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Abstract

Major seismic events induce period of transient creep, during which the effective viscosity of the rocks
evolves with time, before steady-state creep is reached. Recent experimental work on olivine
deformation resulted in a new rheological model for transient and steady-state creep based on back
stresses between dislocations. However, observational research on structures in natural rocks that
support this new model have not yet been conducted. Here, | analyse natural peridotites from the
Oman-UAE ophiolite, where microstructural evidence for the processes involved in transient creep is
potentially preserved, to compare their microstructures to those formed by experimental olivine
deformation. This research uses oxidation decoration and high-angular resolution electron backscatter
diffraction to characterise the microstructure and to map ‘free’ dislocation densities and stress
heterogeneities. The results reveal banded structures of high dislocation densities, often bounded by
subgrain boundaries and colocated with high stress heterogeneities of hundreds of megapascals over
length scales of only a few micrometres. These results combined with the characteristic probability
distribution of the stresses indicate that the stress heterogeneities originate from long-range
dislocation interactions and that these interactions contribute to the organisation of the substructure.
These results are similar to those from the experimental work on transient creep in olivine and support
the applicability of the new rheological model to large-scale modelling of plate-boundary fault zones.



1. Introduction

Major seismic events induce a geologically short stage of deformation by transferring stress from the
brittle upper crust to the viscoelastic lower crust and upper mantle. This postseismic stage of
deformation is often referred to as transient creep during which the strength of the rocks changes until
steady-state creep is reached. During transient creep, strain hardening causes the material properties
to change significantly, on both small and large scales. Understanding transient creep is therefore
important for modelling large-scale geodynamics, where it is one of the processes that influences the
strength of the Earth’s lithosphere. Strain hardening occurs during both low-temperature plasticity and
power-law creep at high temperatures, raising the possibility of a common underlying cause.

Recent experiments on olivine (e.g., Wallis et al., 2017, 2019b, in prep.; Hansen et al., 2019) resulted
in a new rheological model based on back stresses between dislocations for transient and steady-state
creep, as illustrated in Figure 1 (Hansen et al., in prep.). During transient creep, dislocation glide (lower
dashpot) dominates and generates back stresses between dislocations (upper spring). These back
stresses cause strain hardening, as it would be increasingly difficult to compress the spring in Figure 1.
However, as the back stress builds up, dislocations climb (upper dashpot) will become increasingly
relevant. Dislocation climb will eventually catch up with dislocation glide, preventing further
accumulation of back stress. This catching up of dislocation climb to dislocation glide is the gradual
change from transient creep to steady-state creep. In this model, dislocation climb can be interchanged
with dynamic recovery by cross-slip and annihilation of screw dislocations when temperatures are too
low for dislocation climb to be relevant, as discussed in Wallis et al. (2019b).
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Studies on large-scale, postseismic deformation (e.g., Pollitz 2003; Han et al., 2014; Huang et al., 2014;
Sun et al.,, 2014; Qiu et al., 2018) provide observations of transient creep. The recent study of Qiu et
al. (2018), for example, demonstrates that steady-state creep is preceded by approximately two years
of transient creep, initiated by earthquakes along the Sumatran subduction zone. In these studies,
transient creep is often interpreted as intergranular interactions, following the research on water ice
(Duval et al., 1983; Ashby & Duval, 1985; Karato, 1998). Intragranular interactions, such as strain
hardening due to the build up of back stress, are however often not addressed (Wallis et al., in prep.).
Furthermore, recent models of earthquake triggering (e.g., Field et al., 2015) include long-term, time-
dependent stress and strength changes, but are missing short-term, time-dependent stress transfer
(Freed, 2005). Understanding transient creep gives the opportunity to improve time-dependent
models for earthquake triggering.



However, the microscale processes that generate transient creep remain poorly constrained. Hansen
et al. (2019) performed deformation experiments on single crystals and aggregates of olivine at low
temperature to investigate the microscale processes related to strain hardening. The experimental
research demonstrates that transient creep also occurs in single crystals, highlighting the importance
of intragranular processes (Durham et al., 1979; Hanson & Spetzler, 1994; Cooper et al., 2016). The
data of the experimental researches provided a basis for the new model for transient and steady-state
creep, as explained in Figure 1 (Hansen et al., in prep.). The Bauschinger effect in the mechanical data
indicates that strain hardening is caused by long-range interactions between dislocations due to
accumulation of back stresses between them (Hansen et al., 2019). Wallis et al. (2019b) analysed the
microstructures of the samples of Hansen et al. (2019) and elaborated on the microphysical basis of
the flow law. Their research used scanning transmission electron microscopy (STEM), conventional
electron backscatter diffraction (EBSD), and high-angular resolution electron backscatter diffraction
(HR-EBSD) to investigate the microstructures. The research reveals stress heterogeneities on the order
of 1 GPa on a length scale of only a couple micrometres, indicating that these heterogeneities result
from long-range interactions between dislocations. Therefore the back stresses are interpreted to be
dominant in generating strain hardening at low temperature. This research also provides new
microstructural indicators of the processes associated with strain hardening. Further research (Wallis
et al., in prep.) demonstrates that similar processes occur at higher temperatures, supporting their
relevance to models of transient creep. Analyses of the probability distributions of the residual shear
stresses provide a strong indication that the local stress fields are generated by the interactions of
dislocations (Wilkinson et al., 2014; Wallis et al., in prep.). The logical next step is to compare these
experimental results with natural rocks to assess the evidence for similar microscale processes.

