may enhance activation of secondary slip
systems, which further lower the free energy (Kuhlmann-Wilsdorf & Comins, 1983). The internal stress
heterogeneities mapped in our samples (Figures 10 and 11) may therefore have contributed to the diversity
of dislocation types present (Figures 5 and 6). The characteristic band spacings that arise are likely controlled
by the efficiency with which dislocations with opposite Burgers vectors can annihilate by climb. This infer-
ence is consistent with the larger band spacings in the sample deformed at 1200°C than in the sample
deformed at 1000°C (Figures 5, 6, and 9).
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The maps of heterogeneity in residual stress within these single crystals of olivine (Figures 10 and 11) provide
a test for the hypothesis that long-range internal stresses arise from accumulations of GNDs. Heterogeneities
in residual stress, typically on the order of 100 MPa, are present in both samples (Figures 10 and 11). These
heterogeneities are of the same order of magnitude as the applied differential stress during deformation.
Moreover, the heterogeneities in residual stress (Figures 10 and 11) reveal structure similar to that evident
in the distributions of GND densities (Figures 5 and 6), despite being derived from independent aspects of
the data (i.e., the strains and rotations, respectively). In particular, in the [011]. sample, the o, component
of stress (Figure 10) exhibits structure similar to that of the slip bands of (010)[001] edge dislocations
(Figure 5). Importantly, this component of the stress tensor induces a glide force on (010)[001] dislocations.
These observations are consistent with the dislocations within the slip bands exerting significant back-
stresses during deformation, which are expressed as residual stress after removal of the external load. Such
back-stresses provide a plausible explanation for the irregular spacing of dislocations within slip bands in
the [011]. sample (Figure 4). In the [110]. sample, stress heterogeneities (Figure 11) are also spatially asso-
ciated with the bands of high dislocation density (Figure 6). More generally, although it remains difficult to
quantitatively interpret the internal stress distribution during deformation, the similarities in the distributions
of residual stress and GND density constitute new and compelling evidence for the presence of long-range
internal stresses and their role in dislocation processes in olivine. Support for this interpretation comes from
dislocation dynamics simulations that consider the stress state arising from the combination of externally
applied stress and the intrinsic stress field around dislocations (Boioli, Tommasi, et al., 2015). These simula-
tions predict stress heterogeneities on the order of 100 MPa, varying over micrometer length scales (Boioli,
Tommasi, et al,, 2015), very similar to the residual stress distributions in our samples (Figures 10 and 11).
Additional verification for the presence of such stress heterogeneities during deformation is provided by
analysis of the microcracks in the [110]. sample. The presence of cracks on the order of 20 um long and
our measurements of tensile stresses of 200 MPa normal to the cracks imply a critical stress intensity for crack
propagation (K ) of approximately 1 MPa m®. This value is of a similar order as theoretical and experimental
estimates of intragranular K. in olivine (e.g., Tromans & Meech, 2002).

To summarize, the banded GND density distributions, often with Burgers vectors within the planes of the
structures, can be expected to form as a kinematic response to the applied loading. Slip bands have been
observed previously in olivine single crystals but have not been studied in detail (Bai & Kohlstedt, 1992).
However, their identification and characterization is significantly aided by HR-EBSD (Wallis et al., 2016; this
study). The correlations of dislocation types in the principle structures (Figures 5-7) likely arise from
short-range interactions between the different dislocation types. These short-range interactions resulted in
accumulations of dislocations along slip bands in the [011]. sample and heterogeneous GND densities in
both samples (Figures 5 and 6). The spatial correlations between different dislocation types in our samples
(Figure 7) deformed at 1000°C and 1200°C indicate a significant role for noncollinear interactions in the
development of substructure. This finding contrasts with previous work which found evidence for primarily
collinear interactions in samples deformed at temperatures below 900°C (Mussi et al., 2015) and therefore
raises the possibility that the dominant type of short-range interaction may vary with temperature. Lattice
distortion around regions of high dislocation density generated internal stress heterogeneities of the same
order of magnitude as the applied stress during deformation (Figures 10 and 11). These internal stresses
would have significantly modified the effective stress state (Evans et al., 1985; Mughrabi, 1983; Mughrabi
etal,, 1986; Viatkina et al., 2007), impacting the development and organization of the dislocation substructure
through long-range dislocation interactions (Montagnat et al., 2006).

