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Abstract

The geometry and composition of deformation-related low-angle boundaries in naturally deformed olivine were characterized
by electron backscattered diffraction (EBSD) and atom probe tomography (APT). EBSD data show the presence of discrete
low-angle tilt boundaries, which formed by subgrain rotation recrystallisation associated with the (100)[001] slip system
during fluid-catalysed metamorphism and deformation. APT analyses of these interfaces show the preferential segregation of
olivine-derived trace elements (Ca, Al, Ti, P, Mn, Fe, Na and Co) to the low-angle boundaries. Boundaries with <2° show
marked enrichment associated with the presence of multiple, non-parallel dislocation types. However, at larger disorientation
angles (> 2°), the interfaces become more ordered and linear enrichment of trace elements coincides with the orientation of
dislocations inferred from the EBSD data. These boundaries show a systematic increase of trace element concentration with
disorientation angle. Olivine-derived trace elements segregated to the low-angle boundaries are interpreted to be captured
and travel with dislocations as they migrate to the subgrain boundary interfaces. However, the presence of exotic trace ele-
ments Cl and H, also enriched in the low-angle boundaries, likely reflect the contribution of an external fluid source during
the fluid-present deformation. The observed compositional segregation of trace elements has significant implications for the
deformation and transformation of olivine at mantle depth, the interpretation of geophysical data and the redistribution of
elements deep in the Earth. The observation that similar features are widely recognised in manufactured materials, indicates
that the segregation of trace elements to mineral interfaces is likely to be widespread.

Keywords Olivine - Deformation microstructures - Grain boundaries - Mineral interfaces - Atom probe tomography -
EBSD

Introduction

In monomineralic rocks, grain boundaries mark the change
in lattice orientation of adjacent crystals. Grain boundary
interfaces are only a few nanometres wide, and represent
only a small fraction of the rock volume, yet they play a criti-
cal role in controlling physical, rheological and mechanical
properties of rocks at a broad range of scales. For example,
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diffusion rates along interfaces are orders of magnitude
faster than intracrystalline diffusion (Dohmen and Milke
2010) and grain boundary diffusion may facilitate the local-
ized interdiffusion of material within a rock and promote
metamorphic reactions (Putnis and John 2010).

Despite the increasing importance of grain boundary
characterization in all rocks, the study of grain boundary
properties in geological materials has focused primarily
on olivine [(Mg, Fe),Si0,], because of its importance in
the mantle and therefore its role in large-scale geodynamic
processes. A significant focus of this research is the char-
acterization of olivine deformation through the quantifi-
cation of olivine microstructure in naturally and experi-
mentally deformed olivine-rich rocks. Results illustrate
that grain boundaries critically affect a number of mantle
properties, such as creep strength during diffusion and dis-
location creep, element segregation and diffusion rates, as
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well as seismic and electrical conductivity properties, all
of which have important rheological and geodynamical
implications (Wenk 1985; Faul et al. 2004; Rohrer 2011;
Hansen et al. 2012; Dillon et al. 2016; Zhao et al. 2019;
Yabe and Hiraga 2020). A better understanding of inter-
face properties is key to further developing knowledge of
fundamental rock processes.

Detailed microanalytical observations have provided an
appreciable visualization of nm-scale structure and com-
position of grain boundaries in olivine (Kohlstedt 1990;
Hiraga et al. 2002, 2003; Marquardt et al. 2015; Mar-
quardt and Faul, 2018). These studies have progressed our
understanding of lattice atomic structure (Adjaoud et al.
2012), structural and effective width (Hiraga et al. 2002;
Marquardt and Faul 2018; Ricoult and Kohlstedt 1983),
and composition (Hiraga et al. 2002, 2003, 2004). Geo-
chemical analyses of high-angle grain boundaries within
olivine in deformed mantle rocks have demonstrated the
presence of incompatible trace element enrichment, pre-
cipitates, and interstitial phases (melt/fluid) at these inter-
faces (Hiraga et al. 2004). Grain boundaries may therefore
be a significant repository of geologically important trace
elements (Hiraga et al. 2003, 2004, 2007).

The relationship between adjacent grains and the inter-
face between them can be investigated through the char-
acterization of five geometrical parameters that describe
the grain boundary character distribution (GBCD) of a
crystalline material (Lloyd et al. 1997). Three of these
parameters define the misorientation of the crystal lattice,
while the orientation of the boundary plane is constrained
by the two additional parameters (Lloyd et al. 1997). Since
crystallographic orientations and boundary geometries
may change during rock deformation, the GBCD may
also vary throughout the deformation cycle. Such rela-
tionships have been widely investigated in ceramics and
metals (e.g. Lejcek 2010), but still represent an emerging
field of investigation within naturally occurring geologi-
cal materials (Marquardt and Faul 2018). The variation
in the five GBCD parameters leads to a broad range of
possible geometrically distinct grain boundary combina-
tions (> 60 x 10* for 10° increments in parameter values,
Marquardt et al. 2015), so only a small number of possible
boundaries have been studied in detail (Marquardt and Faul
2018). However, the results of these studies have shown
that the different types of grain boundaries in olivine-rich
rocks may influence the chemical and mechanical prop-
erties of the interface region (Marquardt and Faul 2018).
Furthermore, it has been shown that segregation of solute
ions, precipitates, or interstitial phases, affects the energy
and structure of grain boundaries, which in turn may drive
the modification of the GBCD, change the interfacial dif-
fusion rate, and affect the rheological behaviour of mantle
rocks (Ando et al. 2001; Pang and Wynblatt 2006).
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To date, direct observations of mineral grain boundaries
have mostly been performed by conventional electron and
ion beam-based microscopy techniques (Ando et al. 2001;
Hiraga et al. 2002, 2003; Adjaoud et al. 2012; Marquardt
et al. 2015, 2018 and references therein) and a clear atom-
ically-resolved visualization of trace element distributions
within mineral interfaces has been difficult due to the intrin-
sic analytical limitations associated with the nanoscale width
of these features. Furthermore, the primary focus of these
studies has been related to the understanding of structural
properties in relation to olivine high-angle phase and grain
boundaries whereas the investigation of low-angle bounda-
ries has been generally overlooked. Thus, the relationships
between low-angle boundary geometry and composition at
the early stages of grain boundary formation, and how this
affects the rock properties, are still largely unconstrained.

