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Intracrystalline deformation 
microstructures in natural olivine 
with implications for stress 
estimation
Jian Ma 1, Wenlong Liu 1, Yi Cao 1*, Junfeng Zhang 1 & Chuanzhou Liu 2,3,4

Constraining the stress related to lithospheric deformation in natural rocks is key to develop and 
test a geodynamic model. However, the cautions of extrapolating piezometers that are established 
on experimental samples to natural rocks are less addressed. In this study, we investigated the 
microstructures of a natural harzburgite sample using the electron backscatter diffraction (EBSD) 
technique. Subgrain boundary (SGB) geometries suggest large percentages of (010)[100] and {0kl}
[100] dislocation slip systems in olivines. More importantly, multiple low-angle misorientation 
boundaries (LAMBs) variants are recognized for the first time in olivine based on their distinctive 
characteristics with the change of EBSD mapping step size. The LAMBs that exist at a small step size 
(≤ 1 μm) are mostly equivalent to real SGBs, while other LAMBs that appear only when the step size is 
larger (> 1 μm) are artificial SGBs. Besides, the former develop mainly in the high LAMB density grains, 
whereas the latter are mostly found in the low LAMB density grains. This result reinforces the previous 
knowledge that the stress calculated using subgrain-related piezometers is meaningful only when real 
SGBs are captured at sufficiently small step size. Furthermore, we provide a proof of concept that SGB 
density and kernel average misorientation (KAM) are two viable metrics to estimate stress. These two 
alternative piezometers, which still need calibrations using the experimentally deformed samples, are 
anticipated to have wide applications in natural rocks.

A vital part of geodynamics research is to quantitatively determine the tectonic stress that caused the past and 
present deformation in the crust and lithospheric  mantle1–4. The presence of experimentally calibrated correla-
tions between the stress and deformation microstructures (i.e., piezometers), suggests that tectonic stress condi-
tions in the deformed rocks can be inferred from the latter. Hitherto, various piezometers have been proposed, 
among which three are most frequently used.

The first is the dislocation density piezometer. It is based on the relation between the density of a line defect 
(i.e., dislocation) and the stress in minerals such as  olivine5–8 and  quartz6. A higher dislocation density implies 
a larger stress. The second is the dynamically recrystallized grain size piezometer, which is based on an inverse 
empirical relation between stress and the grain size of dynamically recrystallized minerals in a mono-phase aggre-
gate, such as  olivine1,9–11,  calcite12,  hematite13,  orthopyroxene14,15, and  quartz16–18. The third is the subgrain-size 
piezometer, which is built on the empirical relation between the spacing (i.e., subgrain size) of adjacent low-angle 
boundaries (i.e., subgrain boundary (SGB) or dislocation wall) in the minerals and stress. This piezometer has 
also been calibrated for  olivine6,10,11,19–21,  quartz19,22 and  calcite12,23. Similarly, there is also an inverse correlation 
between subgrain size and stress.

The deformation microstructures (i.e., dislocation density, dynamically recrystallized grain, and subgrain 
size) with relevance to the above piezometers can be measured by direct observations under optical microscope 
e.g.7,10–12, scanning electron microscope e.g.24, and transmission electron microscope e.g.7,9,25,26. Besides, they 
can also be calculated indirectly via high-angular resolution electron backscatter diffraction (EBSD)27 and/or 
traditional EBSD  mapping13,14,16,19.
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In this study, we investigated the deformation microstructures, especially the characteristics of low-angle 
misorientation boundaries (LAMBs) in olivine, of a natural harzburgite sample collected from the Yarlung 
Zangbo suture zone in the Tibetan Plateau (the sample location is shown in Fig. A1 and see Supplementary 
Text for more detailed geological background and sample information). Based on these results, we clarified the 
influence of EBSD mapping parameters, especially step size, on the observed LAMB features and its implications 
for stress estimations, and proposed other potential metrics to estimate stress and their cautions when applying 
to natural samples.

Results
Microstructures. The studied sample 13LQ117 shows a fresh harzburgitic composition characterized by 
mainly olivine (~ 78 vol.%) and orthopyroxene (~ 20 vol.%), minor clinopyroxene (~ 1.3 vol.%) and spinel (~ 0.2 
vol.%), and a trace amount of amphibole (Fig.  1a, b; Supplementary Table  S1). It displays a porphyroclastic 
texture, in which large olivine and orthopyroxene grains coexist with their fine-grained counterparts (Fig. 1a, 
b), with mean grain sizes of olivine and orthopyroxene at about 1.5 and 1 mm, respectively (Supplementary 
Fig. S1a, b; Table S1). The olivine long axes are aligned predominantly subparallel to the foliation and lineation 
(Supplementary Fig. S2a). Olivine shows distinct intracrystalline plasticity features characterized by widespread 
undulose extinction and subgrain boundaries (Fig. 1a). The abrupt color variations in the mis-to-mean (M2M, 
i.e., misorientation angle between each pixel and their mean orientation of a grain) map (Fig. 1c) and the bright 
streaks in the kernel average misorientation (KAM, i.e., average misorientation angle between each pixel and its 
nearest neighbors within the grain, depending on the choice of kernel size) map (Fig. 1d) match well with the 
locations of low-angle misorientation boundaries (LAMBs, see Results Section for its definition) (Fig. 1e). The 
unevenly distributed M2M, grain orientation spread (GOS, i.e., arithmetic mean of M2M in a grain), KAM and 
LAMBs reflect heterogeneous and extensive intracrystalline lattice distortions in olivines (Figs. 1c–f and Fig. A2 
in the Supplementary Text). Olivine grains have straight to slightly curved boundaries and are weakly elongated 
(Fig. 1a, Supplementary Figs. S1c, e and Table S1). Notably, the orientations of LAMBs tend to be normal to the 
foliation (Fig. 1e and Supplementary Fig. S2d).