This research analyses samples of deformed peridotites by Ambrose et al. (2018), which originate from
the Oman-UAE ophiolite (Figure 2), with the aim to compare their microstructures to those from the
experimental samples to test the relevance of the model for transient creep. | test the hypothesis that
these deformed peridotites and the experimental samples contain similarities in their microstructures
which are caused by strain hardening due to the build up of back stresses. The ophiolite is a geological
setting where transient creep likely occurred, as the base of the ophiolite is an exhumed
palaeosubduction interface (Agard et al., 2016). Since the ophiolite formed during subduction, it
matches the low temperature conditions at which microstructural evidence for transient creep by
dislocation-mediated processes is likely well preserved. The samples originate from varying distances
from the metamorphic sole as presented in the cross-section in Figure 2B. The peak metamorphic
conditions of the metamorphic sole are 770-990°C and 1.1-1.3 GPa and the calculated differential
stress using subgrain-size piezometry is 25-35 MPa (Ambrose et al., 2018). The current research uses
existing conventional EBSD data by Ambrose et al. (2018) and performs oxidation decoration and HR-
EBSD analyses on some of the samples to characterise the microstructures of the deformed peridotites
and to reveal intragranular stress heterogeneities.
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Figure 2: Location of the sampled area by Ambrose et al. (2018). a) Geological map of the northern
UAE displaying the location of the transect. b) Cross section of the sampled area, indicating both the
horizontal distance from the metamorphic sole (i.e., the folded Semail thrust) and the distance above
the sole which is calculated from the measured foliations. This research uses the horizontal distance
to minimize calculation errors. Figures by Ambrose et al. (2018).



2. Methods

This research uses the eight samples of Ambrose et al. (2018), which originate from varying distances
from the metamorphic sole of the ophiolite. The horizontal distance from the sole ranges from 1 m to
888 m (Figure 2B), with a corresponding structural thickness of up to ~490 m. | use conventional
electron backscatter diffraction (EBSD) data to analyse the crystallographic preferred orientations
(CPOs), the misorientation inverse pole figures (MIPFs) and the misorientation pole figures (MPFs) in
detail. Ambrose et al. (2018) collected these EBSD data using an FEI Quanta 650 scanning electron
microscope with a field emission gun and an Oxford Instruments Aztec acquisition system and
NordlysNano EBSD camera. They used a 30 kV acceleration voltage in low-vacuum mode with a step
size of 5 um (15 pum for LH19).

Dislocations in samples LH18, LH17 and LH28, with distances from the metamorphic sole of 22 m, 51
m and 469 m respectively, were decorated by the oxidation method (Kohlstedt et al., 1976). Pieces
were cut from the samples originally polished by Ambrose et al. (2018) and heated in a furnace at
900°C for 45 minutes to oxidise the surface of the samples and dislocation cores. Hand polishing with
30 nm colloidal silica for approximately ten minutes removed the oxidised top layer but left the
decorated dislocations visible. A7 nm Pt/Pd coat was applied to the samples. The samples were imaged
using backscattered electrons in an FEI Helios focussed ion beam-scanning electron microscope at
Utrecht University, following Karato (1987) on imaging decorated dislocations.

All “free’ dislocations (i.e., dislocations not aligned in subgrain boundaries) in the decorated samples
are counted per surface area to determine the dislocation density. | use ten different grains in the
three samples to average their densities. Differential stresses are calculated from the dislocation
density using

p= Ppa™, (1)

where p is the dislocation density, o is the differential stress and constants m and § are 1.41 and
1.1x10° respectively (Karato & Jung, 2003). These dislocation densities and corresponding differential
stresses are calculated on a grain scale and on a substructure scale, where the latter focusses on
differences between high and low dislocation-density regions in the grains.

