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A B S T R A C T

The crust of southern Tibet shows strong azimuthal and radial seismic anisotropies. However, their origin has 
remained ambiguous. Here we characterized the composition, microstructure, and seismic properties of 
amphibole-rich deep-crust xenoliths and exhumed rocks from a deep-crust terrane in southern Tibet. The xe-
noliths show typical magmatic textures and have amphiboles with homogenous chemical composition, low 
intracrystalline deformation, but strong crystallographic preferred orientations (CPOs). We interpret these CPOs 
as products of rotation of non-equant amphibole crystals in a deforming magma. The exhumed amphibolites 
display evidence for amphibole deformation by dislocation creep. Plagioclase in all samples shows nearly 
random CPOs. The calculated seismic properties of the studied amphibolites indicate that amphibole is likely a 
major contributor to the deep-crustal seismic anisotropies observed in southern Tibet. However, these anisot-
ropies do not necessarily record solid-state flow. They may also result from magmatic flow in large synkinematic 
mafic plutons.   

1. Introduction

Seismic anisotropy is a powerful tool to decipher the deformation
patterns in the deep Earth. Geophysical observations show that seismic 
anisotropy is ubiquitous in the lithosphere, asthenosphere, and lower-
most mantle (D′′) (Ferreira et al., 2019; Wookey et al., 2002; Wu et al., 
2015). Seismic anisotropy is commonly ascribed to crystallographic 
preferred orientations (CPOs) of mica (Lloyd et al., 2009) and amphibole 
(Tatham et al., 2008) in the deep crust, olivine (Nicolas and Christensen, 
1987) in the upper mantle, wadsleyite (Kawazoe et al., 2013; Tommasi, 
2004) in the mantle transition zone, post-perovskite in the D′′ layer 
(Merkel et al., 2007; Tommasi et al., 2018; Wu et al., 2017). The basic 
principle behind the interpretation of deformation patterns from seismic 
anisotropy data is to be able to link the anisotropies in seismic velocities 
to CPOs of major rock-forming minerals and the CPOs to a deformation 
geometry. Thus, we can infer the deformation patterns from seismic 
anisotropy data if the process producing the CPOs is well known, as in 
dislocation creep. However, a large body of evidence indicates that 
strong CPOs can also be produced by other mechanisms, for instance, 
cataclastic flow (Ko and Jung, 2015), anisotropic growth during diffu-
sion creep (Getsinger and Hirth, 2014; Miyazaki et al., 2013), oriented 

crystallization in a rock deforming in the presence of fluids (Imon et al., 
2004; Stokes et al., 2012; Giuntoli et al., 2018) or melt topotactic re-
actions (Boudier et al., 2010; Higgie and Tommasi, 2012; Padrón-Nav-
arta et al., 2008; Tommasi et al., 2017), and crystal rotations and 
interactions during magmatic flow (Berger and Stünitz, 1996; Ildefonse 
et al., 1992; Nicolas, 1992). However, in these cases, the rules linking 
the CPO-induced seismic anisotropies to the deformation patterns may 
differ from those for CPOs produced by dislocation creep. The deter-
mination of processes responsible for the development of CPOs is, 
therefore, an essential step for the interpretation of seismic anisotropy 
data, especially in tectonic settings with abundant magmatic activities, 
such as orogenic belts. 

The P to S converted phase from the Moho (PmS) permits the char-
acterization of the azimuthal anisotropy in the crust (Liu and Niu, 2012). 
Strong shear wave anisotropy, quantified by the polarization orientation 
of the fast shear wave (ϕ) and the delay time (δt) between the fast and 
slow shear waves, is observed in the crust of southern Tibet (Fig. 1a). 
The fast shear wave polarization directions are mainly subparallel to the 
India-Asia suture boundary. The average shear wave delay times are 
0.50 ± 0.15 s in central Tibet (Wu et al., 2019), 0.50 ± 0.40 s in east 
Tibet (Sun et al., 2015), and 0.48 ± 0.13 s in southeastern Tibet (Cai 
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et al., 2016; Kong et al., 2016; Sun et al., 2012; Zheng et al., 2018). In 
southwestern Tibet, fast polarizations are at a high angle to the suture 
and delay times more variable, ranging between 0.45 and 1.3 s (Wu 
et al., 2015). Strong radial anisotropy is also observed using surface 
waves in the deep crust (peak of sensitivity at 35 km) of southeastern 
Tibet (Fig. 1b) (Hu et al., 2020). These studies propose that the observed 
crustal anisotropy mainly originates from CPOs formed during ductile 
deformation of the middle-lower crust (Agius and Lebedev, 2017; Chen 
et al., 2016; Shapiro et al., 2004). Amphibole, because of its abundance 
in the deep crust and high intrinsic seismic anisotropies, has often been 
proposed to explain strong crustal anisotropies (Ko and Jung, 2015; Li 
et al., 2020; Tatham et al., 2008). However, observations of naturally 
and experimentally deformed amphibolites show that most of the pro-
cesses cited above may produce strong amphibole CPOs (Elyaszadeh 
et al., 2018; Getsinger and Hirth, 2014; Imon et al., 2004; Ko and Jung, 
2015; Skrotzki, 1992; Stokes et al., 2012; Tommasi et al., 2017). 
Determination of the processes producing amphibole CPOs in the deep 
crust of Tibet is therefore important for the interpretation of the seismic 
anisotropy data. 

