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Abstract: The microstructure of amphibole peridotites from Aheim, Norway were analyzed to
understand the evolution of the lattice-preferred orientation (LPO) of olivine throughout the Scandian
Orogeny and its implication for the seismic anisotropy of the subduction zone. The Aheim peridotites
had a porphyroclastic texture and some samples contained an abundant amount of hydrous minerals
such as tremolite. Detailed microstructural analysis on the Aheim peridotites revealed multiple
stages of deformation. The coarse grains showed an A-type LPO of olivine, which can be interpreted
as the initial stage of deformation. The spinel-bearing samples showed a mixture of B-type and
C-type LPOs of olivine, which is considered to represent the deformation under water-rich conditions.
The recrystallized fine-grained olivine displays a B-type LPO, which can be interpreted as the final
stage of deformation. Microstructures and water content of olivine indicate that the dominant
deformation mechanism of olivine showing a B-type LPO is a dislocation creep under water-rich
condition. The observation of the B-type LPO of olivine is important for an interpretation of
trench-parallel seismic anisotropy in the mantle wedge. The calculated seismic anisotropy of the
tremolite showed that tremolite can contribute to the trench-parallel seismic anisotropy in the
mantle wedge.

Keywords: microstructural evolution; lattice preferred orientation; olivine in Aheim; amphibole;
seismic anisotropy

1. Introduction

The deformation behavior of olivine is key to understanding the mantle flow and seismic
anisotropy in the upper mantle [1-5]. Many experimental studies concerning the deformation of olivine
have reported that it has various types of lattice-preferred orientations (LPOs), depending on the
physicochemical conditions during its deformation, and that the different LPOs of olivine may influence
the seismic anisotropy of the upper mantle [3,6-11]. For example, the fabric transition of olivine in the
mantle wedge from an A-type to a B-type LPO of olivine is proposed as a possible mechanism for the
change in the shear wave splitting pattern observed in the subduction zone [3,7,8,12-14]. Many studies
have proposed a hypothesis for this change in fabric: a deformation under water-rich conditions [7,8],
a deformation under high pressure [10,15,16], an enhancement of grain boundary sliding [17-19],
a diffusional creep [20], or the presence of partial melt [21,22]. There have been many reports of such
fabric transitions recorded in naturally deformed peridotites from various localities: The Bergen Arc,
Norway [23], the Ronda massif, Spain [19], Lien, Almklovdalen, Norway [24], the Navajo volcanic
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field, USA [25], and the Calatrava volcanic field, Spain [26]. However, the exact mechanism for the
fabric transition of olivine in the mantle wedge is still under debate.

In subduction zones, various hydrous minerals such as serpentines, chlorites, and amphiboles
can be produced via chemical reactions that take place in the presence of fluid released from the
subducting slab [27-30]. Hydrous minerals in and near the subducting slab are elastically highly
anisotropic [31-34], and thus very important for understanding seismic anisotropy at a subduction
zone. Many studies have suggested that the trench-parallel shear wave anisotropy observed at various
subduction zones [35-37] can be induced by the LPO of hydrous minerals such as serpentine [38-40],
chlorite [24,33,41], and amphibole [41-44]. Amphibole can be present in the mantle wedge above the
subducting slab as a product of the hydration reaction of pyroxene [45,46]. However, studies on the
influence of the amphibole fabric on seismic anisotropy in the mantle wedge is still very limited.

In this study, a detailed microstructural analysis of several samples of amphibole peridotite from
Aheim, Norway, was performed to understand the evolution of its microstructures during the orogenic
event and the subsequent exhumation processes. The LPO of the olivine in the Aheim amphibole
peridotites was analyzed to study the mechanism underlying the fabric transition of the olivine in
nature and its implication for seismic anisotropy at a subduction zone. The water content was measured
using Fourier transform infrared (FTIR) analysis, and the dislocation microstructures in the olivine
were observed to identify a possible mechanism leading to its deformation. In addition, the LPO of
the amphibole was analyzed to estimate the influence of amphibole fabric on seismic anisotropy in a
subduction zone.

2. Geological Setting and Sample Description

The Western Gneiss Region (WGR) in Norway is located between Bergen and Trondheim, with
25,000 km? of dominantly gneissic rocks representing the crustal root zone of the Caledonian mountain
belt [47,48]. The Caledonian mountain belt was originated during the collision between Laurentia and
Baltica [49-51]. The Scandian Orogenic event resulted in a series of high-pressure to ultra-high pressure
(HP to UHP) metamorphism events in the WGR. Many orogenic peridotite bodies were emplaced into
the crustal rocks of the WGR, which experienced multiple stages of metamorphism and deformation
over the course of the Scandian Orogeny and the subsequent uplift [52-59]. During exhumation, many
peridotite bodies were infiltrated by fluid and retrograded to amphibole peridotite or chlorite peridotite.

The WGR is predominantly composed of orthogneisses and paragneisses with abundant emplaced
peridotite or eclogite bodies (Figure 1). The Proterozoic protolith, dated to 1654 + 1 Ma, underwent
UHP metamorphism and subsequent retrogression associated with the Scandian Orogenic event [60,61].
A continent-continent collision between Baltica and Laurentia from 425-400 Ma resulted in HP-UHP
metamorphism at P = 1.8-3.6 GPa and T = 600-800 °C [52,59,62]. Following this collision (400-380 Ma),
the WGR was uplifted to a depth of 15-20 km, where it underwent amphibolite facies retrogression
at P = 0.5-1.5 GPa and T = 650-850 °C [48,57,63]. The orogenic peridotite bodies within the
Nordfjord-Stadlandet UHP domains include garnet lherzolite and dunite trapped during the uplift
stage. During the uplifting, these peridotites experienced multiple stages of deformation and
associated recrystallization in the granulite facies (ol + opx + cpx + sp) and amphibolite facies
(ol + opx + amp + chl) conditions [53-56,64]. The amphibole peridotite samples (426, 429, 443, 445,
446, 447, and 448) were collected from Gusdal quarry in Aheim, Western Norway (Figure 1) for a
detailed study of their microstructures.
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Figure 1. Simplified geological map and the distribution of peridotite bodies in the Western
Gneiss Region, Norway (modified after Austrheim [47], Brueckner etl al. [53], Root et al. [63],
and Wang et al. [16]). Samples are from Gusdal quarry in Aheim (larger green circle). The green lines
indicate the approximate peak metamorphic temperature [57]. Locations of chlorite peridotite and
a garnet peridotite body are marked with a green and red circle, respectively. Two UHP domains,
Nordfjord-Stadlandet and Sorgyane, are marked by a dotted blue line.

