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Abstract we have reanalyzed samples previously used for a quartz recrystallized grain size
paleopiezometer, using electron backscatter diffraction (EBSD). Recrystallized and relict grains are
separated using their grain orientation spread, which acts as a measure of intragranular lattice distortion and
a proxy for dislocation density. For EBSD maps made with a 1 um step size, the piezometer relationship is
D=10>21=041. 51412021 (£5r root-mean-square mean diameter values). We also present a “sliding
resolution” piezometer relationship, D= 1022 *031. 57 152%026 {3t combines 1 um step size data at coarser
grain sizes with 200 nm step size data at finer grain sizes. The sliding resolution piezometer more accurately
estimates stress in fine-grained (<10 um) samples. The two calibrations give results within 10% of each
other for recrystallized grain sizes between 10 pm and 100 pm. Both piezometers match the original light
optical microscopy quartz piezometer within error.

Plain Language Summary Constraining stress magnitudes imposed during the high-temperature
creep of rocks in the lithosphere is crucial to our understanding of tectonics. Stress magnitudes can be
constrained by their inverse relationship with recrystallized grain size: a method known as paleopiezometry.
Quantitative microstructural analysis of deformed rocks is now routinely carried out using electron
backscatter diffraction (EBSD): a scanning electron microscope technique. We outline a procedure for
quantifying mean recrystallized grain size from EBSD data and provide the first EBSD-based paleopiezometer
calibration, in this case for quartz. Our empirical piezometer calibration can be used to robustly quantify
stress magnitudes driving quartz deformation at the time of recrystallization.

1. Introduction

Recrystallized grain size paleopiezometry [Luton and Sellars, 1969; Twiss, 1977; Ranalli, 1984; Stipp et al., 2010]
provides some of the only constraints on the magnitude of differential stress in the nonseismogenic parts of
the lithosphere [Kohlstedt and Weathers, 1980; Hacker et al., 1992; Stipp et al., 2002; Behr and Platt, 2011; Kidder
et al, 2012; Cross et al., 2015a]. Mylonites that are used for paleopiezometry studies often have a population
of relict grains and a population of finer recrystallized grains. Separating these populations by a grain size
threshold causes a truncation of the grain size distributions at their upper or lower ends, for recrystallized
and relict grains, respectively, thereby skewing differential stress estimations [Lopez-Sanchez and Llana-
Funez, 2015]. Furthermore, this approach becomes increasingly difficult as the recrystallized and relict grain
size distributions overlap. For statistical robustness, we need a method of isolating relict and recrystallized
grain populations that is independent of the grain size measurement and the degree of overlapping of dif-
ferent grain populations.

Electron backscatter diffraction (EBSD) has become a widely available and well-established method for
quantifying rock microstructure [Prior et al., 1999, 2009]. EBSD data can be used to quantify the intensity of
intragranular lattice distortion [Wheeler et al., 2009; Wright et al., 2011] and may, therefore, provide an inde-
pendent method for characterizing grains as relict or recrystallized: we would expect relict grains to have
greater internal distortion than recrystallized grains. Indeed, this is the basis of routines used to isolate recrys-
tallized grain fractions in deformed and then recrystallized metals [e.g., Field et al., 2005].

EBSD maps are also commonly used to characterize grain size distributions in mylonites [e.g., Halfpenny et al.,
2006; Cross et al., 2015b]. However, the application of EBSD measurements to estimate paleostress values is
problematic as no available paleopiezometer is based on EBSD grain size measurements: all use other
approaches (e.g., optical microscopy and computer integrated polarization (CIP) [Heilbronner and Pauli, 1993]).
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Table 1. List of Samples Together With Differential Stress [From Stipp and Tullis, 2003; Stipp et al., 2006] Together With EBSD Step Size, Area, Indexing Rate, and
Statistics Extracted From EBSD Data®

Raw Total  No. of No. Stipp EBSD EBSD EBSD EBSD EBSD EBSD
Stress Step Area  Indexing No.of Relict ofRex. andTullis RMS  Arithmetic Geometric Median Mode Error