Atom probe tomography (APT) allows a precise, quan-
titative, 3D characterization of the sub-nanometre distribu-
tion of atoms within grain boundary interfaces (Piazolo et al.
2016; Fougerouse et al. 2019; Montalvo et al. 2019; Cukjati
et al. 2019; Reddy et al. 2020). To date, only a few experi-
mental-based investigations have approached the nanoscale
characterization of high-angle olivine grain boundaries by
atom probe tomography (Cukjati et al. 2019). However, the
use of the GBCD as the framework for boundary investiga-
tions has been overlooked. In this contribution, we investi-
gate the relationship between grain boundary disorientation
(hereafter used to indicate the minimum angular misorien-
tation between adjacent grains, Wheeler et al. 2001) and
interfacial segregation within a single olivine grain of a nat-
ural peridotite deformed by crystal plastic deformation. We
analyze a set of low-angle boundaries with similar bound-
ary geometries that exhibit small disorientation angle vari-
ations from 1.3° to 8°. By so doing, we investigate a small,
but important region of GBCD related to the formation of
low-angle boundaries. Our results represent the first, system-
atic, three-dimensional analysis of trace element segregation
associated with dislocations migration during the formation
of low-angle boundaries in naturally deformed olivine. The
study provides a significant advance in our understanding of
element mobility and segregation processes during deforma-
tion by subgrain rotation recrystallisation.

Geological settings and samples

The investigated samples were collected from a spinel-lher-
zolite found within the Lindas Nappe of the Bergen Arcs
and located on the island of Holsngy (SW Norway) (Fig. 1).
The region comprises Neoproterozoic anorthositic granulites
(930+50 Ma, Austrheim and Griffin 1985, Boundy et al.
1992), with minor gabbroic components, mangerites, char-
nockites and ultramafic lenses (Austrheim 2013). Between
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Fig. 1 a Simplified geological map of Holsngy area (modified after Boundy et al. 1992). b Aerial photograph of the ultramafic lenses (dashed

lines) outcrop

ca. 430 and 410 Ma, these rocks were locally overprinted at
eclogite-facies conditions during a fluid infiltration event
along fractures and shear zones (Austrheim and Griffin
1985; Bhowany 2018).

The spinel-lherzolites occur as localized lenses enclosed
within the partially eclogitized anorthositic granulites and have
been interpreted to represent the reworked product of pre-exist-
ing cumulate layers (Kiihn et al. 2000) (Fig. 1). Within the spi-
nel-lherzolites lenses, a well-developed compositional layering
of olivine-pyroxene and garnet-rich bands lies broadly parallel
to the granulite-facies foliation in the surrounding anorthositic
granulites. The spinel-lherzolites contain abundant centimetre
to millimetre wide high-strain zones that crosscut the dominant
foliation (Fig. 2). Mineralogically, the metamorphic transition
from the spinel- to garnet-lherzolite is indicative of upper man-
tle temperature and pressure conditions (O’Neill 1981). Moreo-
ver, the presence of minor hydrated minerals (e.g., amphibole)
and dolomite are evidence of the presence of fluids during the
deformation of these rocks (Kiihn et al. 2000; Jung et al. 2014).
Previous work on these high-strain zones has established that
these features are related to the high-pressure Caledonian over-
print (Kiihn et al. 2000; Jung et al. 2014).

Methods

Secondary electron (SE), backscattered electron (BSE)
and electron backscattered diffraction (EBSD) data were
collected using a Tescan MIRA3 field emission scanning
electron microscope (FESEM) housed at the John de Laeter
Centre at Curtin University. EBSD data were acquired using

an Oxford Instrument Aztec system incorporating a Symme-
try EBSD detector and Aztec 4.1 acquisition software using
accelerating voltage of 20 kV at 20 mm working distance.
EBSD maps were acquired using a step size of 0.5 um,
post-processed using Channel 5.12, and corrected utilizing
a standard noise reduction procedure involving the removal
of misindexed “wild spikes” and a six nearest-neighbour
zero solution algorithm. Crystallographic orientation maps
and pole figures were constructed using Tango and Mambo
sub-components of Channel5 software, respectively. Geo-
metrically necessary dislocation (GND) plots were per-
formed using Aztec Crystal 1.1 software. Detected grains
were defined using a critical disorientation of 22° based on
molecular dynamic simulations of olivine boundary char-
acter (Adjaoud et al. 2012; Marquardt et al. 2015, 2018)
and a minimum disorientation of 1° for boundary comple-
tion. Four grain boundaries were specifically selected for
detailed atom probe tomography analysis based on similar
geometries and disorientation axes. These boundaries have
disorientation angles ranging between ~ 1° and ~8° and are
inferred to have formed by similar processes arrested at dif-
ferent degrees of microstructural development.
Needle-shaped specimens for atom probe tomography
(APT) and the electron-transparent thin foil for transmis-
sion electron microscopy (TEM) were prepared using a
Tescan Lyra3 Ga* Focused Ion Beam Scanning Electron
Microscope (FIB-SEM) at the John de Laeter Centre at Cur-
tin University. The four low-angle boundaries (LAB-1.3°,
LAB-2.8°, LAB-4.5°and LAB-8°) were targeted for site-spe-
cific APT analysis using the “button” method described by
Rickard et al. (2020). Additionally, during the entire sample
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preparation procedure, the geometrical orientation of both
the interfaces and the atom probe specimens were monitored
to allow the reconstructed APT dataset to be geometrically
linked to the boundary trace. Before APT analyses, a final
5 kV polishing stage was performed on all the prepared atom
probe specimens to reduce Ga* implantation and ion beam
damage.