3. Materials and Methods

3.1. The Chemical Composition of Minerals

The chemical compositions of the representative minerals were analyzed using a Shimadzu 1600
electron probe micro-analyzer (EPMA), with an accelerating voltage of 15 kV and a beam size of 1 um,
at the Korea Basic Science Institute in Jeonju. The chemical composition of the minerals was obtained
from their cores. No chemical zoning was detected within the samples. The temperature of the spinel
peridotite was estimated using an olivine-spinel geothermometer [65] and Al in an orthopyroxene
geothermometer [66]. As there was an absence of garnet among the samples, and given the wide range
in which amphibole peridotite is stable [27,33], it was difficult to precisely determine the pressure of
these samples. However, it can be expected to have been lower than 1.6 GPa, the point at which the
spinel-garnet peridotite boundary occurs at 800 °C [67].

3.2. Measurement of LPO and Seismic Anisotropy

The foliation of the samples was determined from the compositional layering of the olivine,
amphibole, and chlorite. Lineation was determined by examining the shape-preferred orientation
of the elongated olivines in the foliation plane using the projection-function method [68]. To study
the LPO of the olivine and tremolite, a thin section was prepared in the x—z plane (x: lineation, z:
normal to foliation). An electron backscattered diffraction (EBSD) detector attached to a scanning
electron microscope (SEM) (JEOL JSM-6380) housed at the School of Earth and Environmental Sciences
(SEES) at Seoul National University (SNU) was used to determine the LPO of each mineral. An HKL
system with Channel 5 software was used for the EBSD analysis. The accelerating voltage and working
distance in the SEM observation were 20 kV and 15 mm, respectively. To ensure an accurate solution,
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each EBSD pattern of the individual grains was analyzed manually. The fabric strength of the LPO of
the olivine and tremolite was calculated using the M-index [69] and J-index [70].

To estimate the impact that the multiple stages of deformation and presence of hydrous minerals
had on the seismic anisotropy, the seismic velocity and anisotropy of the Aheim amphibole peridotites
were calculated using the software ANIS2k and VpG [71], on the basis of the LPO data. The ambient
condition elastic constants for a single crystal of olivine [72], tremolite [73], and antigorite [74] were
used for the crystallographic data. The thickness of the anisotropic layer (T ) for a given delay time was
estimated from the shear wave splitting via the following equation [75]: To = (100 X § X < Vg >)/AVg,
where 6 is the delay time of the S-wave, <Vg> is the average velocity of the fast and slow shear waves
(Vg1 and Vgp), and AVg is the seismic anisotropy of the S-wave expressed as a percentage.

3.3. Measurement of Water Content in Olivine

The water content of the olivine was measured using FTIR spectroscopy. The FTIR specimens
were thinned to a thickness of 100 um and polished on both sides. Each sample was then heated at a
temperature of T = 120 °C for 24 h to eliminate water from the surface and the grain boundary. The FTIR
analysis was performed using a Nicolet 6700 FTIR spectrometer with a continuum IR microscope
housed at the Tectonophysics laboratory in the SEES at SNU. Unpolarized transmitted light with an
aperture size of 50 um X 50 um was used to obtain the FTIR spectra. For each sample, FTIR spectra
were collected from 10 different olivine grains without any cracks or inclusions, to avoid interference,
and averaged. To identify the constituents of the inclusions in the olivine, additional FTIR analyses
were performed on the olivines with inclusions. A series of 128 scans were averaged for each spectrum
to improve the quality of the spectra at a resolution of 4 cm™!. The water content of the olivine was
calculated at the wave numbers in the range 3400-3750 cm ™!

by Paterson [76].

using the calibration method described

3.4. Dislocation Microstructure

An oxygen decoration technique [77-79] was applied to allow observation of the dislocation
microstructures in the olivine. The peridotite samples were polished on a single side and were then
heated in the oven for 1 h at T = 800 °C. Each sample was polished with colloidal silica after oxidation
in order to remove the thin layer of oxide from its surface. The polished samples were then coated with
carbon to prevent charging during the SEM observation (JEOL JSM-6380). To observe the dislocation
microstructures in the olivine, backscattered electron images (BEI) were taken with an accelerating
voltage of 15 kV and at a working distance of 10 mm [77].

4. Results

4.1. Microstructures

The majority of the samples had a porphyroclastic texture and contained primarily olivine (>90%)
with minor amounts of amphibole, orthopyroxene, chlorite, biotite, and chromite (Figure 2A-D).
However, some samples showed different mineral assemblages and modal compositions. For example,
some samples (429 and 445) included layers of Cr-rich spinel (Figure 2B), and one sample (443) included
a tremolite-rich layer with an approximately 50% modal composition of tremolite (Figure 2D).

The average grain size of each sample was measured using the linear intercept method [80] and
the range was found to be 0.32-1.2 mm (Table 1) with an average of 0.51 mm. The average size of
the grains in sample 448, with its clear porphyroclastic texture, was 0.35 mm for the recrystallized
fine grains and 1.2 mm for the coarse grains including the porphyroclasts (Table 1). The olivine
porphyroclasts had curvy grain boundaries, indicating a recrystallization process that occurred via
grain boundary migration (Figure 2A,C). Straight grain boundaries and triple junctions were often
observed in the recrystallized small grains, which indicated that annealing occurred during exhumation
(Figure 2C). A few four-grain junctions were also observed in the area of the recrystallized olivine
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grains (Figure 2E,F). Undulose extinction and subgrain boundaries were frequently observed in all
samples (Figure 2A,C). Microstructures such as porphyroclastic texture, undulose extinction, subgrain
boundaries, and abundant inclusions or fractures coincided with those of the grey peridotite described
by Kostenko et al. [64].