In southern Tibet, the deep crust underwent a series of deformation, 
metamorphic and magmatic events during subduction and collision 
(Zhu et al., 2015). Deep crustal amphibolite xenoliths carried by mantle- 
derived magmas usually display strong amphibole CPOs (Ji et al., 2015), 
but the processes responsible for these CPOs have not been constrained. 
Due to fluid release during subduction, amphibole-rich rocks may form 
by hydration reactions in the deep crust. In such a setting, amphibole 
CPOs may form by either oriented or topotactic growth. Fractional 
crystallization of hydrous basaltic magma may also produce amphibole- 
rich cumulates (Davidson et al., 2007; Zhou et al., 2020). Due to the 
strongly anisometric crystal shape of amphiboles, CPOs of amphibole 
may form during the crystallization of these magmas. These CPOs will 
show a large-scale (km to tens of km) organization if the magmatic flow 
is controlled by a large-scale (tectonic) stress field, as observed in syn-
kinematic plutons (e.g., Nicolas, 1992; Vauchez et al., 2019). 

To further constrain the processes responsible for the observed 
seismic anisotropies in the middle-lower crust of southern Tibet, we 
have characterized the compositions, microstructures, CPOs, and 
seismic properties of amphibole-rich deep-crust xenoliths and exhumed 
rocks from a deep-crust terrane in southern Tibet. 

2. Geological setting and samples

The Tibetan-Himalayan orogenic system formed by collision be-
tween the Indian and Asian continents during the Cenozoic (Yin and 
Harrison, 2000). The Tibetan Plateau is composed of, from south to 
north, the Himalaya, Lhasa, Qiangtang, and Songpan-Ganzi terranes 
(Fig. 1a). The Lhasa terrane lies between the Bangong-Nujiang suture 
zone in the north and the Indus-Tsango suture zone (ITS) in the south. It 
can be divided into northern, central, and southern subterranes based on 
different sedimentary cover rocks (Zhu et al., 2015). The southern Lhasa 
subterrane hosts the widespread Cretaceous-early Tertiary Gangdese 
batholith and the Linzizong volcanic succession (Zhu et al., 2015). Three 
amphibole-rich rocks (#521, #431-1, and #431-2) were collected from 
enclaves in granitic gneisses of the Gangdese batholith (Fig. S1c–d and 
see locations in Fig. 1b). Isotopic data indicated these xenoliths may 
represent cumulates or residuals of basaltic magma ponding at the base 
of crust (Xu et al., 2019). 

The Eastern Himalayan Syntaxis (EHS), located at the eastern part of 
Himalayan orogen (black box in Fig. 1b), is a strongly deformed and fast 
exhumed terrane subjected to migmatitization (Booth et al., 2009). The 
EHS includes three major tectonic units: the Lhasa terrane, representing 
the southern segment of the Asian continent; the ITS, forming the re-
sidual of the Neo-Tethyan Ocean between the Asian and Indian plates; 
and the Himalayan sequences, representing the northern margin of the 
Indian continent (Yin and Harrison, 2000). The Higher Himalayan 
Crystalline (HHC) unit, locally referred to as the Namche Barwa Com-
plex (NBC), mainly consists of high-grade gneiss, amphibolite, schist, 
marble, granulite, and migmatite, and is interpreted as an exhumed 
middle-lower crust, which has been subjected to extensive partial 
melting (Kang et al., 2020). Amphibolite occurs interlayered with schist 
and gneiss and usually shows clear deformation structures (foliation and 
lineation). A recent study showed that the protoliths of these amphib-
olites were mafic magmatic rocks of Late Paleoproterozoic age (Kang 
et al., 2020) and that the amphibolites recorded a clockwise P-T path 
with peak metamorphism of high-pressure granulite-facies, leading to 
extensive partial melting associated with amphibole dehydration under 
conditions of 1.6–1.8 GPa and <800 ◦C at 40–20 Myr, followed by 
retrogression to 0.5–0.6 ± 0.1 GPa and 695–740 ± 35 ◦C between 20 and 
10 Myr (Kang et al., 2020). Three amphibolite samples (16lzwx1-3) 
were collected from a thick layer of amphibolite in the core of the EHS 
(see locations in Fig. 1b). 