The non-oxidised part of sample LH17 was analysed in more detail using HR-EBSD, to obtain precise
measurements on the misorientations. Sample LH17 was selected for HR-EBSD analysis as it has the
highest proportion of unserpentinised olivine, is typical of samples that lie on the trends of grain size
and minor-phase abundance identified by Ambrose et al. (2018), and originates from close (51 m) to
the metamorphic sole. The sample was repolished by hand using 30 nm colloidal silica for 10 minutes
and coated with 0.5 nm of Pt/Pd. New EBSD maps for HR-EBSD processing were acquired using Oxford
Instruments AZtec 3.3 acquisition software and a NordlysNano EBSD detector on a Phillips XL-30
scanning electron microscope at Utrecht University. Diffraction patterns were acquired using an
acceleration voltage of 30 kV, a working distance of 15 mm, and no binning of the 1344 x 1024 pixels
in the patterns. The map and step sizes differ per HR-EBSD map, of which the details are in the
description of the figures in the results section.

HR-EBSD is a postprocessing technique that uses high-quality conventional EBSD data (i.e., highest
quality surface preparation, accurate and precise knowledge on the pattern centre while under the
electron microscope and minimal binning and gain) to measure lattice rotations and elastic strains and
to calculate the geometrically necessary dislocation (GND) densities and residual stresses (Wilkinson
et al., 2006; Britton & Wilkinson, 2011, 2012; Wallis et al., 2019a). HR-EBSD uses the stored diffraction



patterns to measure the lattice rotations and elastic strains by using one reference point in each grain
in the mapped area. In the diffraction pattern of this reference point, multiple regions of interest (ROIs)
are collected. These ROls in the reference point are compared to the ROIs in each other point in the
grain via cross correlation, resulting in displacements between the reference pattern and the pattern
in each point in the grain. These displacements are broken down into components of lattice rotations
and elastic strains (Wilkinson et al., 2006; Britton & Wilkinson, 2011, 2012; Wallis et al., 2019a). The
lattice rotations are used to estimate the GND densities, since GNDs result in lattice curvature (Wallis
et al., 2016). These GND densities are grouped in the six possible dislocation types in olivine, because
each dislocation type causes a different curvature. The elastic strains are used to calculate residual
stresses, using Hooke’s law and the elastic stiffness tensor (Wallis et al., 2017, 2019a). The elastic
strains and residual stresses are relative to the unknown strain and stress state of the reference point
and therefore the mean of each stress component is normalized to zero (Jiang et al., 2013; Mikami et
al., 2015; Wallis et al., 2017). This means that the residual stresses only report the stress heterogeneity
in each grain.

| used the normalised shear stresses, o1, obtained by HR-EBSD, to calculate the restricted second
moment, v,. The restricted second moment is calculated with

+o
vy(0) = f_a P(o)odo ’ o)

where the probability P(o) is integrated over restricted stress ranges (Groma & Bakd, 1998; Wilkinson
et al., 2014). At high stresses, the restricted second moment should plot as straight lines against the
natural logarithm of the shear stress, indicating that

P(o) x o73. (3)

This is the expected result for stress fields generated by dislocations (Groma & Bakd, 1998; Wilkinson
et al., 2014; Wallis et al., in prep.).



3. Results

3.1 Conventional EBSD

Figure 3 presents the pole figures of the crystallographic preferred orientations (CPOs) of all eight
samples by Ambrose et al. (2018), obtained by conventional EBSD. The comparison between the
observed CPO pole figures and those of Bernard et al. (2019) results in an overall dominant B-type
CPO, related to a dominant (010)[001] dislocation type. The CPO type is most clear in the samples
closest to the metamorphic sole. Samples LH25 and LH26, at 266 m from the sole, are closer related
to an E-type CPO with a dominant (001)[100] dislocation type.

Figure 3 also presents the misorientation inverse pole figures (MIPFs), plotting the axes of
misorientations with angles between 4 and 10 degrees, representing subgrain boundaries.
Misorientations larger than 10 degrees are more likely to represent grain boundaries and
misorientations smaller than 4 degrees are more influenced by noise. The main peaks in the figures
are most commonly centred on the [010] axis. [010] rotation axes can be generated by tilt walls
composed of the (001)[100] and/or (100)[001] edge dislocation types, where the crystal lattice rotates
around the [010] axis (e.g., Wallis et al., 2017, Figures 2C & 2D). In most samples, the peaks at [010]
are part of a band of elevated densities between the [010] and [001] axes. This band is often
interpreted as indicating the operation of “pencil glide” on the (0k/)[100] slip systems (De Kloe et al.,
2002). Further from the metamorphic sole, peaks around [101] and [410] are observed as well. Sample
LH27, at a distance of 888 m from the metamorphic sole, is the only sample where the [010] peak and
the “pencil glide” are not observed.