Sample (MPa) Size (mmz) Rate (%) Grains Grains Grains d (um) d (um) d (um) d (um) d(um) d(um) 1o (um)
W1126 34+ 16 1 umb 361 97.1 1064 236 828 46 £ 15 61.0 535 455 49.0 5.16 29.5
200 nm 0.096 95.0 64 22 42 259 18.1 7.28 6.84 0.939 19.0
W1143 58 +18 1 pmb 1.40 97.9 1615 255 1360 199 + 49 27.5 22.2 18.0 18.1 4.48 16.2
200 nm  0.096 98.3 99 25 74 26.1 21.0 17.0 17.5 2.82 15.7
W1066 60+ 15 1 umb 2.70 97.3 5973 1201 4772 18+5.5 18.2 15.9 13.6 14.2 3.39 8.82
200 nm 0.104 85.1 193 71 122 17.9 15.8 13.6 13.9 3.72 8.61
W1025 87 %17 1 pmb 2.24 97.1 3639 807 2832 136+40 183 16.0 13.7 14.3 846 8.85
200 nm  0.060 98.2 149 52 97 15.5 13.1 11.0 10.0 2.77 837
W1024 102+9 1 pmb 1.28 96.4 3832 769 3063 116 £3.2 12.6 11.0 9.55 9.84 3.04 6.10
200 nm 0.112 96.8 396 115 281 10.8 9.64 8.54 8.77 1.94 4.94
W1029 130+ 13 1 pum 1.20 96.0 7491 1328 6163 9.0+24 9.83 8.70 7.67 7.74 2.88 4.58
200 nmb 0.104 96.2 739 185 554 8.37 744 6.58 6.61 1.51 3.83
W1081 139+24 1 umb 0.898 96.6 2339 497 1842  69+20 734 6.57 5.89 5.88 2.82 3.27
200 nm 0.096 97.5 238 82 156 6.13 545 4.81 4.74 1.1 2.82
W1050 149+18 1 um 0.894 93.7 6104 762 5342 5013 6.09 532 4.81 4.58 2.52 297
200 nm® 0086 91.9 943 234 709 4.63 4.14 3.71 3.65 0.492 2,07
W1051 189 + 30 1 um 0.905 85.0 8641 1114 7527 46+ 1.1 5.03 461 4.32 413 2.28 2.01
200 nmb 0.096 89.4 1449 299 1150 3.53 3.19 2.89 2.89 0.711 1.51

@Measurement errors in differential stress and grain size (1 standard deviation) are indicated.
EBSD data used to define the sliding resolution piezometer.

Here we define two EBSD-based piezometers for quartz by reanalyzing samples used to calibrate the
empirical piezometer of Stipp and Tullis [2003] and Stipp et al. [2006], using internal distortion to separate
relict and recrystallized grain populations.

2. Materials and Methods

We reanalyzed, using EBSD, nine of the experimental samples that were originally deformed and analyzed by
Stipp and Tullis [2003] and Stipp et al. [2006] to define a quartz recrystallized grain size piezometer. Samples
are listed in Table 1, and experimental details are summarized by Stipp et al. [2006]. The original Stipp and
Tullis thin sections were polished with colloidal silica [Lloyd, 1987] and coated with a thin layer (~5 nm) of car-
bon. EBSD data were collected on a Zeiss SIGMA VP field emission gun scanning electron microscope using
30 kV accelerating voltage and ~90 nA beam current. EBSD patterns were collected on a NordlysF camera and
processed and indexed using Oxford Instruments AZTEC software. Each sample was mapped at reconnais-
sance scale (10-30 um step size) to select an area of about 2 by 0.7 mm: roughly equivalent to the area
occupied by 300 grains in the undeformed Black Hills Quartzite starting material (69 + 24 um mean grain size)
[Stipp and Kunze, 2008]. This area was mapped with a 1 um step size, before a subarea of about 0.7 by 0.2 mm
was mapped at a 200 nm step size.