Figure 2. Optical photomicrographs of the samples in transmitted light. (A) Representative wide-view

images of sample 448. White arrows mark the olivine crystals that show clear subgrain boundaries.
Olivine and chlorite grain is indicated as Ol and Chl, respectively. (B) Spinel-rich layer observed in
sample 429. Chromite and chlorite grains are indicated as Chr and Chl, respectively. (C) Representative
wide-view images of sample 447. White arrows mark the olivine crystals showing clear subgrain
boundaries. The yellow arrows mark the location of the tripple junctions. Olivine and chlorite grains
are indicated as Ol and Chl, respectively. (D) Tremolite-rich layer observed from sample 443. Tremolite
and biotite grains are indicated as Trm and Bt, respectively. (E) Wide view image of sample 447.
The yellow rectangle indicates the location of Figure 2F. (F) Four-grain junction is observed in sample
447. The blue arrow marks the location of the four-grain junction.
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Table 1. The lattice-preferred orientations (LPO), water content, and fabric strength of olivine.

LPO Type Water Content of Olivine ! Average Grain

Sample M-Index 3 J-Index 4

of Olivine (ppm H/Si) Size 2 (mm)
426 A + B-type 500 + 50 0.48 0.09 2.98
Spinel-rich B + C-type 0.36 0.05 2.00
429 320 + 50
Spinel-poor B-type 0.32 0.08 2.86
o 0.05 2.34
Tremolite-rich B-type 0.35 " *
443 oP 230 + 50 013 589
Tremolite-poor  A-type 0.7 0.08 2.66
445 B + C-type 500 + 50 0.51 0.05 1.89
446 B-type 310 + 50 0.46 0.09 3.61
447 B-type 430 + 50 0.38 0.19 4.55
Large grain A-type 1.2 0.1 3.25
448 8 P 300 + 50
Small grain B-type 0.35 0.08 4.46

1 Water content of olivine was measured from the inclusion-free area. Paterson calibration was used to calculate
water content [76]. 2 Average grain size was measured using the linear intercept method [80]. 3 Fabric strength of
the LPO of olivine calculated using the M-index [69]. 4 Fabric strength of the LPO of olivine calculated using the
J-index [70]. * Fabric strength of the LPO of tremolite.

4.2. Chemical Compositions of Minerals

The representative chemical compositions of the minerals obtained via the EPMA analysis are
presented in Table 2. A high content of magnesium was found in the olivine and orthopyroxene, with
an Mg# of 94 for the olivine and 93-95 for the orthopyroxene. No significant chemical difference was
found between the coarse porphyroclasts and fine recrystallized grains. Spinel had a high concentration
of chromium (Cr,O3; = 58.98 wt. %, Table 2) and can be classified as chromite. Amphiboles can
be classified as tremolite with a very low aluminum concentration (Al;O3 = 1.1 wt. %; Table 2).
The temperature of the Aheim amphibole peridotite was estimated at 586 + 50 °C using the Ol-Sp
geothermometer [65] and at 640 + 50 °C using the Al in the orthopyroxene geothermometer [66].

Table 2. The chemical compositions of the representative minerals in the specimen.

Sample 447 448

Mineral ol-1 ol-2 opx-1  amp-1 bt-1 ol-1 ol-2 opx-1 chl-1 sp-1
Si0, 41.10 41.61 57.85 56.33 42.68 41.49 41.60 58.22 31.33 0.00
TiO, 0.03 0.01 0.00 0.01 0.06 0.01 0.01 0.00 0.02 0.01

Al,O5 0.01 0.00 0.10 1.10 12.18 0.00 0.00 0.08 13.36 3.03

CryO3 0.02 0.01 0.02 0.25 0.68 0.01 0.00 0.01 3.79 58.98

FeO 6.17 6.17 447 1.46 1.77 6.30 6.46 414 1.93 25.70
MnO 0.09 0.08 0.13 0.06 0.00 0.07 0.12 0.14 0.02 0.49
MgO 51.39 51.43 36.11 23.69 27.06 51.79 51.93 36.84 34.53 5.85
CaO 0.01 0.02 0.12 12.74 0.24 0.00 0.00 0.08 0.01 0.01

Na,O 0.00 0.00 0.00 0.53 1.09 0.00 0.00 0.01 0.00 0.00
K20 0.00 0.00 0.00 0.09 6.93 0.00 0.00 0.01 0.00 0.00
NiO 0.40 0.41 0.08 0.00 0.18 0.32 0.40 0.11 0.00 0.03

Total 99.21 99.75 98.88 96.26 92.86 99.99 100.52 99.62 84.97 94.10

wt. % oxides, ol: olivine, opx: orthopyroxene, amp: amphibole, bt: bitotite, chl: chlorite, sp: spinel.

4.3. LPO of Minerals

The LPOs of the olivine in the amphibole peridotite samples are illustrated in Figure 3. In samples
443 and 448, it is apparent that the [100] axes of the olivine are aligned subparallel to the lineation and
the [010] axes are aligned subnormal to the foliation, which is known as an A-type LPO [7]. In samples
446 and 447, the [001] axes of the olivine are aligned subparallel to the lineation and the [010] axes are
aligned subnormal to the foliation, which is a B-type LPO [7,8]. Some samples showed a combination
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of the two different types of LPOs. In sample 426, both the [100] and [001] axes of the olivine are
aligned subparallel to the lineation and the [010] axes are aligned subnormal to the foliation; this is an
A + B-type LPO [19,23,81]. In samples 429 and 445, the [001] axes of the olivine are aligned subparallel
to the lineation and both the [100] and [010] axes are aligned subnormal to the foliation; this is known
as a mixed B- and C-type LPO (B + C-type LPO). This B + C-type LPO of olivine is quite similar to the
type III LPO of olivine which is reported by Prelicz (2005) [82]. The fabric strength of the samples,
which was calculated as both the M-index and J-index values from the LPO of the olivine and tremolite,
is listed in Table 1. Both the M- and J-index values tend to be slightly lower in the samples with a
mixed olivine LPO, such as A + B or B + C (samples 426, 429, and 445; Table 1). The fabric strength of
the tremolite was much higher than that of the olivine (Table 1).