Similar to olivine, orthopyroxene grains have curvilinear boundaries and show some undulose extinction 
and LAMBs (Fig. 1a). Compared with olivine, orthopyroxene grains are smaller in size and have larger shape 
factor and aspect ratio (Supplementary Fig. S1b, d, f; Table S1). Besides, M2M, GOS, KAM and LAMB density 
of orthopyroxene are overall lower than those of olivine (Supplementary Fig. S3). Clinopyroxene lamellae can be 
observed in orthopyroxene, and vice versa. Clinopyroxene grains in the matrix have an irregular shape, a small 

Figure 1.  Microstructures of the studied harzburgite sample. (a) Cross-polarized image showing a 
porphyroclastic texture and extensive undulose extinctions and subgrains in olivine. (b) EBSD phase map 
showing the modal composition. (c) M2M map showing intracrystalline lattice distortions in olivine. 
Distributions of (d) KAM, (e) LAMBs (blue lines) and (f) LAMB density (ρLAMB, see Results Section for its 
definition) are shown for olivine grains. EBSD data were collected using the step size of 15 μm. In (f), the 
numbered boxes denote the analyzed domains of the 22 olivine grains, and colors of the text correspond to the 
three groups of olivine classified by LAMB density.
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mean grain size (~ 170 μm), and rarely develop LAMBs and undulose extinction. Orthopyroxene grains lack a 
discernable shape preferred orientation (Supplementary Fig. S2b), whereas spinel grains are well aligned, marking 
the foliation and lineation (Supplementary Fig. S2c) that are consistent with those defined by the olivine grains.

Crystallographic preferred orientations. In sample 13LQ117, olivine shows a relatively strong CPO 
(J-index ~ 2.46 and M-index ~ 0.12) characterized by a high concentration of [100] axes subparallel to the line-
ation, the girdle-like distribution of the [010] axes with a subordinate concentration sub-perpendicular to the 
foliation (Fig. 2a). This CPO can be classified as A/D-type, which is intermediate between A- and D-type CPOs, 
see  also28,29, and indicated by a high BA-index of 0.64. In comparison, both orthopyroxene (J-index ~ 1.43 and 
M-index ~ 0.02) and clinopyroxene (J-index ~ 2.53 and M-index ~ 0.03) display weaker and more dispersed 
CPOs. For both orthopyroxene and clinopyroxene, the maxima of [001] and [100] axes tend to align subparallel 
to the lineation and subnormal to the foliation, respectively (Fig. 2b, c), which are overall correlated with the 
olivine CPO, i.e., correlations of [001]Opx ‖ [100]Ol and [100]Opx ‖ [010]Ol with some clear obliquities (Fig. 2).

Characteristics of olivine low-angle misorientation boundaries. Variations of LAMBs with step 
size. Distinct from subgrain boundary (SGB), which specifically indicates that a sharp lattice curvature in a 
discrete plane occurs over a short-range wavelength (e.g., < 1 μm in olivine) caused by dense stacking of disloca-
tion  arrays30–34, a low-angle misorientation boundary (LAMB) is defined here as the low-angle boundary whose 
misorientation angle is greater than 1° and less than 10°, derived purely from EBSD data regardless of mapping 
step size. In other words, the descriptive term LAMB has no meaning on the physical origins of the observed 
low-angle boundaries. Otherwise, the unambiguous term SGB is used in the text where its physical meaning 
is specially indicated. In fact, the use of a larger EBSD mapping step size may actually result in artificial SGBs 
(see Discussion). The density of LAMB (ρLAMB) in a grain is defined as the total length of LAMBs divided by the 
analyzed area representing the olivine in the field of view, using the unit μm−1.