The raw data are of a very high quality (Figure 1) with >95% of pixels typically indexed (Table 1) and a neg-
ligible misindexing rate. Data collection rates were about 25 patterns per second. After EBSD mapping, rec-
tangular areas of contamination were visible in the optical microscope and correspond to the areas scanned
by the beam during EBSD mapping. We measured the dimensions of these rectangles and compared them
with the dimensions of the EBSD maps to estimate the magnitude of distortion (related to the electron optics)
in the SEM images and EBSD data. There is a small distortion; however, the impact on any grain size measure-
ments is less than 1%, so no corrections were made.

Grains are constructed from raw EBSD pixel data using a Voronoi decomposition algorithm [Bachmann et al.,
2011] implemented within the open-source MTEX toolbox for MATLAB (http://mtex-toolbox.github.io/). We
allow full interpolation of the data (to fill in all nonindexed space) and define high-angle grain boundaries
by a critical misorientation of 10° [White and White, 1981; Shigematsu et al., 2006]. Next, we remove grains
comprised of 1 pixel (wild spikes) and then reconstruct grains using the same parameters as before.
Dauphiné twin boundaries are removed by merging grains separated by a 60° + 5° rotation around the
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Figure 1. Example EBSD map data, from sample W1051 (189 MPa), collected with a 200 nm step size. (a) Inverse pole figure
(IPF) map showing crystal orientations with respect to the shortening axis (vertical). (b) Map of the misorientation between
each pixel and the mean orientation of their parent grain (mis2mean). Black lines are grain boundaries; red lines are
Dauphiné twin boundaries. (c) Grain orientation spread (GOS) for each grain, colored relative to the GOS threshold (white)
between recrystallized (blue) and relict (red) grains. (d) GOS-separated recrystallized and relict grains; twin boundaries have
been removed. White areas are poorly indexed and excluded from the analysis.

<0001> axis. Although Dauphiné twins may play a role in recrystallization [Lloyd, 2004; Stipp and Kunze, 2008;
Menegon et al., 2011], they are not visible using light optics and have been excluded here to provide best
comparison with the original piezometer.

By allowing full interpolation of the data in the Voronoi grain definition algorithm, a small number of poorly
constrained grains are produced in regions of sparse pixel coverage. We remove these grains based on the
fraction of their area covered by indexed pixels, following the methodology introduced by Cross et al.
[2015a]. Grains containing fewer than 4 indexed pixels were also removed, as these may result from misin-
dexing. An example of a resultant grain population is shown in Figure 1d.

Recrystallized (i.e., low strain) grains are separated from relict (i.e., high strain) grains by quantifying the
degree of intracrystalline lattice distortion in each grain. Intracrystalline lattice distortion is proportional to
dislocation density and can be visualized using the MTEX “mis2mean” property (Figure 1b), which gives
the misorientation angle between every pixel in a grain and the mean orientation of that grain. We calculate
the grain orientation spread (GOS) of each grain (Figure 1c), which is equivalent to the average mis2mean
value of each grain [Wright et al., 2011] (Figure S1) and is insensitive to the EBSD indexing rate and step size
(see Text and Figure S1 in the supporting information). Next, we use a trade-off curve to calculate a threshold
GOS value, which separates recrystallized and relict grains (Figure 2a). Plotting the GOS threshold versus dif-
ferential stress for all samples (Figure 2b) reveals a positive correlation, reflecting an overall increase in lattice
distortion with stress, corresponding to an increase in dislocation density.

Figure 3 shows the separated relict (red; GOS > threshold) and recrystallized (blue; GOS < threshold) grain
populations for a low and high stress sample. Figure 1d illustrates these populations on an EBSD map for
the high stress sample. An average recrystallized grain size is quantified by removing all border grains (grains
that are truncated at the map edge) and calculating the root mean square (RMS) of the remaining recrystal-
lized grains. No stereological correction is made here. The RMS grain size is used for consistency with the
original Stipp and Tullis [2003] dislocation creep regime 2-3 piezometer of quartz.
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Figure 2. (a) A cumulative plot of the number of grains versus the grain orientation spread (GOS). The knee in the curve
(the point furthest from a line connecting the ends of the trade-off curve) gives the threshold between recrystallized
and relict grains. (b) Plotting differential stress versus the GOS threshold for the nine experiments reveals a positive
correlation reflecting an overall increase in intragranular distortion with stress.