[100] [010] [001] [100] [010] [001]
446

N=232

447
N=209

448
N=531

1!
2

Figure 3. Pole figures of the olivine presented in the lower hemisphere using equal-area projection.

The white line (S) represents foliation and the red dot (L) represents lineation. A half-scatter width of
20° was used. “N” represents the number of grains. The color-coding indicates the density of the data
points. The numbers in the legend correspond to multiples of uniform distribution.

To understand the effects of grain size and mineral assemblage on the LPO of olivine, an additional
EBSD analysis was performed for three samples: sample 429, 443, and 448. Sample 429 was divided
into the spinel-rich layer (Figure 2B) and the spinel-poor layer. In the case of sample 443, the LPOs of
the olivine in the tremolite-rich and tremolite-poor layers were determined separately (Figure 2D).
Sample 448 was divided into the porphyroclasts and fine-grained recrystallized grains (Table 1).
A detailed EBSD analysis of the samples (429, 443, and 448) revealed that the LPO of olivine has a
tendency to be varied within the mineral assemblage of the layer and the grain size of the samples
(Figure 4). In sample 429, the LPO of the olivine that was obtained from the spinel-rich layer (429 Sp-rich)
was a B + C-type, but the LPO of the olivine obtained from the spinel-poor layer (429 Sp-poor) was
a B-type (Figure 4A). In sample 443, the LPO of the olivine obtained from the tremolite-rich layer
(443 Tr-rich) was a B-type, but the LPO of olivine obtained from the tremolite-poor layer (443 Tr-poor)
was an A-type (Figure 4B). In sample 448, the LPO of the olivine observed from the coarse grains that
included porphyroclasts (448 large grain) was an A-type, but the LPO of the olivine in the recrystallized
fine grains (448 small grain) was a B-type (Figure 4C).

The LPO of the tremolite in the tremolite-rich layer from sample 443 is also shown in Figure 4B.
The tremolite LPO exhibits the [001] axes and {010} poles forming a girdle distribution along the
foliation with the [100] axes that are aligned subnormal to the foliation; this is known as a type-1II LPO
of amphibole [44].
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Figure 4. Pole figures of olivine presented in the lower hemisphere using an equal-area projection
obtained from (A) the spinel-rich layer and a spinel-poor layer of sample 429, (B) the tremolite-poor
layer and tremolite-rich layer of sample 443, and (C) large grains including the porphyroclasts and
recrystallized small grains of sample 448. The pole figure of the tremolite from the tremolite-rich
layer of sample 443 is also included in (B). The white line (S) represents foliation and the red dot
(L) represents lineation. A half-scatter width of 20° was used. “N” represents the number of grains.
The color-coding indicates the density of data points. The numbers in the legend correspond to
multiples of uniform distribution.

4.4. Seismic Velocity and Anisotropy

To simulate the changes in the seismic properties from the degree of the recrystallization, the LPO
data from the large porphyroclasts and fine-grained recrystallized grains were mixed with six different
mixing ratios: 100:0, 80:20, 40:60, 60:40, 20:80, and 0:100. The LPO of the olivine in sample 448 was
chosen as the original raw data because of its clear porphyroclastic texture (Figure 2A). Due to sample
448 mainly consisting of olivine (more than 90%), only the LPO of olivine was considered for the
calculation. The seismic velocity and anisotropy of sample 448 are illustrated in Figure 5. In the large
grains of sample 448 (100%), the P-wave anisotropy (AVp) was found to be 5.7%, and the maximum
S-wave anisotropy (AVg) was 3.63%. The calculated AVp and maximum AVg values were similar
to or slightly higher than those from the previous studies on the Almklovdalen chlorite peridotites;
that is, 2.4-8.2% and 0.9-4.3% from Prelicz (2005) [82], 5.3—-6.0% and 3.72-4.46% from Wang et al.
(2013) [16], and 1.8-3.8% and 1.66—2.68% from Kim & Jung (2015) [24]. For large grains of sample 448,
the polarization direction of the fast shear wave at the center of the stereonet was subparallel to the
direction of flow (X-direction; Figure 5). With the increasing ratio of small grains, the polarization
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direction of the fast shear wave started tilting and became subnormal to the flow direction at the large
grains (40%) and small grains (60%) (Figure 5). This result indicates that with the 60% of recrystallization
rate, a trench-parallel shear wave anisotropy is expected at the mantle wedge, assuming a 2D corner
flow of the upper mantle. The estimated thickness of the anisotropic layer for the given delay time is
noted in Table 3.

Y Vp Contours (km/s) AVs Contours (%) Vs1 Polarization
.VN* 8.57
X \ 8.50
Large: 100% [S////ZN\| 840
Small: 0% i ] 8.30

\\ - 8.10

Anisotropy = 5.7 %

8.53
8.50
8.45
8.40
8.35
8.30
8.25
8.20

Large: 80%
Small: 20%

8.12

Large: 60%

Small: 40% 8.30
8.25
8.20
8.14
8.50
8.50
8.45
8.40
Large: 40% 8.35
Small: 60% 8.30
8.25
8.16
853
8.50
8.45
Large: 20% g-gg
. 209 !
Small: 80% 8.30
8.25
8.17
8.56

Large: 0%
Small: 100%

Anisotropy = 4.4 %

Figure 5. Effects of multiple stages of deformation on seismic velocity and anisotropy. LPO data of
olivine from 448 large grains and 448 small grains (Figure 4C) was mixed with 6 different mixing
ratios: 100:0, 80:20, 40:60, 60:40, 20:80, and 0:100. Seismic velocity and anisotropy are calculated from
the mixed LPO data to estimate the effect that the secondary deformation event had on the seismic
anisotropy. The P-wave velocity (Vp), the amplitude of the shear-wave anisotropy (AVg), and the
polarization direction of the faster shear wave (Vsl) are plotted in the lower hemisphere using an
equal-area projection. The center of the stereonet corresponds to the direction normal to the foliation
(Z), and the east-west direction corresponds to lineation (X).
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Table 3. Estimated seismic anisotropy and the thickness of the anisotropic layer for the given delay
time calculated from the LPOs of the olivine, amphibole, and serpentine.