For olivine, LAMBs can be observed in both large and small grains in the studied sample and they are mostly 
straight and align sub-perpendicular to the foliation and lineation (Fig. 1e and Supplementary Fig. S2d). Based 
on the density of LAMBs (ρLAMB) at the step size of 1 μm and its slope with step size at 1–5 μm, the 22 analyzed 
olivine grains can be divided into low-ρLAMB (0.169–0.891 ×  10−2 μm−1), medium-ρLAMB (1.27–1.91 ×  10−2 μm−1), 
and high-ρLAMB (2.12–2.66 ×  10−2 μm−1) groups (Supplementary Table S2). In general, low-ρLAMB grains are mainly 
the large grains, whereas the medium- and high-ρLAMB grains are much smaller in size (Fig. 1f). The features of 
LAMBs in three representative grains, grain-1, grain-4 and grain-2, from each group above are shown below.

Accompanied with the decrease of step size from 30 to 1 μm, at least five variants of LAMBs can be observed 
(Fig. 3). Case-1 LAMBs are persistent, as they can exist at all step sizes. Case-2 LAMBs exist only at larger step 
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sizes but fade away gradually with decreasing step size. Oppositely, case-3 LAMBs emerge only at smaller step 
sizes but disappear gradually with increasing step size. Case-4 LAMBs are more complicated as they occur only 
at medium step sizes and vanish at both larger and smaller step sizes. The four LAMB variants above have relative 
stable locations on the map when step size changes. In contrast, some LAMBs (case-5) disappear and seem to 
“split” into two or more LAMBs with decreasing step size. It appears that the LAMBs in the high- and medium-
ρLAMB grains are dominated by case-1 and -3 (Fig. 3b, c), while more case-2 LAMBs appear in the low-ρLAMB 
grains (Fig. 3a). The variation of LAMB density with step size also provides clues on how these LAMBs vary. The 
low-ρLAMB grains show a nearly constant LAMB density (0.0015–0.0018 μm−1, Fig. 3a), which implies a nearly 
balanced disappearance and appearance rate of different LAMB variants with step size. Conversely, LAMB den-
sities in the medium-ρLAMB (0.0046–0.0164 μm−1, Fig. 3b) and high-ρLAMB (0.0017–0.0246 μm−1, Fig. 3c) grains 
vary remarkably with step size, suggesting imbalanced evolutions of different LAMB variants.

Dislocation slip systems inferred from SGBs. As shown in the Discussion below, LAMB is equivalent 
to SGB when the step size is small enough. Therefore, we assume that the LAMBs recovered at the minimum step 
size of 1 μm in this study are predominantly SGBs, from which different dislocation slip systems can be inferred. 

Figure 3.  Five variants (case-1 to -5) of LAMB in three representative (a1–a9) low, (b1–b9) medium and (c1–
c9) high LAMB density (ρLAMB) olivine grains. All grains are color-coded with their orientations. Cavities and 
cracks can cause a minor amount of spurious LAMBs (irregular dots and lines), which become more striking at 
smaller step sizes, due to indexing errors.
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According to the geometrical relation between the SGB trace and the axis of rotation, SGB can be divided into tilt 
(rotation axis aligning subparallel to SGB trace) and twist (rotation axis aligning subperpendicular to the SGB 
trace) boundaries. The analyses of SGBs retrieved at the step size of 1 μm in all 22 olivine grains show that SGBs 
are dominantly tilt boundaries, as their percentages are 60.3–99.9%, 49.8–95.9% and 41.1–88.6% for the low-, 
medium- and high-ρLAMB grains, respectively. Overall, the percentages of tilt boundary are over 80% for most 
grains (Fig. 4a; Supplementary Table S2). The SGB length proportions of edge dislocation slip systems that form 
the tilt boundaries vary greatly among the all 22 grains, i.e., (010)[100] ~ 0–55.7%, (010)[001] ~ 0–6.7%, (100)
[001] ~ 0–10.2%, {0kl}[100] ~ 5.1–98.3%, (001)[100] ~ 0.9–91.6% (Fig. 5a; Supplementary Table S2). When taken 
together, {0kl}[100], (001)[100] and (010)[100] are the majorities, as their average percentages are 52–56%, 
28–31% and 12–14%, respectively (Fig. 5b, c; Supplementary Table S2). Likewise, no obvious correlation between 
the dislocation slip systems and LAMB density is observed.

Relations between KAM, LAMB density, intercept length, and step size. Overall the median 
KAM increases with step size and varies in the ranges of 0.007°–0.37°, 0.009°–0.80° and 0.014°–0.65° in low-, 
medium- and high-ρLAMB grains, respectively (Fig. 6a; Supplementary Table S2). The KAMs in low-ρLAMB grains 
are markedly lower than those in the medium- and high-ρLAMB grains, and the latter two show largely overlapped 
KAM ranges, together implying a moderate correlation between KAM and LAMB density. Besides, KAM fluctu-
ates considerably at step sizes larger than 10 μm in the medium- and high-ρLAMB grains (Fig. 6a).