The misorientation pole figures (MPFs) in Figure 3 reveal peaks between the centre and the top of the
pole figure. For materials deformed in simple shear, the misorientation axes should plot in the centre
for tilt walls and at the top for twist walls. Therefore, these results suggest a combination of screw and
edge dislocation types in subgrain boundaries. The peaks in most of the MPFs plot on the north-south
axis. This suggests that the angle between the assumed foliation by Ambrose et al. (2017) and the
actual foliation of the rock is negligible. If there is such an angle, than the peaks would slightly shift
towards the west or the east in the pole figures. This shift is however observed in sample LH17 and to
a minor extent in samples LH18 and LH19. This shift means that, if corrected by a back rotation, the
results of the CPO pole figures might also slightly shift, which would only be significant for the LH17
sample. The CPO pole figures for LH17 can however not be reconstructed back to what it should be,
since the MPF for this sample does not result in one peak, but in a band of higher values.
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Figure 3: Results of conventional EBSD analysis listed by distance from the metamorphic sole. The first
column presents the crystallographic preferred orientation (CPO) pole figures. The second column
presents the misorientation inverse pole figures (MIPFs) of local misorientations of 4 to 10 degrees. The
third column presents the misorientation pole figures (MPFs).



3.2 Oxidation decoration

Figure 4 presents six representative images of the oxidation decorated samples, with two images for
each of the three samples. All samples contain grains where the dislocations occur in bands,
approximately 3.5 um wide, with dislocation densities that are higher than average, which are most
clear in Figures 4C, 4D and 4E. These bands are often bounded by a subgrain boundary on one side of
the band, marking an abrupt change in dislocation density (e.g., Figure 4E, where the topmost band of
high density is bounded at its bottom by a line of closely spaced points, interpreted as a subgrain
boundary). Other subgrain boundaries outside the banded structures are orientated in the same
direction as the banded structures.

Figure 4A is less clear compared to Figures 4C, 4D and 4E, but also contains banded structures and
subgrain boundaries, both in a vertical orientation. A more chaotic set of dislocations forms at least
two diagonal bands in Figure 4A, which seems to be a different structure than the more ordered
vertical structure. | also observe a similar relationship in Figure 4C, where the banded structures in the
top right of the figure converge to the chaotic set of dislocations in the bottom left.

Figure 4F also reveals heterogeneity between the left and right parts of the figure. The right part
contains aligned dislocations in vertically orientated subgrain boundaries. However, the left part
contains curved dislocations of different orientations, which are interacting with each other to form a
tangled structure.

Table 1 contains the results of the analysis on the dislocation densities and the differential stresses
calculated from these densities using equation (1). The table includes the six grains presented in Figure
4, as well as four other grains which are presented in the appendix. These results demonstrate that
the dislocation densities from grain to grain can differ by an order of magnitude, but that the averages
are relatively similar. The average dislocation density of the three samples is 1.4x10'> m?, resulting in
an average differential stress of 160 MPa. Table 1 also demonstrates the differences in dislocation
density and differential stress between the high and low dislocation-density regions (i.e., inside and
outside the banded structure), resulting in stress heterogeneities of several hundreds of megapascals
over distances of several micrometres.
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Figure 4: Results of oxidation decorated samples. Figures A and B have a distance of 22 m from the
sole, C and D have a distance of 51 m from the sole and E and F have a distance of 469 from the sole.
Overview figures and additional figures are presented in the appendix.
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Table 1:

Results from the dislocation density analysis and the calculated differential stresses. The maps of the
decorated dislocations used in the analysis can be found in the appendix.

Grain Dislocation Low density | High density Differential | Low stress High stress
density (m?) | (m?) (m3) stress (MPa) | (MPa) (MPa)