3. Results: Separation of Relict and Recrystallized Grain Populations

Maps of relict and recrystallized grains (Figure 1d) and grain size distributions (Figure 3) for all samples, both
from 1 um and 200 nm step size data, are shown in Figure S2. RMS and other statistical measures of average
grain size are listed in Table 1. In all cases, visual inspection of the maps and grain size histograms suggest
that the GOS-based separation of recrystallized grains is reasonable. Grains defined as recrystallized grains
are all small. Relict grains are mostly large but include a significant population of small grains. Some of these
small relict grains may represent recrystallized grains that formed early in the deformation history and
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Figure 3. Log g grain size distributions for (a and b) high stress (W1051; 189 MPa) and (c and d) low stress (W1126; 34 MPa)
example data sets. Figures 3a and 3c are the grain size distributions for the entire grain population, which are separated
into relict and recrystallized grain size distributions in Figures 3b and 3d. Relative frequencies (Figures 3b and 3d) are
calculated with respect to the number of grains in each subpopulation, to “amplify” the relict grain histograms (red) which
have a low relative abundance. Histograms are fitted with kernel density estimator functions for comparison with the RMS
recrystallized grain size (white dashed line).
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subsequently accumulated strain. Additionally, some of the small relict grains may belong to larger relict
grains in three dimensions. A rough estimate of the proportion of apparently small (i.e., due to a cutting
effect) relict grains can be made by drawing intercept lines on an EBSD map. For the map in Figure 1,
approximately 20-25% of relict grains have intercept lengths less than one fifth of the maximum diameter
measured for that grain. In contrast, 80% of the relict grain population overlaps the recrystallized grain popu-
lation (Figure 3a). These observations are consistent with the proportion of small relict grains measured in
two dimensions being a true reflection of the proportion in three dimensions. Comparisons of 2-D and 3-D
mylonite microstructure data sets [Berger et al., 2011] give similar results.

The GOS method is effective at deconvolving two overlapping grain size distributions, assuming that the two
grain populations have quantifiably different magnitudes of internal distortion (dislocation density), as would
be expected for experimentally or naturally deformed samples containing an original population of quartz
grains that are not fully recrystallized [Hirth and Tullis, 1992] or for statically recrystallized deformed metals
[Field et al., 2005]. In theory, this method should be particularly useful at low stresses where bulk grain size
distributions appear unimodal (Figure 3c), such that separating relict and recrystallized grains would not
be robust with a conventional grain size cutoff method and would be difficult by other purely statistical
means. In practice, however, the degree of error increases as stress decreases because the amount of
intragranular misorientation approaches the angular resolution limit (nominally ~0.5°) of conventional
EBSD [Humphreys, 2004]. This effect may compromise grain separation in the lowest-stress sample presented
here (W1126), where recrystallized grain sizes are very similar to those of the starting material used in these
experiments. However, sample W1126 exhibits optically visible subgrains and grain boundary bulges that are
not present in the starting material [see Stipp and Kunze, 2008], as well as low-GOS (recrystallized) grains that
are similar in size to these features. These microstructures imply that the grain separation in W1126 is robust,
and not an artifact of local variations in EBSD indexing accuracy. Nevertheless, we suggest that high angular
resolution operating procedures [Prior et al., 1999; Wilkinson et al., 2010; Wallis et al., 2016] should give
improved performance for lower stress samples.

The GOS method has a slight grain size bias (Figure S1), which yields higher GOS values for larger grains.
This bias is minor and has little impact on the ability to separate recrystallized and relict populations:
critically, the GOS-based separation of grains will be robust at the overlap of the grain size distributions
where relict and recrystallized grains have similar sizes. In the future it may be worth incorporating fully
scaled measures of lattice distortion, such as the weighted mean burgers vector (WMBV) [Wheeler et al.,
2009]. At present, software tools are not available to apply the WMBV approach automatically to large
data sets.

Additional bias in the GOS method may arise from differences in dislocation density related to crystal
orientation (i.e., hard versus soft orientations) [Kilian and Heilbronner, 2017]. However, the samples analyzed
here have generally weak crystallographic preferred orientations (CPOs) and show no correlation between
grain orientation and GOS value (Figure S3).