All APT specimens were analysed on a CAMECA LEAP
4000X HR at the Geoscience Atom Probe Facility (John
de Laeter Centre, Curtin University) using a base tem-
perature of 50-60 K, an ultraviolet laser (A1 =355 nm) with
80-150 pJ pulse energy, 200 kHz frequency and detection
rate of 0.008 ions/pulse. Details of the APT technique are
provided elsewhere (Reddy et al. 2020). The resulting time-
of-flight mass/charge ration spectra were processed and
reconstructed in 3D using Cameca’s IVAS 3.8.2 software.
For the time-of-flight mass spectrum, the mass resolving
power (M/AM) between 1006 and 1096 was measured on
the 2*Mg?* (M =11.99) peak. The peaks identified within
each mass/charge ratio spectrum were compared to the local
background and those with peak intensities that were twice
above the background level were ranged. Additional details
of the acquisition, processing, and reconstruction param-
eters are provided in Table S1 (Blum et al. 2018). Con-
centration analysis of the enriched regions was performed
using proximity histograms (proxigrams) (Hellman et al.
2000) calculated using the ion concentration (at %) of Ca

Fig.2 a Optical plane-polarized photomicrograph of the investigated
sample. Red box indicates the investigated EBSD site. Millimetre
thick mylonites occur in separate regions of the sample. b Crossed-
polarized photomicrographs of the investigated section of the lower
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and Ti (Table 1). In order to minimize cross-contamination
between enriched domains, the composition of the matrix
was obtained using values contained within 3 nm of the most
distal portions from each enriched interface. The composi-
tion of the low-angle boundaries was obtained interpolating
the at % obtained from the proxigrams of the interface and
the atomic counts within each enriched region. 2D chemical
profiles were also used to identify the spatial distribution of
the enriched elements along the captured interfaces within
the atom probe specimens (Fig. S3). In order to estimate
the volatile composition of the boundary, OH (17 Da) was
quantified as proxy for the H distribution. The accuracy of
the approach will be discussed later in this paper.

Bright field (BF) scanning transmission electron micros-
copy (STEM) and high-angle annular dark-field (HAADF)
images of a thin (<200 nm) olivine foil were acquired at
200 kV using a FEI Talos FS200X field emission trans-
mission electron microscope (TEM) housed in the John de
Laeter Centre at Curtin University.

Results

Microstructural characterization of the shear zone

At thin section scale, the undeformed wall-rock is coarse-
grained and dominated by larger crystals of olivine (< 1 mm)

mylonite (red rectangle). White box represents the area of EBSD
shown in c. ¢ Inverse Pole Figure (IPF,) EBSD map highlighting the
differences in olivine grain orientations amongst the three different
domains (i, ii, iii) of the shear zone. EBSD map step size 0.5 pm
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together with ortho and clinopyroxene. Green spinel is wide-
spread whereas amphibole and carbonates (mainly dolomite)
occur as accessory minerals within the rock. Pyroxenes and
spinel are often characterized by clusters of microscopic
opaque exsolution resulting in a darker optical appearance.
Serpentine alteration is present within the thin section, but
is restricted to discrete cracks that crosscut the shear zones
and host olivine grains (Fig. 2a).

The shear zones form an interconnected network of
mm-wide, fine-grained, olivine-rich aggregates with minor
orthopyroxene, clinopyroxene, amphibole, spinel and dolo-
mite (Fig. 2a, b). The contact of the shear zone with the
host varies from sharp to irregular with brecciated angu-
lar fragments of olivine and pyroxenes scattered within the
mylonite matrix (Fig. 2b). Along the shear zone boundary,
crystals of the wall-rock show deformation bands and undu-
lose extinction under crossed polarized light. The transition
to the fine-grained shear zone is highlighted by a marked
decrease in grain-size (10—15 um) and a visible variation in
mineral orientations from the adjacent host-rock (Fig. 2b,

@ Olivine @ Orthopyroxene @Clinopyroxene @ Dolomite @ Spinel

| NP,

¢). From the wall-rock towards the interior of the mylonite,
three microstructurally distinct domains can be identified in
the EBSD data (Fig. 2c¢).

Domain (i) represents the deformed host-rock olivine
adjacent to the shear zone. Crystals of the host-rock contain
low-angle boundaries accommodating small degrees of lat-
tice distortion (< 22°) (Figs. 2c¢, 3). Two main trends of low-
angle boundary directions can be distinguished, from upper-
left to lower-right and from lower-left to upper-right, often
intersecting at high angles (Fig. 3b). The pole figures show
that the host-olivine grains of domain (i) are similarly ori-
ented (Fig. 3b). Disorientation analysis of low-angle bounda-
ries (<22°) shows an alignment of disorientation axes with
the [010] crystallographic direction (Fig. 3d).

Domain (ii) defines narrow regions that crosscut the host-
grain of domain (i). This domain is characterized by the
alternation of olivine and orthopyroxene rich bands with
minor dolomite, spinel, and clinopyroxene (Fig. 3a, b).
Domain (ii) is associated with a noticeable reduction in grain
size (< 15 pm in diameter) and the development of olivine

Pole Figures 50 4m
0° 1209

Texture component

Boundary Levels
(misorientation angle)

Q- (O

N=126168

O APT sites L 21 TEM site

Disorientation Axes:

10-22°

N = 27292

Max=5.41

Fig.3 Microstructural analysis of domain (i) and (ii) of the shear
zone. Sample reference frame is shown in b. a Phase map obtained
by automated EBSD mapping at 0.5 um spacing. b Olivine grain ref-
erence orientation deviation map of domains (i) and (ii) obtained by
EBSD mapping highlighting internal substrucutres of the deformed
olivine of domain (i). Each pixel is colour-coded based on the devia-
tion angle relative to the reference point indicated by a red cross in
the map. Low-angle boundaries (1-22°) are plotted in white, high-

angle boundaries (>22°) in black. Pole figures for domain (i) and (ii)
coloured for texture component are also shown. ¢ GND density plot
of [001] dislocation type. The map colour-scale refers to increasing
dislocation densities. The location of the atom probe specimens and
TEM analysis are also shown. d Disorientation axes plots in sample
coordinates (left) and crystal coordinates (right) for the sub-grain
boundaries (<22°) of domain (i) and (ii)
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Fig.4 EBSD orientation map of the upper part of the shear zone.
Each pixel is colour-coded depending on olivine orientation from
a reference point indicated with a red cross (upper left). Low-angle
boundaries (>1°) are indicated in white, high-angle boundaries
(>22°) in black. Bottom left: disorientation angle distribution for

neoblasts distinguished by high-angle boundaries (>22°).
The neoblastic olivine grains are progressively reoriented
from the host lattice orientation of domain (i) and until
they become independent grains surrounded by high-angle
boundaries >?22° (Fig. 3b).