The Thickness of Anisotropic Layer for the
Given Delay Time Calculated from the
Seismic Anisotropy (km)

The Mixing Ratio of Horizontal
448 Large Grain and AVg (%) 1
448 Small Grain

<Vg> (km/s) 1

dt=0.1s dt=0.2s dt=03s
100:0 1.8 4.780 27 53 80
80:20 14 4.785 34 68 103
60:40 1.5 4.790 32 64 9%
40:60 1.8 4.790 27 53 80
20:80 24 4.795 20 40 60
0:100 3.1 4.800 15 31 46
Mineral Assemblage
Olivine (443) 2 14 4.813 34 69 103
QOlivine + tremolite 2
(70%) (30%) 1.7 4.665 27 55 82
Olivine + tremolite 2
(50%) (50%) 25 4595 18 37 55
Tremolite (443) 2 5.5 4.340 8 16 24
Antigorite (VM3) 3 [38] 1.6 3.735 23 47 70
Tremolite (443) 3 6.0 3.975 7 13 20
3
Ol + Atg + Trm 32 4450 14 28 42

(50%) (25%) (25%)

1 Horizontal AVg and <Vg> were determined at the center of the stereonet (vertical S-wave propagation direction;
Figure 5; Figure 6); 2 The LPO data was rotated with a dipping angle of 45° to simulate the effect of flow dipping
along the subducting slab; > The LPO data was rotated with a dipping angle of 55° to simulate the effect of flow
dipping along the subducting slab; AVs: anisotropy of S-wave velocity, <Vs>: the average velocity of the fast and
slow shear waves (Vs; and Vg;), dt: delay time of S-wave, Ol; olivine, Atg: antigorite, Trm: tremolite.

The LPOs of the olivine and tremolite in the tremolite-rich layer of sample 443 (Figure 2D) were
chosen to estimate the influence that the amphibole had on the seismic anisotropy of the mantle wedge.
The LPO data of the olivine and tremolite in the tremolite-rich layer were mixed in 70:30 and 50:50
ratios and were rotated with a dipping angle of 45° to simulate the effect of flow dipping along the
subducting slab in the mantle wedge. The seismic velocity and anisotropy of the tremolite-rich layer of
sample 443 is shown in Figure 6. In the case of the olivine (443 Ol), the AVp is 3.8%, the maximum
AVg is 2.68%, and the polarization direction of the fast shear wave at the center is oblique to the
flow direction (Figure 6A). The tremolite of this sample (443 Trm) demonstrates an AVp of 21.8%,
a maximum AVg of 14.19%, and the polarization direction of the fast shear wave at the center is aligned
subnormal to the flow direction (Figure 6A). When the olivine and tremolite are mixed with the 70:30
ratio, the AVp is 8.4%, the maximum AVg is 5.79%, and the polarization direction of the fast shear
wave at the center is aligned subnormal to the flow direction (Figure 6A). With the 50:50 mixing ratio,
the AVp is 12.0%, the maximum AVyg is 8.07%, and the polarization direction of the fast shear wave at
the center is aligned subnormal to the flow direction (Figure 6A). This result suggests that the presence
of amphibole may significantly contribute to the trench-parallel S-wave anisotropy, assuming that the
flow dips along the subducting slab in the mantle wedge. In addition, the P- to S-wave velocity ratio
(Vp/Vs) of the tremolite was smaller than that of the olivine (Figure 6A). The maximum Vp/Vg for the
olivine, amphibole, and olivine-amphibole mixture (50:50) was 1.74, 1.70, and 1.71, respectively.
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Figure 6. (A) Effect of amphibole on seismic velocity and anisotropy. LPO data of the olivine and
tremolite in the tremolite-rich layer in sample 443 (Figure 4B) was used. (B) Effect of amphibole
and serpentine on seismic velocity and anisotropy. LPO data of the olivine and tremolite in the
tremolite-rich layer in sample 443 (Figure 4B) and LPO data of antigorite (VM3) reported by Jung [36]
was used. The P-wave velocity (Vp), the amplitude of the shear-wave anisotropy (AVs), the polarization
direction of the faster shear wave (Vg;), and the P- to S-wave velocity ratio (Vp/Vs) are plotted in
the lower hemisphere using an equal-area projection. The x direction and the z direction correspond
to the lineation and the direction normal to the foliation, respectively. Ol: olivine, Trm: tremolite,
Atg: antigorite.

In addition, the LPO data of the serpentine was mixed with the LPO of the olivine and tremolite
in the tremolite-rich layer of sample 443 in order to compare the influence of amphibole and serpentine
on the seismic anisotropy in subduction zones. The LPO data of the antigorite from Val Malenco, Italy
(sample VM3), reported by Jung [38], was mixed with the LPO data of the olivine and tremolite in the
tremolite-rich layer of sample 443 in a 50:25:25 (olivine-tremolite—antigorite) ratio. Because serpentine
requires a high dipping angle to produce trench-parallel seismic anisotropy [36], the calculated data
was rotated with a dipping angle of 55° in order to make a proper comparison. The calculated seismic
velocity and anisotropy of the olivine, tremolite, and antigorite mixture are shown in Figure 6B.
The mixing ratio of olivine, tremolite, and antigorite was 50:25:25. The AVp is 13.7%, the maximum
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AVg is 14.16%, and the polarization direction of the fast shear wave at the center is aligned subnormal
to the flow direction (Figure 6B). In addition, the pattern of the seismic velocity and anisotropy was
similar to that of the antigorite (VM3; [38]), which indicates that the seismic anisotropy of the overall
mixture is governed by the antigorite.