Fig. 1. a) Geomorphic map of the Tibetan-Himalayan orogenic belt. White bars represent crustal shear wave azimuthal anisotropies (fast wave polarization di-
rections and delay times) measured using the PmS phase. Data sources of the PmS anisotropy: southwestern Tibet (Wu et al., 2015), central south Tibet (Wu et al., 
2019), and east Tibet (Kong et al., 2018; Sun et al., 2012; Sun et al., 2015; Zheng et al., 2018). The color bar at the bottom is elevation in kilometers. The white box 
denotes the location of Figure1b. b) Radial anisotropy in southeastern Tibet at 35 km depth (modified from Hu et al., 2020). The color bar at the bottom shows the 
range of radial anisotropy. Red and blue colors refer to positive and negative radial anisotropies, respectively. The black box marks approximately the location of the 
Eastern Himalayan Syntaxis (EHS). Stars indicate locations of studied samples: 16lzwx1-3 are the samples collected in the NBC complex while #521, #431-1, and 
#431-2 are collections from the xenoliths. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3. Methods

The foliation and lineation of exhumed samples from EHS were
determined based on the shape preferred orientation (SPO) of amphi-
bole grains and field observations; thin sections were prepared normal to 
foliation and parallel to the lineation. Thin sections for xenoliths #431-1 
and #431-2 were cut in a random direction normal to the compositional 
layering, as the lineation could not be determined. Xenolith #521 was 
cut randomly because it is composed of nearly pure amphibole and no 
SPO can be determined. All thin sections were polished until the sample 
surfaces were even and clean for microstructural and microprobe ana-
lyses. For EBSD mapping, vibration polishing with 0.05 μm colloidal 
silica was applied for at least 4 h before measurements. 

3.1. Analysis of mineral compositions 

Quantitative compositional analyses of amphibole, plagioclase, and 
garnet were performed using a JEOL JXA-8230 electron probe micro-
analyzer at the Center for Global Tectonics, School of Earth Sciences, 
China University of Geosciences (Wuhan) with an accelerating voltage 
of 15 kV, a beam current of 20 nA, and a beam size of 1–3 μm. The 
following standards were used: Sanidine (K), Pyrope Garnet (Fe, Al), 
Diopside (Ca, Mg), Jadeite (Na), Rhodonite (Mn), Olivine (Si), Rutile 
(Ti) and Apatite (P). 

3.2. CPOs data acquisition and processing 

Crystal orientation data were obtained using a JEOL JSM 5600 
scanning electron microscope equipped with EBSD system at Geo-
sciences Montpellier, Université de Montpellier, France (Samples: 
16lzwx1-3) and a Quanta 450 Field Emission Gun (FEG)-SEM-EBSD 
system at the School of Earth Sciences, China university of Geosciences, 
Wuhan (Samples: #521, #431-1, and #431-2). Large area mapping of 
samples was performed to acquire a representative orientation dataset. 
Conditions during EBSD mapping were an accelerating voltage of 17 kV, 
a spot size of 5.5–6, and a working distance of 24 mm. The automatic 
data were collected with a step size of 15–28 μm depending on grain 
size. Raw indexing rates range between 78 and 85%. The raw data have 
been noise-reduced using a “wild spike” correction with a threshold 
mean angular deviation (MAD) values of 1.3◦. Non-indexed pixels with 
at least six neighboring coherent orientations have been filled with the 
average orientation of the neighbors using the CHANNEL 5 software. 

The crystallographic data analyses were performed using the MTEX 
toolbox in MATLAB (Bachmann et al., 2010; Hielscher and Schaeben, 
2008). CPOs data are displayed as one point per grain in pole figures 
presented as lower hemisphere stereographic projections. The CPOs data 
of sample #521 was rotated by aligning the clusters of the [001] and 
[100] axes of amphibole parallel to lineation and normal to foliation of
the other sample, respectively. Densities of pole figures were normalized
to a uniform distribution. J-index (one point per grain) was used to
quantify the strength of CPOs. The automatic grain detection routine in
the MTEX toolbox (Bachmann et al., 2011) has been used for quantita-
tive microstructure analyses. Grain boundaries are defined by mis-
orientations between neighboring pixels >10◦. Grains composed by less
than 10 pixels were not considered in the microstructural analysis (grain
sizes and shapes). The misorientation of each pixel relative to the mean
orientation of the grain (M2M) and the grain orientation spread (GOS)
was calculated to quantify the intracrystalline orientation gradients,
which is a proxy for dislocation density.