Domain (iii) represents the fine polycrystalline aggre-
gate of the mylonite. The matrix is mainly formed by
polygonal olivine grains (10—15 pum in diameter) with
120° triple junctions that show no significant internal mis-
orientation variations (Figs. 2c, 4). Within this domain,
larger grains of olivine (up to 50 pm in long dimension)
record undulose extinction and internal subgrains that
appear similar to those observed in domain (i). Analy-
sis of uncorrelated disorientation angles within the shear
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0.02 |

100 110 120

correlated and uncorrelated disorientations. The grey area represents
the theoretical random distribution. Bottom right: inverse pole figure
(IPF,) EBSD map highlighting the differences in olivine grain orien-
tations within the mylonite and the presence of ca. 120° triple junc-
tions. Map step size 50 nm

zone olivine shows them to be similar to the theoretical
random distribution (Fig. 4). Correlated disorientation
angles show a peak at < 10° (Fig. 4). Using a 1° bin size,
a fabric strength (M index) of 0.082 is calculated for 6802
grains in the shear zone (Skemer et al. 2005). These pat-
terns are consistent with the analysis of weakly oriented
neoblastic grains containing a small component of incom-
pletely recrystallised grains inherited from the original
host [domain (i)] (Figs. 2c, 4). Crystal aggregates of Cl-
bearing amphibole are also present in localized portions
of the shear zone whereas individual dolomite, pyroxenes,
and spinel grains are scattered within the mylonite matrix.

To characterize the representative low-angle boundaries
for atom probe tomography, the patterns of crystallographic
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Fig.5 Summary of EBSD phasemap (left) and stereographic projec-
tions (right) of the investigated low-angle boundaries. Black boxes
in the EBSD maps show the subset for the pole figures plots and loca-
tions of atom probe tomography specimens lift-out. Grain boundaries

orientation from EBSD data from domain (i) were combined
with the geometry of the low-angle boundary trace to infer
the slip system responsible for the formation of the observed
low-angle boundary (Lloyd et al. 1997; Reddy et al. 2007).
The dominant set of low-angle boundaries (upper-left to
lower-right trending) shows disorientation axes that are
aligned with the [010] crystallographic direction (Fig. 5).
For tilt boundaries, the disorientation axis lies parallel to
orientations of dislocations responsible for the lattice distor-
tion. For [010] dislocations and the boundary trace observed
in the EBSD maps, there are two possible olivine slip sys-
tems (e.g., (100)[001] and (001)[100]). Discrimination
between these two possibilities is possible if the geometry
of the boundary in the third dimension is known. This addi-
tional information can be found in the 3D APT reconstruc-
tions, but was also obtained from a TEM foil across the
representative LAB-4.5° (Fig. 6). The analysis of the lamella

are colour-coded based on the degree of disorientation as displayed
in the legend. Disorientation axes are displayed both in sample and
crystal coordinates

on the TEM revealed a complex network of ordered disloca-
tions arranged along two perpendicular principal directions
in the foil, a steeply dipping upper-right to lower-left and a
shallower upper-left to lower-right directions (Fig. 6). These
steep and shallow orientations within the foil are consistent
with the operation of both the (100)[001] and (001)[100]
slip systems, respectively. The analysed LAB-4.5° low-
angle boundary was taken from the steeply dipping (ca. 70°)
boundary and is consistent with formation by (100)[001]
slip (Fig. 6). For the other analysed boundaries (LAB-1.3°,
LAB-2.8° and LAB-8°), the geometry of the interface was
measured from the atom probe tomography data, using a
similar principle.
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Atom probe tomography

Of the 22 olivine specimens analysed by APT, 10 yielded
sufficient data for meaningful analysis. The mass spectra
obtained from each of these ten specimens are all similar
and record field evaporation of single ions and molecular
species at a variety of charge states (Fig. S1). The bulk com-
positions of the reconstructed needles are consistent with
the analysis of olivine (Table 1). The majority of the mass/

charge peaks represent the major elements present within
olivine with trace elements forming minor peaks. 3D recon-
struction of the APT data reveals the presence of linear and
planar domains enriched in particular trace elements com-
pared to the host olivine. Geometrically, the linear domains
are broadly consistent with dislocation geometries inferred
from the EBSD data, whilst planar domains are consistent
with the expected orientation of the targeted steeply dip-
ping low-angle boundaries (Fig. 7). Proxigrams obtained

Table 1 Composition of the different olivine specimens and low-angle boundaries obtained from APT

Element LAB-1.3° LAB-2.8°

Olivine c Boundary c Olivine c Boundary c
o 47.52 0.06 46.04 0.82 46.85 0.08 46.08 1.23
Si 20.98 0.05 21.15 0.55 20.97 0.07 21.17 0.83
Fe 1.75 0.01 2.30 0.18 1.95 0.02 2.34 0.28
Mg 28.91 0.05 28.37 0.64 29.47 0.08 29.17 0.97
Ca 0.001 0.0002 0.34 0.07 0.001 0.0004 0.05 0.04
Al 0.44 0.01 0.69 0.10 0.41 0.01 0.51 0.13
Mn 0.12 0.004 0.21 0.05 0.12 0.01 0.19 0.08
Ti 0.02 0.002 0.17 0.05 0.02 0.002 0.18 0.08
Na 0.003 0.001 0.01 0.01 0.005 0.001 0.01 0.02
Cl 0.002 0.0004 0.23 0.06 0.001 0.0004 0.03 0.03
P 0.01 0.001 0.08 0.03 0.01 0.001 0.04 0.03
Co 0.02 0.001 0.03 0.02 0.01 0.002 0.03 0.03
H 0.16 0.005 0.31 0.07 0.14 0.01 0.16 0.07
Li 0.001 0.0003 0.001 0.003 0.001 0.0004 0.001 0.01
Ni 0.04 0.002 0.04 0.02 0.04 0.003 0.05 0.04
Cr 0.01 0.001 0.01 0.01 0.01 0.002 0.01 0.02
Sc 0.005 0.001 0.01 0.01 0.002 0.01 0.004 0.01
Element LAB-4.5° LAB-8°