LH18 001 1.90x10% 3.27x10%" 5.15x10* 198.46 56.93 401.65

LH18_ 004 1.13x10% 137.12

LH18 1.52x10% 168.94

average

LH17_001 6.02x10% 2.82x10%" 1.05x10"? 87.68 51.19 130.33

LH17_015 2.34x10"? 1.77x10%? 2.95x10%? 229.79 188.43 270.70

LH17_023 2.73x10% 1.09x10%? 4.13x10% 256.54 133.95 343.40

LH17 027 | 8.57x10™ | 1.34x10% 1.87x10%2 112.68 30.25 196.23

LH17 1.63x10%? 178.03

average

LH28 004 1.47x10%? 164.89

LH28_008 1.09%x10% 6.89x10M 1.65x10"? 133.25 96.55 179.64

LH28 013 | 9.94x10™ | 4.69x10M 1.36x10%2 125.14 73.49 155.95

LH28 018 9.09x10% 5.63x10% 1.17x10*? 117.45 83.67 140.07

LH28 1.11x10%? 135.67

average
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3.3 HR-EBSD

Figure 5 presents the results of the HR-EBSD analysis of an olivine grain in sample LH17, located 51 m
from the metamorphic sole. It presents maps for the GND density of each dislocation type, the lattice
rotations and the residual stresses. Sub-vertical bands, perpendicular to the [100] axis of the
orientation of the grain, of elevated GND density dominate the structure of the grain. The maps on the
top row, representing the dislocation types with a [100] burgers vector, reveal that the sign of the
burgers vector changes in the middle of the grain (i.e., red coloured bands change to blue coloured
bands). The maps of the lattice rotation in Figure 5 illustrate the result of the changing sign of the
burgers vectors in the grain. From left to right the lattice rotates in one direction until it reaches the
middle of the grain, where the lattice rotates back again. The bottom three maps of Figure 5 present
the residual stresses in the grain, which turn out to be very pixelated because of the large step-size.

The HR-EBSD results presented in Figure 6 originate from the same grain as Figure 5, but zoomed in on
a scratch-free area including a subgrain boundary separating the left part with a higher GND density
from the right part with a lower GND density. The observation of a subgrain boundary separating a
higher from a lower density matches the similar observation in oxidation decoration, on a similar
length scale (Figure 4). There are two bands of elevated GND density with opposing signs for the
burgers vector on the left side of the subgrain boundary for all dislocation types with a [100] burgers
vector. The GND density of the band in between the two opposing bands is relatively low. The GND
density maps for the dislocation types with a [001] burgers vector have low GND densities and do not
reveal a clear structure, except for the subgrain boundary. The shear stress map (o12) in Figure 6 reveals
an increase in stress from left to right, until the subgrain boundary is reached. To the right of this
boundary the stress drops significantly and is more uniform. The local stress heterogeneity observed
here is around 500 MPa over distances of a few micrometres.

Figure 7 presents the HR-EBSD maps of a different grain in the same sample as Figures 5 and 6. The
GND maps reveal bands of high GND density of approximately 3 microns wide with an orientation
perpendicular to the [100] axis. The lattice rotation maps reveal diagonal lines where the lattice
rotation suddenly changes, indicating subgrain boundaries. The [100] screw and the (010)[100] edge
slip systems reveal opposing burgers vectors on each side of the subgrain boundaries. The maps of
[001] screw and (010)[001] edge dislocations also reveal opposing burgers vectors on either side of the
subgrain boundaries, but the burgers vectors of these dislocation types are parallel to the subgrain
boundaries. The (001)[100] edge and (100)[001] edge dislocations do not reveal opposing burgers
vectors and these two dislocation types seem to be more in between of the subgrain boundaries. The
map of the shear stress (012) in Figure 7 demonstrates that the stress heterogeneity is mainly located
near the bands of elevated GND density, reaching a couple hundreds of megapascals over a
micrometre length scale perpendicular to the banded structure.
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Figure 5: LH17 HR. HR-EBSD results of a grain in sample LH17, located 51 m from the metamorphic
sole. The six maps at the top present the GND densities of the different dislocation types, where the
colours indicate opposing signs of the burgers vector. The crystal orientation is presented in the top
right and below it the total GND density is presented. The third row of maps presents the lattice
rotation, wj, in which grain boundaries (i.e., local misorientations greater than 10 degrees) are revealed
as black lines. The black dot indicates the reference point for the calculations of the lattice rotations.
The bottom row presents the maps of the residual stresses, a;, where g1, represents the residual shear
stress. The step size is 2 um and the number of datapoints is 6500 (100X65).
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Figure 6: LH17_HR4_map2. HR-EBSD results of the same grain in sample LH17 as Figure 5, but zoomed
in on a scratch free part. The six maps at the top present the GND densities of the different dislocation
types, where the colours indicate opposing signs of the burgers vector. The crystal orientation is
presented in the top right and below it the total GND density is presented. The third row of maps
presents the lattice rotation, wj. The black dot indicates the reference point for the calculations of the
lattice rotations. The bottom row presents the maps of the residual stresses, o;, where g1, represents
the residual shear stress. The step size is 0.2 um and the number of datapoints is 1216 (32X 36).
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Figure 7: LH17 _HR6. HR-EBSD results of a different grain in sample LH17 compared to Figures 5 and 6.
The six maps at the top present the GND densities of the different dislocation types, where the colours
indicate opposing signs of the burgers vector. The crystal orientation is presented in the top right and
below it the total GND density is presented. The third row of maps presents the lattice rotation, wj. The
black dot indicates the reference point for the calculations of the lattice rotations. The bottom row
presents the maps of the residual stresses, g;, where g1, represents the residual shear stress. The step
size is 0.6 um and the number of datapoints is 2000 (50x40).
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The HR-EBSD data provides the shear stresses required in equation (2) to calculate the restricted
second moment, v»(012) (Groma & Bakd, 1998; Wilkinson et al., 2014). Figure 8 demonstrates that the
restricted second moment for each HR-EBSD map plots as a straight line when plotted against In(o012).
Similar to the experimental results in Wallis et al. (in prep.), the presence of these straight lines means
that P(o12) & 01,2 and that therefore the stress fields are assumed to be generated by dislocations
(Wilkinson et al., 2014; Wallis et al., in prep.).
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Figure 8: Restricted second moments of the shear stresses plotted against the natural log of the shear
stresses. Shear stresses are obtained by HR-EBSD of which all obtained maps by this research are
plotted. The dashed lines indicate that all results presented here have a straight part at high stresses,
meaning that P(o12) &co123. Maps LH17_HR, LH17_HR4 _map2 and LH17_HRG6 correspond to Figures 5,
6 and 7, respectively. The other HR-EBSD maps can be found in the supplementary data.
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4. Discussion