4.5. Water Content of Olivine

The representative FTIR spectra of the olivines are illustrated in Figure 7. In the case of the
olivine grain without any inclusions or cracks, small absorption peaks were observed (Figure 7A).
The average water content of the olivine calculated using the IR bands between 3400 and 3750 cm ™!
was 370 + 50 ppm H/Si (Table 1), which is above the boundary between the A-type and B-type LPO
illustrated by the fabric diagram for the olivine [8]. The average water content of the olivine from
this study was higher than that from previous studies on the Almklovdalen chlorite peridotites; that
is, 7-115 ppm H/Si from Wang et al. (2013) [16] and 170-310 ppm H/Si from Kim & Jung (2015) [24].
No significant difference was apparent in the FTIR spectrum related to the grain size of the olivine or the
mineral assemblage of the sample, and therefore all the FTIR spectra were averaged. Additional FTIR
analyses were performed for the olivine grains with visible inclusions to study the components of these
samples. The resulting FTIR spectra showed strong absorption bands in the range 3400-3750 cm ™!
(Figure 7B,C). IR peaks were found at the wave numbers of 3689, 3684, 3649, and 3630 cm~! which
indicates the presence of serpentine as a hydrous inclusion in the olivine [83-85].
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Figure 7. A representative unpolarized FTIR spectra of the olivine. (A) FTIR spectrum of olivine in
sample 429 without any inclusions or grain boundaries. (B) FTIR spectrum of olivine in sample 447
where hydrous inclusions are found, and the optical micrograph image of the location from which the
FTIR spectra are taken. (C) FTIR spectrum of olivine in sample 429 where a hydrous inclusion is found,
and optical micrograph image of the location from which the FTIR spectra are taken.
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4.6. Dislocation Microstructure of Olivine

Backscattered electron images of the dislocation microstructure of the olivine are shown in Figure 8.
All samples showed a homogeneous distribution of the dislocations, and there was no significant
difference between the samples with different LPOs of olivine. In many cases, the dislocations were
observed to be curved (Figure 8A) or looped (Figure 8C), suggesting the strong influence that obstacles
have on the dislocation glide. Abundant subgrain boundaries were observed in the olivine grains
(Figure 8A—C), which were similar to those observed with the optical microscope (Figure 2A,C).

Figure 8. Backscattered electron images showing dislocation microstructures of olivine from (A) sample
426, (B) sample 429, (C) sample 447, and (D) sample 448. Dislocations are shown as white dots and lines.

5. Discussion

5.1. Development of LPO of Olivine

Previous studies on the Almklovdalen chlorite peridotites located at a distance of 3 km from the
Aheim peridotites, reported both A- and B-type LPOs of olivine [16], A-, B-, C-, and E-type LPOs
of olivine [24], and an A-, B + C-type, and axial [010] pattern LPOs of olivine [82]. Wang et al. [16]
interpreted that the A-type and B-type LPOs of olivine were formed under dry conditions (7-115 ppm
H/Si) and the B-type LPO of olivine was developed under conditions of high stress and high strain.
On the other hand, Kim and Jung [24] reported that the A-type LPO was a result of deformation under
dry conditions (170 + 30 ppm H/Si), whereas the B-type LPO was developed due to the deformation of
olivine under wet conditions (210-310 + 30 ppm H/Si). Prelicz (2005) [82] reported that the B + C-type
(type-III) LPO of olivine developed in a mantle peridotite under water-rich retrograde conditions
possible during the emplacement in crustal rock.

In this study, we observed that the LPO of the olivine in the Aheim amphibole peridotites has
a close relationship with the grain size of the olivine and the mineral assemblage of the peridotite
(Table 1, Figure 4). The A-type LPO of olivine was observed in the coarse grains of sample 448 (with
an average grain size of 1.2 mm, Table 1, Figure 2A) and the tremolite-poor layer of sample 443
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(with an average grain size of 0.7 mm, Table 1, Figure 2D). On the other hand, the B-type LPO was
observed from the recrystallized fine grains of the olivine in sample 448 (with an average grain size of
0.35 mm, Table 1, Figure 2A) and in the tremolite-rich layer of sample 443 (with an average grain size
of 0.35 mm, Table 1, Figure 2D). One possible mechanism for this fabric transition from an A-type to
B-type LPO observed in the olivine from the Aheim amphibole peridotites is an olivine deformation
under water-rich conditions. The water content of the olivine measured via the FTIR spectroscopy was
in the range of 230-500 + 50 ppm H/Si, which indicates that the olivine was deformed under water-rich
conditions [7,8]. The presence of hydrous minerals such as amphibole and chlorite (Figure 2D), and the
abundant hydrous inclusions observed in the olivine (Figure 7B,C) suggest that the deformation of the
recrystallized olivine grains occurred in the presence of a fluid. In addition, numerous dislocations
were observed in the olivine samples (Figure 8). These results indicate that the dominant deformation
mechanism of olivine showing a B-type LPO in the Aheim peridotites is a dislocation creep under
water-rich conditions.

The other possible mechanism for a fabric change from an A-type to B-type LPO of olivine is an
enhancement of dislocation-accommodated grain boundary sliding (DisGBS) [17-19,86]. Precigout
and Hirth [19] proposed that a fabric transition from an A-type to B-type LPO in olivine that was
observed in the Ronda massif, Spain could have resulted from the enhancement of GBS as the grain
size decreased. The average grain size of the olivine in the Ronda peridotite was ~1 mm in the
tectonites and 0.05-0.3 mm in the upper mylonite [19], which is similar to that of the Aheim amphibole
peridotite (448 fine: 0.35 mm, and 448 coarse: 1.2 mm; Table 1). In addition, the few four-grain junctions
(Figure 2E,F) observed from the recrystallization of the olivine grains with a B-type olivine fabric
(Figure 3) could be further evidence for a minor contribution from deformation via GBS [87,88].

A B + C-type LPO of olivine was observed in the olivine of sample 445 and the spinel-rich layer of
sample 429. A C-type LPO of olivine is known to be produced under conditions of low stress and
water-rich conditions [7,8,89]. Water may have been lost from the olivine during exhumation. A high
water content (up to 500 + 50 ppm H/Si; Table 1) and the presence of hydrous inclusions such as
serpentine in the olivine (Figure 7C) indicate that the B + C-type LPO of olivine observed in samples 429
and 445 can be related to deformation under water-rich conditions. In addition, numerous dislocations
were observed in the olivine samples (Figure 8B). These results indicate that the dominant deformation
mechanism of olivine demonstrating the C-type LPO in the Aheim peridotites is a dislocation creep
under water-rich conditions. A C-type LPO of olivine was also reported in the other previous studies
where peridotites were deformed in water-rich conditions at various localities such as Cima di Gagnone
in the Central Alps [90], Otrey Island in Western Norway [91], the North Quidam UHP belt, NW
China [92], and the Rio Grande rift, USA [93].