Olivine c Boundary c Olivine c Boundary c
o 46.02 0.11 45.76 0.83 47.39 0.05 46.38 0.41
Si 20.62 0.09 20.77 0.56 21.05 0.04 20.94 0.28
Fe 1.38 0.03 1.59 0.16 1.90 0.01 2.32 0.09
Mg 31.24 0.10 30.46 0.68 28.83 0.04 28.51 0.32
Ca 0.004 0.001 0.14 0.05 0.001 0.0001 0.23 0.03
Al 0.46 0.01 0.58 0.09 0.43 0.01 0.63 0.05
Mn 0.13 0.01 0.20 0.06 0.13 0.003 0.19 0.03
Ti 0.02 0.003 0.14 0.05 0.02 0.001 0.18 0.03
Na 0.003 0.001 0.01 0.01 0.004 0.001 0.01 0.01
Cl 0.002 0.001 0.06 0.03 0.003 0.0003 0.12 0.02
P 0.01 0.002 0.06 0.03 0.02 0.001 0.06 0.01
Co 0.01 0.002 0.02 0.02 0.02 0.001 0.03 0.01
H 0.05 0.005 0.18 0.05 0.15 0.003 0.31 0.03
Li 0.002 0.001 0.001 0.004 0.001 0.0003 0.001 0.002
Ni 0.03 0.004 0.03 0.02 0.04 0.002 0.05 0.01
Cr 0.01 0.002 0.01 0.01 0.01 0.001 0.01 0.01
Sc 0.003 0.001 0.004 0.01 0.003 0.0004 0.01 0.005

Concentrations are expressed in atomic %
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Fig.6 a HAADF STEM image
of olivine lamella obtained across
LAB-4.5°. The cross section
shows the complexity of domain
(i) microstructures. Two main
directions of dislocations are dis-
tinguishable. b GROD-angle ori-
entation map and TEM foil lift-
out location (dashed black line). ¢
Lower hemisphere and equal area
projection of the crystallographic
poles of LAB-4.5°. The boundary
trace is shown by a thick black line
outside the primitive circle. The
red curve represents the boundary
wall inferred by the tilt-boundary
geometry of the low-angle bound-

’]Em

= 60 pts

ary. The green curved line repre-
sents the slip plane (steeply dip-
ping towards B) where the [001] O
represents the slip direction

boundary wall
slip direction

slip plane O pole to slip plane

H Disorientation axes= 3-5°

from iso-concentration surfaces of the enriched domains
show both enrichment and depletion in elements that are
not clearly visible in the 3D maps (Figs. 8, S4).

Specimen LAB-1.3° showed a complex boundary geom-
etry. The boundary is characterized by a planar feature con-
stituted by a minimum of three visible sets of linear fea-
tures intersecting at different angles. These linear features
are decorated by Ca, Al, Ti, P, Cl and OH (Figs. 7, 8). The
distribution of the enriched elements is heterogeneous as
showed by 2D distribution profiles with increasing element
concentrations at intersections of the linear features (Fig.
S3). In particular, a strong increase is visible for Ca up to
ca. 0.34 at %, Cl ca. 0.23 at %, Ti ca. 0.17 at %, P ca. 0.08
at % and OH ca. 0.31 at % followed by a depletion in O. Mg
records a slight decrease in the bulk concentration but dis-
plays a positive detectable increment at the very inner side
of the interface (Table 1, Fig. S4).

Specimen LAB-2.8° contains a main feature highlighted
by the local enrichment of Ca (ca. 0.05 at %), Al (ca. 0.51
at %), Ti (ca. 0.18 at %), P (ca. 0.04 at %), Cl (ca. 0.03 at %)
and Fe, and depletion of O and Mg (Fig. 7, Table 1). The
lower zone is also associated with a set of linear features
intersecting at a high angle (Fig. 7).

Within LAB-4.5°, the boundary is defined by equally
spaced arrays of linear features oriented perpendicular to
the vertical axis of the needle tip (Fig. S2). The interface is
enriched in Ca, Al, Ti, P, Cl, Mn, Fe and OH (Figs. 7, 8).
At the interface, Ca shows concentrations of ca. 0.14 at %,
Al ca. 0.58 at %, Cl ca. 0.06 at %, Mn ca. 0.20 at % and OH
0.18 at %. A decreasing trend of concentration is displayed
by Mg and O (Figs. 8, S4, Table 1).

The interface in specimen LAB-8° comprises numerous
elongated features and these define a well-developed pla-
nar structure (Figs. 7, S2). The interface shows additional

enrichment of Na (ca. 0.01 at %) and Co (ca. 0.03 at %).
Notably, the concentrations of the segregated elements are
higher compared to LAB-2.8° and LAB-4.5°, with Ca up to
ca. 0.23 at %, Al (ca. 0.63 at %), Cl (ca. 0.12 at %) and OH
(ca. 0.31 at %) (Fig. 8, Table 1). Mg, Si and O are reduced
within the boundary (Table 1, Fig. S4).

Discussion
Microstructural evolution of the olivine mylonite

EBSD orientation data are key to discriminate between dif-
ferent microstructural domains of the shear zone and deter-
mine the slip system responsible for the formation of the
targeted interfaces for atom probe tomography analysis. In
particular, three different microstructurally distinct domains
(i, 1, iii) were distinguished showing a systematic increase in
disorientation angle associated with the progressive recrys-
tallization of the original host olivine (Figs. 3, 4).