The LAMB density fluctuates weakly and increases slightly with step size in the low-ρLAMB grains. However, 
in the medium- and high-ρLAMB grains, LAMB density shows striking fluctuation and increment with decreas-
ing step size, which is especially prominent in high-ρLAMB grains (Figs. 3 and 6b). For comparison, the LAMB 
density varies in a large range of from 0 to 9.9 ×  10−3 μm−1, with the area-weighted mean of 4.37 ×  10−3 μm−1 in 
large-area mapping data (grey area and green star in Fig. 6b). This range of LAMB is mostly overlapped with that 
of the 22 olivine grains produced at the step size of 15 μm. The area-weighted mean LAMB density is similar to 
the LAMB density of low-ρLAMB grains, owing to the large area of such grains.

At the step size of 1 μm, the mean intercept length ranges from 88 to 692 μm in the low-ρLAMB grains, whereas 
smaller mean intercept lengths of 37–79 μm and 27–63 μm are found in the medium- and high-ρLAMB grains, 
respectively (Fig. 6c; Supplementary Table S2). This correlation is readily comprehensible, because higher LAMB 
density is equivalent to a narrower spacing between neighboring LAMBs. The intercept length generally decreases 
with the reducing step size, and it fluctuates dramatically at large step sizes in some grains, especially the high- 
and medium-ρLAMB grains, due to their small grain sizes (Fig. 6c).

Stress. At the same step sizes, the stresses calculated by T1979 are larger than those estimated by 
G2020wHK2010 and G2020w/oHK2010 (Fig.  6d–f; Supplementary Table  S2). For the 22 olivine grains and 
at the step size of 1 μm, the average stresses (mean ± one standard deviation) by T1979, G2020wHK2010, and 
G2020w/oHK2010 are 22 ± 15.4, 12.8 ± 7.7 and 9.3 ± 6.5 MPa, respectively. Stress displays a trend of decrease 
with increasing step size, which is especially striking at the small step sizes (Fig. 6d–f). The fluctuations of stress 
with step size are also opposite to those of intercept length (cf. Fig. 6c–f). Because of the higher LAMB density 

Figure 4.  Distributions of the (a1–a3) tilt and twist SGBs and the (b1–b3) inferred dislocation slip systems for 
three representative low-, medium- and high-ρLAMB olivine grains, same as those in Fig. 3. Results are derived 
from the step size of 1 μm.
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and smaller intercept length, stresses of the high-ρLAMB grains are considerably larger than those of the medium- 
and low-ρLAMB grains (Fig. 6d–f). This phenomenon is more pronounced at the step size of 1 μm, where the 
stresses estimated by T1979 are 7.4 ± 4.5, 25.7 ± 6.1 and 42.5 ± 11 MPa for the low-, medium- and high-ρLAMB 
grains, respectively. This difference weakens at the step size of 15 μm (Fig. 6d). The same patterns are found in 
the stresses estimated by G2020wHK2010 and G2020w/oHK2010 (Fig. 6e, f).

Discussion
Deformation mechanism. The porphyroclastic microstructure, undulose extinction, well-developed 
SGBs, and distinct CPOs clearly suggest that deformation is mainly accommodated by dislocation slip. The pres-
ence of an olivine A/D-type CPO is indicative of the activation of dominant (010)[100] and {0kl}[100] disloca-
tion slip  systems35, which is overall consistent with the dislocation slip systems inferred from SGBs (Figs. 4 and 
5). However, the prevalence of the (001)[100] slip system (28–31%) over (010)[100] (12–14%), which was also 
recently reported by Lopez-Sanchez et al.34, is contradictory to the observation of an A-type CPO component. 
The reason for this discrepancy may be related to faster or more extensive recovery of the SGBs consisting mainly 
of the (010)[100] slip system compared to the SGBs composed majorly of the (001)[100] slip system on the geo-
logical time scale, thus more former SGBs than the latter ones evolve into grain  boundaries28. Alternatively, the 
proportion of the different dislocation types in the SGBs needs not be in direct proportion to the activity of the 
different slip systems that accommodate the overall deformation. The reason is that (010)[100] dislocations can 
move unimpededly through the crystal without leaving any (or hardly any) misorientation gradients or disloca-
tion walls (i.e., SGBs)34,36, or that grain-to-grain interaction can activate the hard-slip dislocations and thus vary 
the proportion of different dislocation types in SGBs  locally34. In these cases, the presence of the (001)[100] slip 
system related SGBs does not contradict with the dominant (010)[100] and {0kl}[100] slip systems in the defor-
mation process. This discrepancy has also been recently observed in the experimentally deformed  samples34,37.