4.4. Implications for Mantle Rheology

Extrapolation of laboratory-derived flow laws to describe deformation under the environmental and mechan-
ical conditions typical of the upper mantle requires that the same microphysical processes control the rheo-
logical behavior in both settings (Bai & Kohlstedt, 1992; Hirth & Kohlstedt, 2003). For deformation occurring
by motion of dislocations, ensuring that this condition is met necessarily entails identifying impediments to
rates of dislocation glide and the mechanisms by which they are overcome. Experiments designed specifi-
cally to investigate dislocation interactions in single crystals of olivine at 1550-1600°C found no evidence that
interactions between dislocation types modified either the microstructures or mechanical properties
compared to those generated by activation of single slip systems in isolation (Durham et al, 1985).
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However, TEM observations and modeling suggest that interactions between dislocations may modify glide
behavior at temperatures of 800-1000°C (Boioli, Carrez, et al., 2015; Boioli, Tommasi, et al., 2015; Durinck et al.,
2007; Mussi et al., 2015). Our analysis of olivine deformed at 1000°C and 1200°C strongly suggests that inter-
actions between different dislocation types hindered dislocation glide, impacted the development of sub-
structure, and thereby presumably exerted an influence on mechanical properties. In the [011]. sample,
deformed with a large contribution of low-temperature plasticity at 1000°C, irregular dislocation spacings
along slip bands (Figure 4) indicate that dislocation interactions imposed additional resistance to glide on
top of that arising from lattice friction. Correlations between dislocation types indicate that dislocation inter-
actions also hindered glide in the [110]. sample deformed by dislocation creep at 1200°C (Figure 7), but the
lack of discrete slip bands (Figure 4) suggests that such obstacles were overcome by climb. The combination
of these observations/studies suggests that the significance of dislocation interactions varies with tempera-
ture. Therefore, this study raises three questions which must be answered in order to determine the roles and
impacts of dislocation interactions during deformation by low-temperature plasticity and dislocation creep.
First, how do the temperature dependencies of glide resistance from lattice friction, glide resistance from
dislocation interactions, and dislocation climb/cross-slip trade-off? Second, to what extent do dislocations
overcome the glide resistance imposed by interactions with other dislocations by nonconservative
climb/cross-slip versus conservative bowing out or “punching through”? Lastly, what evidence for dislocation
interactions is preserved in exhumed mantle rocks? Answers to the first two questions will improve the
mechanistic basis for models of mantle flow, and an answer to the third will help confirm the reliability of
extrapolating laboratory-derived models to real Earth conditions.

5. Conclusions

Single crystals of olivine deformed in triaxial compression under varied deformation conditions exhibit per-
iodic variation in densities and signs of GNDs. Several wavelengths of these substructures are expressed in
the distributions of various types of GND and span length scales of micrometers to tens of micrometers.
Spatial correlations between different dislocation types are evident in both samples. Variations in elastic
strain and residual stress on the orders 107> and 100 MPa, respectively, are spatially coincident with areas
of high GND density and exhibit similar structure and length scales in their distributions. The results indi-
cate that dislocation glide is hindered by short-range interactions that may transition from being primarily
collinear to noncollinear with increasing temperature, leading to local accumulations of high dislocation
densities. These accumulations of dislocations generate elastic strain gradients and variations in residual
stress that likely exert long-range influences on dislocation motion. Evidence for organization spanning
length scales of micrometers to tens of micrometers is preserved in the spatial distributions of GNDs
and is likely influenced by long-range dislocation interactions. Both short-range interactions and the sub-
structure and stress fields that develop over longer length scales potentially impact dislocation glide.
Determining the dislocation interactions that occur over a wide range of both natural and experimental
conditions, and the mechanisms by which dislocations overcome any impediments to glide that result,
is therefore key to understanding the controls on rheological properties of mantle rocks undergoing
tectonic deformation.
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