The MIPFs and the HR-EBSD results combined suggest a dominant dislocation type that forms the
subgrain boundaries. The HR-EBSD results (Figures 5, 6 and 7) demonstrate that subgrain boundaries
are dominantly oriented perpendicular to the [100] axis and that dislocation types with a [100] burgers
vector are more abundant than those with a [001] burgers vector in the GND maps (in Figures 5 and
6). The MIPFs (Figure 3) reveal elevated densities between [010] and [001], suggesting dominant slip
systems with [100] burgers vectors forming subgrain boundaries. The main peaks in the MIPFs
correspond to [010] misorientation axes. These [010] misorientation axes combined with the
observation that the subgrain boundaries are perpendicular to the [100] axis in the HR-EBSD maps
result in a dominant (001)[100] dislocation type in the formation of subgrain boundaries.

Screw dislocations play a role in the formation of subgrain boundaries as well. The MPFs (Figure 4)
suggest a combination of twist walls and tilt walls, meaning that both edge and screw dislocations are
important in subgrain boundary formation. HR-EBSD reveals high GND densities for both types of
screw dislocations in the samples, localized in the high-density bands. Wallis et al. (2017) reveals strong
correlations between the two screw dislocation types and the (001)[100] edge dislocations in an
experiment on a deformed olivine single crystal at a temperature of 1000°C, where low-temperature
plasticity likely occurred. This correlation means that the dislocations interact with each other via glide
forces (as described by the Peach-Koehler equation in Peach & Koehler, 1950). In their research, Wallis
et al. (2017) discuss that these correlations result from mixed boundaries of twist and tilt walls,
corresponding to the interpretations in the current research.

Wallis et al. (2017) also demonstrates that the stress fields of the (100)[001] and (001)[100] edge
dislocations can interact via glide forces. Figure 7 of the current research reveals that that these two
dislocation types together form a shared banded structure, which is likely caused by this interaction
via glide forces. The orientation of the banded structures are observed to be, similar to the subgrain
boundaries, perpendicular to the [100] direction. This orientation suggests that the (100)[001] edge
dislocations form slip bands at the same locations where the (001)[100] edge dislocations pileup
towards subgrain boundaries. Because of the stress interactions via glide forces, both dislocation types
will contribute to the build up of stresses. As mentioned before, screw dislocations also interact with
the edge dislocation types, contributing to the build up of stress as well. All of these interactions will
make glide more difficult where the dislocations pile up, resulting in strain hardening.