The microstructures associated with domain (i) and
domain (ii) are characterized by the development of sub-
grain boundaries, grain size decrease, and a change in the
character of crystallographic orientations. In particular, a
higher density of low-angle boundaries, is apparent in areas
adjacent to regions of neoblasts (Fig. 3b), in agreement with
GND density in the order of 10'* m~2 (Fig. 3c). These fea-
tures are consistent with domain (i) and domain (ii) having
formed by the progressive migration and accumulation of
dislocations into tilt boundary walls during crystal plastic-
ity. The microstructures associated with the mylonite region
[domain (iii)] are characterized by dislocation-free neoblasts
displaying a near-random orientation distribution and the
development of triple junctions at ca. 120°. This suggests
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Fig.7 3D reconstruction of atom probe specimens for LAB-1.3°,
LAB-2.8°, LAB-4.5°, LAB-8°. Each dot in the atom map images
represents one detected ionic species. Not all detected atoms are dis-
played for clarity. The maps show a distinct enrichment of incompat-

the occurrence of recrystallization during deformation and
textural equilibrium associated with grain boundary migra-
tion within the shear zone. These observations indicate a
progressive breakdown of the host olivine by dislocation
creep and subgrain rotation recrystallization followed by
a switch to grain size-sensitive creep (i.e. diffusion creep)
within the shear zone.

The dominant deformation recorded within domain (i) is
associated with low-angle boundary formation associated

@ Springer

ible elements at the targeted interface. An increasing number of ele-
ments are found segregated at increasing degrees of disorientation
associated with the same crystal slip system. Na and Co segregation
is visible only at 8° disorientation angle

with (100)[001] slip system. [001] slip system in olivine
is relatively rare, with only a few natural examples having
being recorded (Jung et al. 2013; Kaczmarek and Reddy
2013, and references therein). However, the operation of
[001] slip in olivine has some important implications as it
is preferentially activated during deformation associated
with the presence of water and under modest to high-stress
conditions (Jung and Karato 2001; Jung et al. 2006). In this
study, the occurrence of low-angle boundaries dominated
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Fig.8 3D isosurface renderings of the enriched region of the inves-
tigated low-angle boundary based on the concentration of Ca and Ti
and relative proximity histogram profiles for visible segregated ele-
ments at the interface. The histograms show the gradual increase of

by the activity of (100)[001] is therefore consistent with
previous interpretations of the Holsngy peridotites being
deformed during the Caledonian orogeny by shear localiza-
tion in the presence of fluids (Jung et al. 2014) and by the
regional Caledonian eclogite-facies overprint being localised
to zones of fluid infiltration (Austrheim 2013; Bhowany et al.
2018). The presence of recrystallized Cl-bearing amphibole
aggregates and dolomite within the mylonite matrix further
supports the presence of a fluid component during the defor-
mation of these rocks.

The relationship between low-angle boundary
disorientation, interface structure and trace
element composition

A systematic assessment of the relationship between diso-
rientation angle and composition of similarly oriented low-
angle boundaries has been undertaken by site-specific atom
probe targeting within the deformed host-olivine of domain
(i). The atom probe data revealed the enrichment of multiple

concentration expressed in at % for Ca, Al, Mn, Ti, Na, Cl, P, Co and
OH (left y scale) and Fe (right y scale) from the edge (distance 0)
towards the inner side of the interface. Distance is expressed in nm

trace elements (Ca, Al, Ti, P, Mn, Fe, Na, Co, Cl and OH) at
these interfaces (Figs. 7, 8).

Three of the low-angle boundaries captured within the
analysed specimens (LAB-2.8°, LAB-4.5° and LAB-8°)
are characterized by relatively planar surfaces that are
internally defined by equally spaced arrays of decorated
linear features (Figs. 7, 8). Monitoring of orientation
relationships between the thin section and the atom probe
specimens during preparation and analysis enables the cor-
relation of the geometrical features in the atom probe data
with microstructural information collected from the thin
section. This correlation indicates that the linear features
within the boundary interfaces are parallel to the diso-
rientation axes inferred from the EBSD analysis of the
boundaries. Hence, we interpret these features to represent
the preferential segregation of trace elements to disloca-
tions within the low-angle boundaries. In detail, the mor-
phology and distribution of the reconstructed iso-concen-
tration surfaces for these specimens are consistent with
the steeply dipping (100) boundary planes observed in the
TEM data being internally defined by arrays of decorated
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dislocations aligned parallel to the [010] olivine crystal-
lographic direction (Fig. S2).

With the exception of LAB-1.3°, the low-angle bounda-
ries LAB-2.8°, LAB-4.5° and LAB-8° display a positive
correlation between disorientation angle and trace element
enrichment (Fig. 8, Table 1). In detail, LAB-2.8° is enriched
in Ca, Al, Ti, P, Cl. In addition to these, Mn, Fe and OH
become visible at 4.5° of disorientation. Minor enrichment
of Na and Co is only apparent in LAB-8° (Fig. 7). A con-
comitant progressive depletion in Mg (and O) is visible from
LAB-2.8° to LAB-8° (Fig. S4, Table 1).

Conversely, at low degrees of lattice distortion, the frame-
work of the boundary captured within LAB-1.3° specimen
is defined by a more complex arrangement of elongated fea-
tures intersecting at various angles, which are interpreted to
represent the intersection of multiple dislocations aligned
parallel to the [010], [001] and [011] olivine crystallographic
directions (Fig. S2). The atomic concentrations of enriched
elements registered within LAB-1.3° interface showed a
poor correlation compared with the linear trend observed
between LAB-2.8°, LAB-4.5° and LAB-8° (Table 1). In
fact, the concentrations of commonly enriched trace ele-
ments within LAB-1.3° are the highest values across all of
the analysed specimens. As observed from 2D chemical pro-
files for Ca, CI and Ti, the distribution of the enriched ele-
ments within LAB-1.3° is heterogeneous with segregation
preferentially localized at dislocation intersections (Fig. S3).
Similar features have been observed in low-angle boundaries
developed within zircon (Piazolo et al. 2016; Reddy et al.
2016) and pyrite (Fougerouse et al. 2019). In such cases,
minor lattice distortion (< 3°) is insufficient to form ordered
dislocation arrays and the entanglement of geometrically
distinct dislocations is responsible for the local enrichment
(i.e. clustering) of segregated elements (Fougerouse et al.
2019). It is well known from the Material Science literature
that the increasing disorientation between adjacent subgrains
corresponds to a decrease of the spacing between the lattice
dislocations that constitute the subgrain boundary (Read and
Shockley 1950; Frank 1951; Priester 2013). At higher lattice
distortion, the individual dislocations contributing to the for-
mation of a subgrain boundary gradually overlap, until the
formation of high-angle boundaries is reached, in which the
identification of singular dislocations is no longer possible.
Therefore, one possible explanation of the increased trace
element concentrations in LAB-1.3°is that, at really low-
angle of disorientation, the dominant dislocation sets had
no time to mature and the observed boundary structure and
trace element enrichment represent the result of a mixture
of different slip system required for plastic deformation of a
single grain (‘“‘von Mises criteria”).