5.2. The Deformation History of Aheim Peridotite

The LPO of the olivine in the Aheim amphibole peridotites showed four different types of olivine
fabric: A-, B-, A + B-, and B + C-type LPOs of olivine (Figures 3 and 4). The Aheim peridotite bodies
represent the mantle wedge where it was entrapped in the crust during the uplift process [53,54].
An A-type LPO of olivine was observed in the coarse olivine grains including the porphyroclasts
(Figure 4B,C, Table 1), which can, therefore, be interpreted as the original mantle fabric prior to
uplift. Deformation was localized in the fine recrystallized grain area of the samples (Figure 2B-D).
Considering that a significant amount of strain is required to alter the LPO of olivine [6,94], the strain
of the deformation during the exhumation process is considered insufficient to change the pre-existing
LPO of olivine porphyroclasts. During the uplift process, fluid infiltrated the samples in the amphibole
peridotite stability field [53,64], enhancing the recrystallization of the olivine under water-rich
conditions [77], which is considered to have resulted in the fabric transition of the olivine from an
A-type to a C- and B-type.

The secondary olivine fabric which was developed in the Aheim peridotites is considered to be
the C-type LPO of olivine, which is preserved as the B + C-type LPO of olivine in sample 445 and the
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spinel-rich layer of sample 429 (Figure 4A). The C-type fabric in the Aheim amphibole peridotite can
be correlated with the spinel bearing assemblage (Figures 2B and 4A), which is related to the granulite
facies (ol + opx + cpx + sp) condition during the process of exhumation [53,54,58]. After the granulite
facies condition, a localized deformation associated with the fluid infiltration may have resulted in
the fabric transition to the C-type LPO of olivine (Figure 7C). As granulite facies metamorphism was
recorded in the Aheim amphibole peridotite prior to amphibolite facies [53,54,58], this C-type LPO can
be regarded as a secondary olivine fabric.

The last olivine fabric which was developed in the Aheim peridotites is considered to be as the
B-type LPO of olivine observed in the small recrystallized olivine grains (Figure 4B,C). Samples with
the B-type LPO of olivine were of the smallest grain size. The B-type LPO of olivine can be related to
the deformation of samples during amphibolite facies (ol + opx + amp + chl) conditions, following
the granulite facies [53,54,58]. Fluid infiltration and the enhanced recrystallization of olivine at the
amphibolite facies condition could lead to the fine-grained olivine grains that were deformed under
water-rich conditions, resulting in the B-type LPO of olivine in the small recrystallized olivine grains.
Both the A + B-type or B + C-type LPO of the olivine observed in samples 426, 429, and 445 (Figure 3)
can be interpreted as a B-type LPO of olivine overprinting a preexisting A- or C-type LPO of the
olivine. These mixed LPOs of olivine are believed to be the last olivine fabrics preserved in the Aheim
amphibole peridotites.

5.3. Implications for the Seismic Anisotropy

Trench-parallel seismic anisotropy has been observed at various subduction zones around the
world [13,37,95-98]. After experiments concerning the deformation of olivine under wet conditions at
high pressures, a water-induced fabric change of the olivine in the subduction zone was suggested as
one of the possible mechanisms for this phenomenon [7,8]. As the fabric transition from an A-type
to B-type LPO of the olivine in the Aheim amphibole peridotite was driven by the fluid infiltration
associated with the exhumation process during/after the Scandian orogeny, the olivine fabric data from
this study cannot be directly applied to the current mantle wedge above the subducting slab. However,
the olivine fabric transition observed from the Aheim amphibole peridotites could be a good example
of water-induced fabric change to olivine in naturally deformed peridotites.

Prelicz (2005) reported the ultrasound velocities of the P- and S-waves measured on the cores
obtained from the Almklovdalen chlorite peridotites [82]. The mean Vp and Vg; at a confining pressure
of 400 MPa were around 7.9-8.2 km/s and 4.76-5.1 km/s, respectively [82], The seismic velocities
calculated from the LPO of olivine in sample 448 showed that the Vp was slightly higher (8.1-8.57 km/s;
Figure 5) and the <Vg> was similar to the ultrasound velocity data (4.78—4.8 km/s; Table 3). There are
several explanations for these differences in seismic velocities: (1) Since sample 448 mainly consisted of
olivine, only the LPO of olivine was considered for the calculation. Therefore, the effect of secondary
minerals was excluded in this case, especially for the effect of hydrous minerals such as tremolite
and chlrotite. (2) In this study, the elastic constant of a single crystal olivine at an ambient condition
was used for calculation. Since the elastic constant of olivine is dependent on the pressure and
temperature [72], there may be minor errors related to the elastic constant because of the low pressure
and temperature conditions of the rocks. (3) As the calculated seismic anisotropy only consider the
volume fraction, density, elastic constants, and the LPO of the mineral [71], the effects of thermal cracks
or pores on the seismic velocities were neglected.

As S-wave anisotropies in the A- and B-type LPOs of olivine are negatively interfered with [7,8],
the mixing of these two olivine fabrics may result in a significant weakening of the seismic anisotropy [99]
or change in the S-wave anisotropy [14]. In the case of sample 448, large grains (i.e., porphyroclasts)
showed an A-type LPO of olivine and the small recrystallized grains (448 small grain) showed a
B-type LPO of olivine (Figure 4C). The seismic velocity and anisotropy calculated from the LPOs of
the olivine in sample 448 showed that with more than 60% of fabric transition from an A-type to
B-type LPO of olivine, the polarization direction of the fast shear wave at the center of the stereonet
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(vertical propagation of S-wave) changed, to become subnormal to the flow direction (trench-parallel;
Figure 5). Comparing the seismic anisotropy of the 60% fabric transition (60:40) with that of the 100%
fabric transition to a B-type LPO (0:100), the S-wave anisotropy (AVs) at the center of the stereonet was
decreased to ~42%, and the estimated thickness of the anisotropic layer for a given delay time was
increased to ~80% (Table 3). Assuming that the olivine fabric is partially changed from an A- to B-type
LPO of olivine in the forearc mantle wedge (Figure 9), the shear wave seismic anisotropy of the olivine
in the forearc mantle wedge would be significantly decreased (Table 3). This mixed olivine fabric in the
mantle wedge could be a possible explanation for the relatively small delay time (~0.2 s) observed at
various subduction zones such as in NE Japan or Mexico [99-102].