Other similarities between the current research and the sample deformed at 1000°C of Wallis et al.
(2017) are found in the banded structure of the samples and the stress heterogeneity. Similar to the
current research, Wallis et al. (2017) reveals equally spaced bands (on the scale of several
micrometres) of elevated GND density with alternating burgers vectors. In the experimental results
there are multiple sets of structures, but the current research contains only one clear set of banded
structures. In this set the edge dislocations with a [100] burgers vector seem to contribute to subgrain
boundaries at the same location where the edge slip systems with a [001] burgers vector form slip
bands. However, the banded structure results in local stress heterogeneities of hundreds of MPa’s on
a length scale of a couple micrometres, similar to Wallis et al. (2017), Wallis et al. (2019b) and Wallis
et al. (in prep.). Some of these experiments result in higher stress heterogeneities, but they also have
much greater macroscopic differential stresses.
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Figure 9 presents an interpretation of the GND density map of the (001)[100] edge dislocations, as
presented in the results in Figure 6. This dislocation type is, as mentioned before, most likely the
dominant slip system in subgrain boundary formation as a result from the HR-EBSD data and the MIPFs.
The subgrain boundary is present in both figures 9A and 9B at number 4, organised as a column of
aligned dislocations. This is the commonly accepted structure for edge dislocations forming a tilt
boundary. On the right of the subgrain boundary the GND density is low, but on its left side there are
two bands of high GND density with opposing burgers vectors (coloured red and blue in Figure 9A).
These two bands are indicated by the numbers 1 and 3. The area in between them, indicated by
number 2 in the figure, has a low GND density, but probably consists of dipole pairs of dislocations.
These dipole pairs need dislocation climb to annihilate, which is minimal at the relatively low
temperature of the sample. Dipole pairs do not contribute to the lattice curvature and therefore do
not create a high GND density. Similar to the dislocation decorated samples in Figure 4, the dislocations
pile up towards the subgrain boundary which acts as an obstacle. The stress fields of the individual
dislocations interact with each other, creating back stresses. These back stresses are horizontal in this
figure, since the burgers vector of the dislocations here are also horizontal. This compares well to the
observed shear stresses (012) in Figure 6, which reveal heterogeneity also perpendicular to the subgrain
boundary. Furthermore, the (010)[100] edge dislocations in Figure 6 have a similar structure as the
(001)[100] dislocations. Wallis et al. (2017) demonstrates that the stress fields of these two dislocation
types are unable to interact with each other via glide forces. However, both of these dislocation types
interact with the [100] screw dislocations, raising the question how much the (010)[100] edge
dislocations contribute to the strain hardening.

A B

(001)[100] edge :J_:
Back stress N

«— — 1

T T 71 L

| | | L' L

GND density (x10'3 m™)

Figure 9: Interpretation of the GND density of the (001)[100] edge dislocation type. A) The same GND
density map as in Figure 6. The numbers in the map correspond to the numbers in the interpretation
on the right. B) The simplified interpretation of the structure of the dislocations. Number 1 in this figure
illustrates the structure of the band of dislocations with a negative sign, number 2 the dipole pairs of
dislocations, number 3 the band of dislocations with a positive sign and number 4 the subgrain
boundary. The burgers vectors are horizontal in this figure, causing the dislocations to pile up, creating
back stresses in the same orientation.
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The dominant slip system found in this research, (001)[100] edge, correlates with an E-type CPO. The
conditions of this type of CPO match the expectations of the geological setting, where it often
corresponds to a wet environment and relatively low stress (Bernard et al., 2019). The conventional
EBSD analysis on CPO types (Figure 3) does however result in a dominant B-type CPO. This can be the
result of a different deformation phase, since it would be expected for rocks in this setting to have
seen multiple deformation phases. The presence of at least one other deformation phase can also
explain the different set of more chaotic oriented dislocations observed in the decorated samples
(Figures 4A and 4C).

The distance from the metamorphic sole does not seem to change the microstructure significantly,
based on the results of this research. As the distance from the sole increases, the petrology of the
peridotites changes (Ambrose et al., 2018) as well as the influence of the sole itself in terms of
temperature. The conventional EBSD results (Figure 3) reveal that the dominant CPO type and
misorientation axes are clearest close to the sole, but do not clearly shift to other outcomes further
from the sole. The results of the oxidation decoration also demonstrate that the structures are similar
in the samples, regardless of their distance from the sole. Therefore this research assumes that the
HR-EBSD data at 51 m from the sole is representative for the other samples as well.

Overall, the results of the current research on natural peridotites corresponds well to the experimental
research on olivine (e.g., Wallis et al., 2017, 2019b, in prep.; Hansen et al., 2019). The microstructures
in the samples contain a significant heterogeneity in dislocation density and residual shear stress on a
scale of a few micrometres, of which the latter reaches differences of several hundreds of megapascals.
Analysis of the residual shear stresses indicates a relation between the probability and the high
stresses (Figure 8), meaning that P(o1,) « 01,3, This relation indicates that the stress heterogeneity is
most likely caused by long-range interactions between dislocations (Wallis et al., in prep.), illustrated
as the back-stresses in the conceptual model in Figure 9. This means that the natural peridotites used
in this research support the applicability of the new flow law for transient creep in olivine (Figure 1),
based on the back stresses between dislocations (Hansen et al., 2019).