4. Results: EBSD-Based Quartz Recrystallized Grain Size Piezometers

RMS mean recrystallized grain sizes for the 1 um and 200 nm step size data are plotted against differential
stress in Figure 4a. The 200 nm step size data yield smaller recrystallized grain sizes than those measured
by Stipp and Tullis [2003], while lower resolution (1 um) maps yield larger recrystallized grain sizes, imply-
ing an effective CIP resolution somewhere in between. Indeed, when working with ultrathin sections as
done by Stipp and Tullis [2003], the CIP resolution is largely controlled by the optical spectrum of around
400 to 700 nm. The largest discrepancies between EBSD and CIP grain sizes occur in lower stress samples,
where recrystallized grains are coarser. This is likely because the distinction of relict and recrystallized
grains (see Figures 3c and 3d) is much harder in these samples, for both optical and electron microscopy
methods. However, both the 1 pm and 200 nm step size data overlap with the original Stipp and Tullis
[2003] CIP-based piezometer within error of the recrystallized grain size and differential stress estimation
(Figure 4a).

An “EBSD 1 pum RMS piezometer” is calculated from the best fit equation to the 1 pm data
(D=1039"*041. 571412021y The 200 nm data do not provide a robust piezometer when used in isolation,
because most maps contain fewer than 300 grains. Expanding the size of 200 nm maps to get robust
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Figure 4. Log-log plots of recrystallized grain size versus differential
stress. (a) The published RMS recrystallized grain sizes measured by CIP
[Stipp and Tullis, 2003] (dashed grey line), and the RMS mean grain sizes
for EBSD defined recrystallized grains extracted from 1 um (dashed blue)
and 200 nm (dashed orange) step size EBSD data. The sliding resolution
RMS piezometer, which incorporates data from the 200 nm maps at the
highest stresses, is shown in black. (b) The sliding resolution piezometer
calculated from RMS, arithmetic and geometric means, and the median
and mode data (equations for all are given in the supporting information
Table S1). Error bars are shown for the Stipp and Tullis CIP data (Figure 4a)
and the sliding resolution EBSD data (Figure 4b).

statistics is impractical, as each of these
maps would require several days to
complete. However, at mean recrystal-
lized grain sizes of <10 um, the 1 um
maps do not capture all recrystallized
grains and overestimate the mean grain
size. In order to account for these
resolution effects, we have defined an
“EBSD sliding resolution RMS piezo-
meter” (D= 10422051 —1.59% 0.26)
that uses the 200 nm data where the
recrystallized grain population contains
>300 grains (W1029, W1050, and
W?1051), and the 1 um data for all other
samples (Figure 4b). The EBSD 1 pm
RMS piezometer and the EBSD sliding
resolution RMS piezometer give stresses
that match to within 10% for recrystal-
lized grain sizes between 10 pm
and 100 pm.

The EBSD sliding resolution RMS piezo-
meter implies a slightly greater stress
sensitivity of grain size than that
reflected in either the EBSD 1 um RMS
piezometer or the CIP-based piezo-
meter [Stipp and Tullis, 2003]. To investi-
gate this, we have performed analyses
to test the effect of EBSD resolution
(i.e., step size) on the stress sensitivity
of the piezometer. In Figure S4, the
1 um step size data have been artificially
degraded to produce data with 2 um,
5 um, and 10 pm step sizes. As step size
increases, the minimum resolvable
grain size increases. Consequently, esti-
mated recrystallized grain sizes become
increasingly overestimated in the
higher stress data, as the “true” recrys-
tallized grain sizes fall below resolution
limit of the degraded data (Figure S5).
These results demonstrate that the
piezometer with the greatest stress
sensitivity (the sliding resolution piezo-
meter, in this case) is that which most
reliably captures recrystallized grains,
particularly at high stresses.

If the sliding resolution piezometer is
used, EBSD maps should be collected

at a step size that captures all grains in the population. Inspection of our data suggests that the step size
needs to be smaller than one fifth of the diameter of smallest grains in the recrystallized grain size population.
Piezometers derived using other statistical measures [Ranalli, 1984; Berger et al., 2011] of average grain size
are calculated from the same data used to calculate the sliding resolution piezometer and are shown on

Figure 4b for comparison.