The alignments of  [100]Ol,  [001]Opx and  [001]Cpx crystallographic axes subparallel to the lineation indicate 
coeval deformation of olivine and two pyroxenes. However, both orthopyroxene and clinopyroxene are charac-
terized by relatively dispersed CPOs and weaker strength (J-index ~ 2.69 and 2.47) and an oblique angle between 
their [001]-axis maxima and the olivine [100]-axis maximum (Fig. 2). This oblique angle and dispersed CPO of 
pyroxenes are commonly observed in naturally deformed peridotites e.g.28,38–40 and are usually attributed to the 
lower finite strains accommodated by stronger pyroxenes compared with weaker olivine  crystals41,42. The orthopy-
roxene CPO shows maxima of the [001] and [100] axes aligning subparallel to the lineation and subnormal to 
the foliation, respectively (Fig. 2b, also named as Type-AC CPO by Jung, et al.43. This CPO type of orthopyroxene 
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has also been reported in many previous natural peridotite studies e.g.28,40,44,45, indicating that the deformation 
of orthopyroxene is mainly accommodated by the (100)[001] dislocation slip  system46.

Genesis of various LAMBs and their relations to SGB. In this study, we define LAMBs artificially in 
terms of the above-threshold misorientation angles between adjacent pixels that are derived from EBSD map-
ping data. Therefore, the existence and morphology of LAMBs are closely related to the choices of the threshold 
value, mapping position, and step size, and the gradient of lattice orientation in a grain. As described above, 
at least five variants of LAMBs are recognized based on their distinctive evolutions with step size (Fig. 3). The 
feasible origins of different LAMBs are envisioned as below. As step size decreases gradually from large to small 
values, the misorientation angle between adjacent pixels is always greater than the threshold defining a LAMB 
(e.g., 1° in this study) due to a large misorientation gradient, hence LAMB could always exist (i.e., case-1 LAMB, 
Fig. 7a). If there exists a region with a large misorientation gradient and above-threshold misorientation, but the 
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misorientation angle is lower than the threshold at larger step sizes, then LAMB appears only when neighbor-
ing pixels straddle just across the large misorientation gradient region when the step size is smaller (i.e., case-3 
LAMB, Fig.  7c). This case has also been reported when measuring grain size and subgrain size in previous 
 literature16,19,47. Because case-1 and -3 LAMBs occur at a small step size, which suggests the existence of a high 
lattice curvature, these two variants of LAMBs are primarily composed of real  SGBs30–32. On the contrary, when 
the misorientation gradient is relatively low, the misorientation angle between adjacent pixels decreases continu-
ously with the insertion of pixels at smaller step sizes, leading to a gradual disappearance of LAMB (i.e., case-2 
LAMB, Fig. 7b). This variant of LAMB agrees with the definition of a deformation band, which has a gradual 
lattice curvature over a long-range wavelength and can be considered as a transitional texture from undulose 
extinction to SGB during progressive  recovery31. Therefore, a case-2 LAMB is actually not an SGB. For the 
case-4 LAMB, a low misorientation gradient hampers the appearance of an LAMB at the smaller step sizes and 
a below-threshold misorientation inhibits the appearance of an LAMB at the larger step sizes, while an LAMB 
only emerges when above-threshold misorientation is achieved at medium step sizes (Fig. 7d). Since the case-4 
LAMB has no sharp lattice curvature, this LAMB variant is not a real SGB either. The case-5 LAMB is difficult to 
interpret. Over a long distance, multiple real SGBs exist. However, only one LAMB appears when the step size is 
large and its location differs obviously from those of SGBs (Fig. 7e), indicating that this variant of LAMB is also 
an artificial SGB. Dependent on the mapping position, a real SGB can shift its location at large step size, creating 
artificial SGBs (Fig. 7f).

In sum, an LAMB is equivalent to an SGB when the EBSD mapping step size is small enough (case-1 and -3), 
while it develops into various spurious SGBs at larger step sizes (case-2, -4, -5 and more). Besides, it is noted that 
the manner that lattice curvature manifested in EBSD maps is essentially a continuum effect, in that there is an 
endless range of possible distributions and magnitudes of lattice curvature, which can be sampled by a continuous 
range of step size. This fact will generate a wide range of observational effects including and likely going beyond 
the five variants of LAMB observed in this study. The LAMB patterns documented here are explicit and their 
categorization could be helpful to illustrate the key differences among the various LAMBs discovered in this work. 
However, they should not be regarded simply as a discretization of the full continuum effects as mentioned above.

The LAMB variants observed in this study appear to correlate with the LAMB density in the grains (see Sec-
tion of Variations of LAMBs with step size). The LAMBs are mainly case-1 and case-3 (real SGBs) in the high- 
and medium-ρLAMB grains, whereas case-2 LAMBs (artificial SGBs) are more prevalent in the low-ρLAMB grains 
(Fig. 3). At the early stage of deformation or lower strain and stress, dislocation density is low as indicated by a 
sparse distribution of dislocations, the number or density of LAMBs is therefore limited. The dislocations are 
loosely stacked in the vicinity of an LAMB, resulting in a low misorientation gradient and case-2 LAMB repre-
sented deformation bands. As deformation (i.e., strain) advances and stress increases, the dislocation density 
increases correspondingly, and dislocations slip and climb closer to form a narrow dislocation wall. This process 
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Figure 7.  Schematic diagrams explaining the formations of five observed LAMBs (a–e) and another case (f) 
with the variation of EBSD mapping step size. A misorientation threshold of 1° between adjacent pixels is used 
to define LAMB (colored vertical dashed lines) here.
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stacks the previous loose dislocations on the LAMBs more densely and produces a larger misorientation gradient, 
forming case-1 and -3 LAMBs represented SGBs and a high LAMB or SGB density.