Back-arc Forearc
trench-normal S.A. trench-parallel S.A.

50

depth

A-type olivine
[ B-type olivine

100

[1B-type olivine +
hydrous minerals

Figure 9. Schematic diagram of the proposed olivine fabrics in the mantle wedge of a cold subduction
zone. Hydrous minerals: serpentine, chlorite, tremolite, etc. S.A.: Seismic anisotropy.

To understand trench-parallel seismic anisotropy in subduction zones and assuming a mantle
flow that is dipping alongside the slab, it is important to consider the effect that hydrous minerals
are expected to have on the seismic anisotropy of a subduction zone [2,33], such as the formation of
serpentine [38,39] and chlorite [24]. Under a slab dipping angle of approximately 45°, the polarization
direction of the fast shear wave was oblique to the lineation (flow) direction when only the LPO of
the olivine of sample 443 was considered (Figure 6A). However, the polarization direction of the fast
shear wave became subnormal to the flow direction when the tremolite LPO was mixed with the LPO
of the olivine in sample 443 (Figure 6A). Comparing the seismic anisotropy of the Ol-Trm mixture
(50:50) with that of the olivine, the AVg was increased to ~79%, and the estimated thickness of the
anisotropic layer for the given delay time was decreased to ~47% (Table 3). This result suggested that
the amphibole can have a similar effect on the trench-parallel shear wave splitting as other hydrous
minerals such as serpentine and chlorite in the mantle wedge (Figure 9).

Due to the strong seismic anisotropy of the antigorite, the overall seismic velocity and anisotropy
of the olivine, antigorite, and tremolite mixture were governed by the LPO of antigorite (Figure 6B).
The maximum AVg of the antigorite was 2.4 times larger than that of the tremoloite, and the pattern
of the seismic velocity and anisotropy of Ol-Atg—Trm mixture mostly followed that of the antigorite.
However, the AVg values of the tremolite (Tremolite 443) for the vertically propagating seismic wave (at
the center of the stereonet) was 3.75 times higher than that of antigorite (VM3) with a slab dipping angle
of 55° (Table 3). In addition, amphibole can produce trench-parallel seismic anisotropy (Figure 6A) in a
relatively lower slab dipping angle (45°) than that of the serpentine [38].

The maximum Vp/Vg values of the olivine, tremolite, and olivine—-tremolite mixture were 1.74, 1.70,
and 1.71, respectively (Figure 6A). The calculated maximum Vp/Vg value of the tremolite (1.70) was
close to the isotropic Vp/Vg value (3¢ = 1.718) in the amphibolite reported by Ji et al. [42]. The seismic
velocity and anisotropy calculated from the LPOs of the olivine and tremolite in the tremolite-rich
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layer of sample 443 showed that the Vp/Vg ratio of the tremolite was smaller than that of the olivine
(Figure 6A). The Vp/Vg ratio of the mixed olivine-tremolite layer was also smaller than that of the
olivine. High Vp/Vg zones have been observed at various subduction zones such as those near
Cascadia, Nankai, and in Central Mexico [103-107]. These high Vp/Vs zones are usually interpreted as
being the result of a regionally high pore fluid pressure [103,105] or presence of talc [108]. Our result
indicates that, unlike talc or serpentine, amphiboles do not contribute much to the formation of the
high Vp/Vg zones.

6. Conclusions

The microstructures of the amphibole peridotites from the Gusdal quarry in Aheim, Norway
were studied and evidence for the multiple stages of deformation during the Scandian Orogeny and
subsequent exhumation was found. The Aheim amphibole peridotites showed a porphyroclastic
texture with abundant undulose extinctions and subgrain boundaries in the olivine. The LPOs of the
olivine in the Aheim amphibole peridotites were closely related to the grain size of the olivine and
mineral assemblage of the samples. The coarse grains including porphyroclasts showed an A-type
LPO of the olivine, which corresponds to the initial stage of deformation in the mantle. During the
exhumation process, deformation was associated with the infiltration of fluid and enhanced dynamic
recrystallization under water-rich conditions that resulted in the fabric transition of the olivine from
an A-type to C- or B-type LPO. Olivines in the spinel-bearing assemblage showed a C-type LPO of
olivine which can be interpreted as a result of deformation under water-rich conditions after granulite
facies metamorphism. The small recrystallized olivine grains showed a B-type LPO of olivine, which
represents the deformation in amphibolite facies. A high water content (370 + 50 ppm H/Si) and
abundant dislocations in the olivine suggest that the B-type LPOs of olivine that were observed in the
recrystallized olivine grains were developed via deformation by a dislocation creep under water-rich
conditions. In addition, the existence of small recrystallized grains and four-grain junctions indicate
that the fabric transition from A-type to B-type was also influenced by the DisGBS process related to
the grain size reduction. The microstructural evolution of the Aheim amphibole peridotites can be a
good example of the fabric change of the olivine from an A- to B-type that is observed in naturally
deformed peridotites. Seismic anisotropy of the olivine in the Aheim amphibole peridotite calculated
with a different ratio of coarse grains (showing an A-type LPO) and the fine recrystallized grains
(showing a B-type LPO) of olivine indicates that with the 60% recrystallization rate, a trench-parallel
S-wave anisotropy is expected from the mantle wedge. Tremolites from the tremolite-rich layer
showed a type-1II LPO of amphibole. A stronger fabric strength was observed in the tremolite than
that in the olivine, and the resultant seismic anisotropy of the tremolite implies that amphibole can
perform a similar role to other hydrous minerals such as serpentine and chlorite on the formation of
trench-parallel seismic anisotropy.
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