With the exception of the trace element concentrations
within LAB-1.3°, which is complicated by the presence of
multiple dislocation types, the quantitative geochemical data
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strongly suggest the presence of a systematic relationship
between the degree of lattice misorientation, the structure of
the grain boundary, and the extent of trace element segrega-
tion at those interfaces.

Mechanisms of trace element segregation
to low-angle boundaries

The enrichment of solute ions at mineral interfaces is a
well-known phenomenon in manufactured material and is
considered to reflect the minimization of the elastic strain
energy derived by non-stoichiometric atoms within the crys-
tal lattice and space charge compensation (Hondros and Seah
1977; Priester 2013). This enrichment can include mecha-
nisms deriving from the ability of static dislocations to
attract interstitial elements (“Cottrell atmosphere”, Cottrell
and Bilby 1949) or the coupled mobility of trace elements
with dislocations as they migrate towards low-angle bounda-
ries during deformation (e.g. Reddy et al. 2006, 2007).

In this study, crystal plasticity accommodated by subgrain
rotation recrystallization is interpreted to be responsible for
the development of domains (i) and (ii) during deformation
(Fig. 3). Apart from the boundary with the smallest disori-
entation angle, which is microstructurally distinct from the
other studied low-angle boundaries due to the complexity
in dislocation types, the boundaries show increasing trace
element enrichment with increasing disorientation angle.
The elements that are enriched in the boundaries show some
similarities with the composition of high-angle grain bound-
aries in natural and experimentally deformed olivine (Ando
2001; Hiraga et al. 2002, 2003, 2004; Marquardt et al. 2015;
Marquardt and Faul 2018; Cukjati et al. 2019). These ele-
ments are, by enlarge, trace elements that are found within
natural olivine (De Hoog et al. 2010). The segregation of
incompatible trace elements (e.g., Ca, Al and Ti) has been
previously reported from studies of olivine grain boundaries,
and it is mostly dictated by the bulk composition of the rock
and the crystal chemistry (Hiraga et al. 2002, 2003, 2004;
Marquardt and Faul 2018). Similar observations have also
been reported in atom probe studies of low-angle bounda-
ries in zircon and pyrite (Reddy et al. 2016; Piazolo et al.
2016; Fougerouse et al. 2019) and observation in metals
and alloys also show an increase of trace element segrega-
tion with the number of accumulated dislocations within a
boundary (Watanabe 1985).

HREM and AEM studies have demonstrated that local
enrichment of particular elements can also be attributed to
the occurrence of thin intergranular phases, such as amor-
phous layers or interstitial precipitates (e.g. Wirth 1996;
Marquardt et al. 2015). In this study, however, the observa-
tion that elements segregation at low-angle boundary inter-
faces is followed by a concomitant depletion in elements,
such as Si, O and Mg, indicates the preservation of olivine
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Fig.9 Schematic representation of the proposed model of incompat-
ible element segregation along the interface of a symmetric low-angle
tilt boundary (modified after Reddy et al. 2007). The migration of
dislocations facilitates the mobility of solute ions towards the low-
angle boundary during deformation. The infiltration of Cl and H from
an external fluid source is here represented by the blue arrow

stoichiometry (Hiraga et al. 2004). Moreover, the concen-
tration of trace elements at the analysed interfaces does not
exceed a few at %. This implies that, at the nanometre scale,
the interface is still dominated by the typical olivine com-
position. These observations, therefore, allow us to exclude
the presence of an independent intergranular phase between
adjacent grains.

Based on EBSD and APT data, we interpret the enrich-
ment of elements, such as Ca, Al, Ti, P, Mn, Fe, Na, and
Co, to reflect the capture and migration of olivine-hosted
trace elements in dislocations that migrate to the low-angle
boundary during deformation. Our results are consistent
with a dynamic and progressive migration and accumula-
tion of dislocations at low-angle boundaries, the associated
mobility of trace elements along with these migrating dis-
locations, and the equilibrium segregation of these trace
elements at newly formed subgrain interfaces (Fig. 9). The
site-specific targeting of low-angle boundaries characterized
by a similar tilt boundary geometry provides information
from a small, but important, subset of GBCD variables, and
shows a systematic relationship between subgrain boundary
disorientation and composition. Since the GBCD and inter-
facial segregation are two interlinked manifestations of grain
boundary energy minimization, associated with both surface
energy and impurity-related elastic strain, these results show
the likelihood of a complex structure-property relationship
between microstructure and grain boundary composition.