Implications for stress estimation. Can KAM be used to estimate stress? Kernel average misorienta-
tion (KAM), which is usually derived from the EBSD mapping data, is an important metric to measure the local 
lattice  misorientation48. It currently has been widely employed to analyze the intracrystalline deformation mi-
crostructures in minerals e.g.49. KAM is thought to result mainly from the geometrically necessary dislocations 
(GNDs) that are caused by stress or plastic deformation, although inherent crystal defects such as solute atom, 
second phase, and grain boundary can also contribute partially to the local lattice curvature or  distortion48. This 
argument is supported by the close relation between KAM and dislocation  density50,51, suggesting that KAM, like 
dislocation density, can be used theoretically as a proxy to constrain stress.

In our sample, high KAM values correspond well with the locations of LAMBs (Fig. 1d, e), implying that KAM 
may also correlate closely with the density of LAMB or SGB, as well as with stress. For step sizes of 1 and 15 μm, 
the correlations between KAM and LAMB or SGB density  (R2 = 0.49 and 0.66, Fig. 8a) are moderate and slightly 
higher correlations between KAM and stress are observed  (R2 = 0.60 and 0.75, Fig. 9a, b). These fair correlations 
may partly be attributed to the arbitrary choice of kernel size over which KAM is calculated. In contrast, KAM 
and grain size are weakly correlated  (R2 = 0.33 and 0.33, Fig. 8b). Compared to grain orientation spread (GOS), 
which is not a viable metric to estimate stress (see Supplementary Text for more explanations), KAM has several 
benefits. First, KAM avoids the problem caused by averaging misorientations over a grain, which can result in a 
low GOS but a high LAMB or SGB density. Second, KAM is estimated over the entire area of the grain considered 
and there is no need to weight the result by grain area to obtain a meaningful average value. Third, KAM is also 
straightforward to calculate using the built-in functions in MTEX. In this case, KAM is expected to be a viable 
metric to estimate stress in future.

Can SGB density be used to estimate stress? In a grain with a fixed size, a smaller distance between 
the neighboring LAMBs indicates that there exist more LAMBs (i.e., higher LAMB density). Our results sup-
port this argument, as intercept length has strong negative correlations with LAMB density  (R2 = 0.98 and 0.93, 
Fig. 8c). Besides, based on the stress calculated from the intercept length, we found that there are also strong 
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positive correlations between the LAMB density and the stress  (R2 = 0.92 and 0.87 for step sizes of 1 and 15 μm, 
respectively, Fig. 9c, d).

The subgrain-size piezometer implies that the smaller size of the subgrain, the greater stress it represents. In 
this study, subgrain size is represented by the linear intercept length between neighboring LAMBs. However, 
this assumption is valid only when LAMBs are SGBs (i.e., case-1 and -3 LAMBs), which occur when the step 
size is sufficiently small. In other words, the estimated stress is meaningful unless the density of SGBs is meas-
ured. The minimum step size of 1 μm produces predominantly case-1 and -3 LAMBs (i.e., SGBs) in the EBSD 
maps (Fig. 3a9, b9 and c9), implying that the intercept length approximates subgrain size, that LAMB density 
approaches SGB density, and that the calculated stress is most likely sound in this situation, although an even 
smaller step size (< 0.5 μm) is suggested to be required to capture nearly all SGBs and authentic subgrain size in 
the experimentally deformed  olivines19. It is noteworthy that the value of this critical step size apparently depends 
on the spacing of adjacent SGBs in a grain, which needs to be at least twice the step  size19.

The appearance of artificial SGBs (e.g., case-2, -4, -5 and more LAMBs) indicates that the subgrain size and 
its deduced SGB density will yield erroneous stress estimates when using a large EBSD mapping step size (e.g., 
15 μm). This case is clearly exemplified by the remarkably different stresses estimated from 1 μm and 15 μm 
step sizes (Figs. 6 and 9; Supplementary Table S2). The reason we raised this issue is that a large step size is very 
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often used, especially when one maps natural coarse-grained samples in a large domain. To deduce a meaningful 
stress value using subgrain size and its derived piezometers, we must be cautious about the step size selected and 
examine whether the LAMBs it produces are real SGBs or not.