CROSS ET AL.

EBSD-BASED QUARTZ GRAIN SIZE PIEZOMETER



@AG U Geophysical Research Letters

10.1002/2017GL073836

Acknowledgments

A pilot study of these samples, which
led directly to this work, was carried out
by Vicki O'Connor for a fourth-year
project at the University of Liverpool.
Marsden Fund UOO1116, granted to
Prior by the Royal Society of New
Zealand, supported the detailed work
presented here. Brent Pooley repolished
the samples. Kat Lilly, Marco Brenna,
and Richard Easingwood provided SEM
support. We are indebted to Jan Tullis,
whose work on the original quartz
piezometer calibration made this study
possible. This manuscript benefited
from constructive reviews by Luca
Menegon and Sergio Llana-Funez. The
EBSD data presented here can be
obtained upon request from the
authors.

We recommend the following treatment of EBSD data for obtaining paleostress estimates in quartz
mylonites:

1. Collect EBSD maps at a step size that allows measurement of all recrystallized grains. Step size should be
smaller than one fifth the diameter of the smallest recrystallized grains.

2. Use the grain orientation spread (GOS) to separate relict and recrystallized grains (ideally following the
procedure outlined above) and calculate a mean recrystallized grain size. The MTEX script used here is
included in the supporting information (“RexRelict.m”).

3. If mean recrystallized grain sizes are greater than 10 um, then either the EBSD 1 um RMS piezometer or
the EBSD sliding resolution RMS piezometer can be used. If recrystallized grain sizes are less than
10 um, the EBSD sliding resolution RMS piezometer is recommended.

The methods outlined here are applicable to samples where there is a clear relict grain and recrystallized
grain population. In completely recrystallized samples, differential stress can be found by taking the mean
grain size without the need for grain separation. In naturally deformed samples the method is applicable
to samples with bulging and subgrain rotation recrystallization microstructures following Stipp et al. [2002,
2010]. Significant caution is needed in applying these methods to samples where dislocation densities are
low, for example, within the high-temperature, grain boundary migration regime for quartz [e.g., Little
et al., 2015]. In all cases, caution should be exercised to ensure that the mean grain size accurately represents
the recrystallized grain population. Specifically, the mean recrystallized grain size should lie close to the peak
of a unimodal recrystallized grain size distribution [Lopez-Sanchez and Llana-Funez, 2015]. In scenarios where
the smallest grains are not measured, or where a subpopulation of larger grains is included in the analysis,
mean values will overestimate grain size and, therefore, underestimate stress.

EBSD calibrations would be very useful for other commonly applied recrystallized grain size piezometers
[Schmid et al., 1980; Van der Wal et al., 1993; Rutter, 1995; Post and Tullis, 1999]. The procedures outlined here
provide a framework for establishing EBSD-based piezometers for other crystalline materials. The EBSD data
also provide a good foundation to assess the role of specific material processes and driving forces in control-
ling the (recrystallized) grain size-stress relationship [De Bresser et al., 2001; Austin and Evans, 2007].

5. Conclusions

1. The grain orientation spread (GOS) provides a measure of intragranular lattice distortion that is largely
grain size independent. The GOS can be used to distinguish relict grain and recrystallized grain popula-
tions in quartz samples (and likely in other mineral phases also), in cases where the two populations have
quantifiably different magnitudes of intragranular lattice distortion.

2. We have provided methods and calibrations for two EBSD-based quartz recrystallized grain size piezo-
meters. A calibration (EBSD 1 um RMS piezometer) is provided for EBSD data collected with a 1 um step
size. Use of the EBSD sliding resolution RMS piezometer requires that data are collected at a step size that
captures the entire grain population: we recommend using a step size smaller than one fifth of the
diameter of the smallest recrystallized grains.

3. The EBSD-based quartz recrystallized grain size piezometers match the published piezometer of Stipp and
Tullis [2003] within experimental error. The biggest differences between calibrations are at low stresses
and large recrystallized grain sizes where the magnitude of intragranular lattice distortion is below the
angular resolution of conventional EBSD.
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