These results might not only be applicable to the low-temperature locations within the subduction
zone, but also to the locations where the temperatures are higher. Previous research on
experimentally deformed olivine demonstrates that samples deformed at 25°C and samples deformed
at 1150-1250°C exhibit very similar stress heterogeneities (Wallis et al., 2019b, in prep.). The current
research, with naturally deformed peridotites at 770-990°C, contributes to these experiments by
demonstrating the relevance for natural settings. These results combined suggest that the flow law is
applicable at higher temperatures as well, where the microstructures might however be less
preserved. With this temperature range and the demonstrated relevance to natural rocks, the new
flow law by Hansen et al. (2019) improves large-scale modelling of plate-boundary fault zones by
including short-term, time-dependent stress and strength changes.
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5. Conclusions

This research demonstrates that olivine deformed at low temperature in natural peridotites contains
similar microstructures compared to experiments on low-temperature plasticity in olivine. The
dislocations in the natural samples form a banded structure of high dislocation density parallel to the
[001] direction, where the (001)[100] edge dislocations and both types of screw dislocations are found
to be dominant in subgrain boundary formation. Both the experiments and the natural samples contain
stress heterogeneities of hundreds of MPa’s on a length scale of only a few micrometre. Analysis of
the residual shear stress reveals that the stress heterogeneity originates from long-range interactions
between dislocations (i.e., back stresses). This supports the applicability of the new flow law for low-
temperature plasticity in olivine.
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Appendix: Supplementary material
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Figure S1: LH17 HR3. HR-EBSD results of a part of the grain in figure 5 (sample LH17, located 51 m
from the metamorphic sole). The six maps on the top show the GND densities of the different slip
systems, where the colours indicate a positive or negative direction of the burgers vector. The crystal
orientation is shown in the top right and below it the total GND density is shown. The third row of
maps show the lattice rotation, wj, in which grain boundaries (i.e., local misorientations greater than
10 degrees) are shown. The black dot shows the reference point for the calculations of the lattice
rotations. The bottom row shows the residual stress, oj, where a1 represents the residual shear
stress. The step size is 0.7 um and the number of datapoints is 2304 (72X 32).
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Figure S2: LH17 HR4 _mapl. HR-EBSD results of a part of the grain in figure 5 (sample LH17, located
51 m from the metamorphic sole). The six maps on the top show the GND densities of the different
slip systems, where the colours indicate a positive or negative direction of the burgers vector. The
crystal orientation is shown in the top right and below it the total GND density is shown. The third row
of maps show the lattice rotation, wj, in which grain boundaries (i.e., local misorientations greater
than 10 degrees) are shown. The black dot shows the reference point for the calculations of the lattice
rotations. The bottom row shows the residual stress, oj, where g1, represents the residual shear
stress. The step size is 0.4 um and the number of datapoints is 5000 (100X 50).
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Figure S3: LH17_HR5. HR-EBSD results of a different grain than figures 5, 6, 7, S1 and S2, but in the
same sample (sample LH17, located 51 m from the metamorphic sole. The six maps on the top show
the GND densities of the different slip systems, where the colours indicate a positive or negative
direction of the burgers vector. The crystal orientation is shown in the top right and below it the total
GND density is shown. The third row of maps show the lattice rotation, wj, in which grain boundaries
(i.e., local misorientations greater than 10 degrees) are shown. The black dot shows the reference
point for the calculations of the lattice rotations. The bottom row shows the residual stress, o;, where
o2represents the residual shear stress. The step size is 0.6 um and the number of datapoints is 2100
(60%35).
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Crystal orientation
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Figure $3: LH28 HR. HR-EBSD results of a grain in sample LH28, 469 m from the metamorphic sole.
The six maps on the top show the GND densities of the different slip systems, where the colours
indicate a positive or negative direction of the burgers vector. The crystal orientation is shown in the
top right and below it the total GND density is shown. The third row of maps show the lattice
rotation, wj, in which grain boundaries (i.e., local misorientations greater than 10 degrees) are
shown. The black dot shows the reference point for the calculations of the lattice rotations. The
bottom row shows the residual stress, oj, where a1 represents the residual shear stress. The step size
is 1.2 um and the number of datapoints is 10500 (150% 70).
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Figure S4: Oxidation decoration results of sample LH18, 22 m from the sole. Figure 4A is zoomed in on
the central part of LH18_001 here and Figure 4B is zoomed in on the central part of LH18 004 here.

27



LH17_015

5um

Figure S5: Oxidation decoration results of sample LH17, 51 m from the sole. Both of the figures here
contain a lot of surface imperfections, which show as bright white dots with (in contrast to the more
dull white dots and lines which are dislocations).
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Figure S6: Oxidation decoration results of sample LH17, 51 m from the sole. Figure 4C is zoomed in on
the top right of LH17 023 and Figure 4D is the same as LH17 _027.
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8, located 469 m from the sole
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Figure S8: Oxidation decoration results of sample LH28, located 469 m from the sole. Figure 4F zooms
in on the central top part of LH28_018.
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