In addition to non-stoichiometric ions, the low-angle
boundaries captured with APT are found to be enriched in Cl
and OH. The evidence for a [001] slip and previous studies

on the same outcrops argue for shear zone formation in a
fluid-present geochemical environment (Kiihn et al. 2000;
Austrheim 2013; Jung et al. 2014; Bhowany et al. 2018).
Therefore, although concentrated along the targeted micro-
structures, there is the possibility that Cl and OH represent
exotic components derived from the fluid phase. The pres-
ence of H' at the analysed interfaces (evaporated as hydrox-
ide anion) is not trivial to assess with atom probe data. It is
possible that detected H" may represent chamber-sourced
hydrogen within the local evaporation field of the planar
interfaces during the analysis. However, recent studies using
coupled cryogenic sample preparation techniques and APT,
have confirmed hydrogen segregation within crystal defects,
including interfaces (Chen et al. 2020). Furthermore, since
the occurrence of H* in olivine is strongly attributed to Ti
point defects (Berry 2005; Walker et al. 2007; Demouchy
and Alard 2021), the segregation of Ti to grain boundaries is
consistent with the observed enrichment of hydrogen in the
low-angle interfaces. Moreover, the concentration of hydro-
gen in the different boundaries is consistent with the system-
atic Ti enrichment observed within LAB-2.8°, LAB-4.5° and
LAB-8°. The role of interfaces, formed during subgrain rota-
tion recrystallization, as pathways for subsequent addition
of externally derived trace elements has been shown by Pb
isotope analysis intragrain boundaries in pyrite (Fougerouse
et al. 2019). Therefore, considering the available dataset and
both the geological and petrological context of the sample,
we can speculate the Cl and H* signature detected within the
low-angle boundaries to be real and reflecting an externally
derived Cl-bearing fluid present during deformation (Fig. 9).
The progressive increase of atomic concentrations of these
trace elements with increasing disorientation may reflect
increasingly easier diffusion in boundaries with higher dis-
location densities.

Segregation of solute ions to grain boundaries and inter-
granular precipitation in response to variation in thermo-
dynamic variables, such as decrease of temperature, is a
well-known phenomenon in material science (Dillon et al.
2016). The cooling of the sample, for example, generates a
decrease in solubility of incompatible trace elements within
the crystal lattice and the less-ordered grain boundaries
become energetically more favourable as sites of segrega-
tion (Priester 2013). The EBSD and APT data presented here
indicate a systematic relationship between disorientation and
trace element concentrations in the boundaries and there is
no evidence for significant modification of low-angle bound-
ary composition after their formation. Unlike many manu-
factured materials, the segregation of trace elements to grain
boundaries in olivine may not represent a continuous equi-
librium process during cooling, but may instead represent
the composition shortly after boundary formation. This lack
of exchange may reflect the inability of trace elements to
migrate through the olivine lattice by volume diffusion once
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deformation has ceased at temperatures < 700 °C (Cherniak
and Liang 2014).

Geological implications

The microstructural and compositional analysis of low-angle
boundaries in natural olivine presented in this study shows
a previously unidentified structure-chemistry relationship
between the amount of lattice distortion and trace element
segregation. Although it is generally considered that grain
boundaries in polycrystalline materials represent sites of
preferential diffusion pathways, for example, being an order
of magnitude faster than intracrystalline diffusion (Dohmen
and Milke 2010), our data show that different amount of
lattice disorientation in tilt boundaries, associated with the
activity of the same slip system, leads to marked compo-
sitional differences within the boundary interface. Since
element diffusion along 2-dimensional grain boundaries
is strongly controlled by the chemistry of the interface
(Wuensch and Vasilos 1966), then this has the potential to
affect grain boundary diffusion, which in turn can affect
viscosity properties (Marquardt and Faul 2018 and refer-
ences therein) and diffusion rates (Priester 2011; Cukjati
et al. 2019). Furthermore, the presence of solute atoms seg-
regated at grain boundaries will modify the structure of the
interface, thereby affecting the energy of the grain bound-
ary, which is an important factor controlling the grain size
of polycrystalline aggregates (Priester 2013; Hiraga et al.
2007). Grainsize is a critical property of materials and con-
trols deformation mechanisms and the properties of rocks
during deformation. The nanoscale data presented in this
study might therefore have the potential to yield important
implications for the intrinsic properties of the rock during
crystal plastic deformation, highlighting the importance of
the geometry of grain boundary interfaces in controlling the
migration of solute ions.

The localization of H* in the boundary interfaces within
olivine has significant implications for the rheological prop-
erties of mantle rocks during deformation (Mei and Kohlst-
edt 2000). In addition, the heterogeneity of hydrogen within
nominally anhydrous minerals, such as olivine, can drasti-
cally affect physico-chemical properties of the aggregate.
The distribution of hydrogen at grain boundaries will have
major consequences of decreasing the strength in dislocation
and diffusion creep regime (Mei and Kohlstedt 2000), facili-
tate and promote chemical reactions and phase transitions,
and will modify geophysical properties, such as electrical
conductivity (Wang et al. 2006) and seismic energy attenu-
ation (Karato and Jung 1998).

Previous studies investigating compositional variations
associated with low-angle boundaries have suggested that
variation in the Fe content of olivine can play an important
control in localizing phase transformations in the mantle,
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which may promote seismicity within deeply subducted lith-
osphere (Ando 2001). This previous study utilized electron
beam techniques to show variations at the scale of ~200 nm
(Ando 2001). The obtained APT data in this study show that
variations in Fe content associated with low-angle bounda-
ries is at a much-finer scale than previously measured-only
restricted to a few nanometres. The results also show that Fe
enrichment is heterogenoeus within these grain boundaries,
generally segregating to dislocations within the boundary
interface. Moreover, these observations may also imply that
phase transformation of olivine, facilitated by Fe heteroge-
neity, can affect the strength of the upper mantle at early
stages of deformation without requiring the application of
high differential stress.

Conclusions

The characterization of the nanostructure and chemistry of
low-angle boundaries in olivine obtained by atom probe
tomography provides unprecedented evidence of trace ele-
ments segregation to low-angle boundary interfaces during
deformation. This study reports a direct positive correlation
between disorientation angle and the degree of interfacial
segregation of solute ions. In addition, the results show a
relationship between the composition of low-angle bounda-
ries and the level of grain boundary complexity. The process
of segregation identified in this study involves the capture
and the transportation of solute ions within mobile dislo-
cations. Potentially exotic trace elements, such as Cl and
H, likely reflect a small, but significant, contribution of an
external fluid source also being localized along the grain
boundaries. The compositional variations associated with
low-angle boundaries have implications for grain deforma-
tion and phase transformation of olivine in the deep Earth as
well as interpretation of geophysical data, such as electrical
conductivity and seismic energy attenuation.
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