A clear negative correlation between LAMB or SGB density and grain size for the step size of 1 μm  (R2 = 0.67, 
Fig. 8d) indicates that the stress inferred from an LAMB or SGB density may be consistent with the stress inferred 
from a dynamically recrystallized grain size e.g.9. The observation of olivines with a smaller grain size tending 
to develop a higher LAMB or SGB density and smaller subgrains (Fig. 8d), implies that smaller sized olivines 
may be affected by greater stress. This finding may be interpreted by the fact that the smaller grains have smaller 
contact areas with their neighboring grains, thus concentrating a considerably high stress in the small  grains52,53. 
The widespread distributions of olivine subgrain size, LAMB or SGB density, and grain size may reflect that the 
distribution of stress is also spatially heterogenous in the sample, which is consistent with the inhomogenous 
distribution of GNDs in deformed polycrystalline  aggregates52,54. Furthermore, it is noted that the orientation 
of a grain to the applied stress can determine the resolved shear stress on a dislocation slip system, and thus also 
affect the development of LAMBs or SGBs in individual grains. In other words, the density of LAMBs or SGBs in 
a single grain is a combined effect of grain orientation and stress intensity. However, their relative importances 
are still unknown but can be quantified using deformation experiments on single crystals in future.

Compared to measuring subgrain size using intercept lengths, it is easier to obtain LAMB or SGB density, 
because the density of LAMB or SGB can be calculated directly using the built-in functions of “subBoundar-
yLength” and “area” in the MTEX toolbox version 5.5 and above. This fact suggests that SGB density could be 
used as a convenient metric to estimate stress in future and it might also avoid the problem caused by direction 
of profiles to measure intercept length (see below), although their underlying physics is essentially the same.

Cautions of employing experimentally calibrated piezometers. Besides the effect of the step size 
as mentioned above, many other parameters can also play important roles in deriving stress using subgrain-
related or EBSD-based piezometers. First, the estimation of intercept length and SGB density is significantly 
affected by the choice of misorientation threshold that defines LAMB or SGB. A lower threshold results in a 
higher LAMB or SGB density and vice versa (Supplementary Fig. S4). Second, the choices of denoising filters 
and boundary smoothing also affect the appearance of LAMBs or  SGBs55,56. Third, the direction of profiles 
(e.g., parallel to either X- or Y-axes or random in the specimen reference  frame19,57,58) can also yield contrasting 
intercept lengths of neighboring LAMBs or SGBs, especially when LAMBs or SGBs tend to have a preferred 
direction like our sample (Fig. 1e and Supplementary Fig. S2d). In addition, more factors can affect the measure-
ment of microstructures and the estimation of stress by employing other piezometers, including segmentation 
of recrystallized grains, calculation of dislocation density, and selection of analytical parameters (e.g., kernal size 
of KAM), as well as the effects of structural factors (e.g., grain pinning, grain-to-grain interaction, distribution 
heterogeneity in substructures, and sampling size)34,37,59,60. Because of the appreciable influences of various fac-
tors listed above, to derive a reliable stress for natural samples, it is optimal to apply the same parameters and 
similar structures that are originally used to calibrate piezometers.

Despite the differences of parameters in calculating stress between those used in our study and those by God-
dard, et al.19, their underlying principles are basically the same and our results still support the close relations 
between LAMB or SGB density, KAM, and stress. These correlations are built based on one natural sample and 
available subgrain-size piezometers, which may incur uncertainties and inaccuracies in the stress estimation. To 
derive more reliable piezometers based on SGB density and KAM, further calibrations using the experimentally 
deformed samples are needed.

Methods
Sample preparation. Owing to the prevalence of large grains, the sample 13LQ117 was cut into a large 
(12 × 6  cm2), thick (~ 150 μm) thin section in the XZ-plane, i.e., normal to the foliation (Z-direction) and parallel 
to the lineation (X-direction). The foliation and lineation were determined by the alignments of trails and shape 
preferred orientation of spinel in three nearly perpendicular sections. To obtain high quality electron backscat-
tered patterns (EBSPs), the thin section was finally polished with an aqueous suspension containing 0.05 μm 
colloidal silica for > 2 h using a Buehler vibration polisher.

EBSD data acquisition and treatment. Mineral phase and crystallographic orientation data are meas-
ured using an Oxford Symmetry EBSD detector attached to a Zeiss Sigma 300 field emission scanning electron 
microscope (FE-SEM) housed at the China University of Geosciences (Wuhan), China. An accelerating voltage 
of 15 kV, a spot size of 6, a beam current of 6 nA, and working distance of 16–23 mm were used. We mapped 
a large area (~ 4.3 × 1.8  cm2) with EBSD with a step size of 15 μm and small areas for 22 single olivine grains 
(without obvious dynamic recrystallization) with a step size of 1 μm (Supplementary Fig. S5 and Supplementary 
raw EBSD data). To examine the effect of step size on the derived microstructures at the same domains, the step 
size was then undersampled from 1 to 30 μm by selecting the points at regular row and column intervals in the 
1 μm step-sized gridified EBSD data. The microstructures produced by artificially enlarged step sizes are very 
similar to those measured using various actual step sizes. The raw indexation rates for all mapping are larger than 
95%. The raw EBSD data are cleaned by removing wild spikes (isolated pixels) and points with MAD > 0.8°. The 
denoising process is performed by applying Kuwahara filter with number of neighbors of 5, because this filter 
does not smooth out low-angle  boundaries47,55.

The strength of the crystallographic preferred orientation (CPO) is quantified using M- and J-indices61,62. 
The M- and J-indices range from 0 to 1 and from 1 to infinity for random and single crystal fabrics, respectively. 
The BA-index is used to describe the olivine CPO  symmetry63. This index classifies olivine CPOs into three 
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types: (1) fiber-[010] ([010]-axis point plus [100]- and [001]-axes girdles, BA-index < 0.33), (2) orthorhombic 
([100]-, [010]- and [001]-axes points, 0.33 < BA-index < 0.66), and (3) fiber-[100] ([100]-axis point plus [010] 
and [001]-axes girdles, BA-index > 0.66). The CPOs of olivine (Ol), orthopyroxene (Opx) and clinopyroxene 
(Cpx) are presented using one point per grain and shown in the pole figures.

A grain boundary is a high-angle boundary having misorientation angles larger than 10°–15° when defined 
using EBSD  data64,65. To minimize the mistake of taking grain boundaries in the misorientation angle range of 
10°–15° as low-angle boundaries, we selected the lower bound definition for a high-angle boundary, namely 10°, 
as the threshold to construct grain boundaries. In this case, a low-angle boundary can be defined as a boundary 
whose misorientation angle is greater than 1° and less than 10°. The choice of a lower limits of 1° (larger than 
the angular resolution of ~ 0.5° for our Symmetry EBSD system) for low-angle boundary and 10° for high-angle 
boundary is also adopted by many previous olivine and pyroxene studies e.g.19,45,57,66. To avoid the staircase effect 
generated during the grain reconstruction routine, grain boundaries and LAMBs are smoothed iteratively by 
8 times.

Grains consisting of less than 10 pixels are omitted in the grain construction only for large-area EBSD map in 
which undersampling is not applied. The apparent grain size is reported as equivalent circular diameter and area-
weighted mean grain size is calculated. The sinuosity of grain boundaries is quantified by the shape factor—the 
ratio between the actual perimeter of the grain and the perimeter of a circle with the same area. The ellipticity of 
grain is measured by aspect ratios—the length ratio of long to short axes of a fitted ellipse. The discrimination 
between twist and tilt LAMBs and inference of dislocation slip systems in olivine are based on the geometrical 
relations between misorientation axes, direction of LAMB trace, and olivine axis orientations at the  LAMBs67. 
To quantify the degree of intracrystalline lattice distortion, M2M, GOS and KAM are also calculated.

Linear intercept length represents the distance between two neighboring LAMBs. Because of the low preci-
sion and large EBSD data volume, we did not calculate the linear-intercept length for the large-area mapping 
data. Instead, linear-intercept lengths are only calculated for the high spatial resolution ESBD maps of 22 olivine 
grains. For the olivine grains that show an obvious oblique alignment of LAMBs with respect to the horizontal 
direction, we rotated their EBSD data to make most of their LAMBs align vertically. Since most LAMBs are (sub)
perpendicular to the horizontal X-axis after the rotation of EBSD data and they are parallel to each other, only 
X-axis parallel profiles are chosen. Along each profile, the points of intersection with the LAMB are detected and 
the intercept length between neighboring intersections is measured and recorded for further calculations (e.g., 
arithmetic mean of intercept length). Different from the method used by Goddard, et al.19, all X-axis parallel 
profile lines, which correspond to all rows in the gridified EBSD data, are used to calculate the intercept length. 
The complete number of intercept lines used in our study averts the unstable mean intercept length which varies 
significantly if the number of intercept lines is  insufficient19. All above-mentioned EBSD data treatments were 
performed using the MTEX toolbox (ver. 5.5) in MATLAB (http:// mtex- toolb ox. github. io/)68–70.

Stress estimation. In this study, three olivine subgrain-size piezometers are adopted to calculate stress, 
including an old version proposed by  Toriumi20 and two new versions developed by Goddard, et al.19. The mean 
intercept length of LAMBs is used as a substitute for subgrain size in the formulae of piezometers. The new 
subgrain-size piezometers proposed by Goddard, et al.19 consider the cases with and without the correction of 
Holyoke and  Kronenberg71. This correction accounts for the increased friction resulting from the Poisson effect 
on load column during specimen loading. For convenience, the three piezometers hereafter are abbreviated as 
T1979, G2020wHK2010, and G2020w/oHK2010.

It is noteworthy that differential stress is used by T1979 and von Mises equivalent stress is employed by 
G2020wHK2010 and G2020w/oHK2010. Because the geometry of the deformation experiment that T1979 
adopted is axial  compression7, differential stress is thus equal to von Mises equivalent  stress72. Therefore, von 
Mises equivalent stress (in short, stress) is consistently applied in the three piezometers.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary files.
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