3.3. Calculation of seismic properties 

The seismic properties of amphibole aggregates and amphibolite 
with varying amphibole/plagioclase ratios were computed using the 
MTEX tool (https://mtex-toolbox.github.io) with the measured CPOs 
data of constituent minerals, single-crystal elastic constants, the 

Christoffel equation, and the Voigt-Reuss-Hill averaging scheme 
(Mainprice et al., 2011). The elastic constants (Cij) and densities (ρ) of 
amphibole (Brown and Abramson, 2016) and plagioclase (Brown et al., 
2016) used in the calculation of seismic properties were shown in 
Table S1. The parameters (Cij and ρ) of Ab75An25 and Ab52An48 were 
used for plagioclase in samples 16lzwx2 and #431-1 respecting the 
different chemical compositions of these samples. 

4. Results

4.1. Microstructures

Photomicrographs and EBSD phase maps illustrating the micro-
structures of the six studied amphibolites are displayed in Figs. 2 and 3. 
The volume fractions of constituent minerals and microstructure pa-
rameters from EBSD mapping are presented in Table 1. The amphibole 
content is ≥65 vol% in all samples. Other constituent minerals are 
plagioclase, garnet, quartz, and minor oxides. 

The amphibolites (16lzwx1-3) from EHS are fresh samples from the 
cores of the lenticular amphibolites, which were only slightly affected by 
subsequent retrogression during exhumation. The amphibolite 16lzwx1 
has a bimodal grain size distribution. It contains coarse-grained garnet 
and amphibole porphyroblasts enclosed in a medium-grained to fine- 
grained matrix of amphibole and minor plagioclase and quartz 
(Fig. 3a). Coarse amphibole grains have lenticular shapes (Fig. 2a). The 
foliation, which is marked by the SPO of the amphibole, molds the 
garnet porphyroblasts (Fig. 2a). Minor fine-grained plagioclase (10%) 
and quartz (1%) are mainly located along grain boundaries of amphi-
bole, locally forming patches flattened in the foliation plane (Figs. 2a, 
3a). The SPO of the coarse amphibole grains also marks a lineation. 

The amphibolite 16lzwx2 is garnet-free and contains more plagio-
clase (20%) and quartz (9%) than sample 16lzwx1. Amphibole and 
plagioclase have similar mean grain sizes (0.3–0.5 mm) and, despite 
their irregular shapes, both show a strong SPO (maximum aspect ratio is 
presented in Table 1), which delineates the foliation and lineation 
(Figs. 2b, 3b). This sample also shows an incipient banding marked by 
alternating enrichment in amphibole or plagioclase (Fig. 3b). Quartz 
occurs mainly in flattened aggregates along amphibole grain 
boundaries. 

The amphibolite 16lzwx3 is composed of coarse garnet porphyro-
blasts (5–8 mm) enclosed in a medium-grained (~0.4 mm) amphibole 
matrix (Fig. 3c). The garnet grains have nearly rounded shapes and are 
molded by the foliation formed by the amphibole SPO (Fig. 3c). 
Amphibole has subhedral to euhedral shapes and shows no evidence of 
intracrystalline deformation (Fig. 2c). Plagioclase and quartz form 
pressure-shadow structures around the garnet porphyroblasts, indi-
cating retrogression during exhumation (Fig. 3c). Isolated small 
plagioclase and quartz grains can also be observed in the matrix. 

The three amphibole-rich xenoliths have typical magmatic textures 
without evidence for either solid-state deformation or metamorphism 
(Fig. 2d and 3d–f). Sample #521 is composed of nearly 100% coarse- 
grained amphibole (~1.7 mm). It shows a very weak SPO (the trace of 
the foliation is roughly vertical in Fig. 3d). Sample #431-1 has an 
equigranular texture. It is composed of amphibole (65%), plagioclase 
(30%), and minor quartz (3%). Amphibole and plagioclase are coarse- 
grained (0.4–0.7 mm; Fig. 2d). Amphibole is subhedral to lens-shaped 
(Fig. 2d). Its SPO, together with the shape of the plagioclase aggre-
gates, defines the foliation (Fig. 3e). Plagioclase grains have irregular 
shapes, but a weak SPO. They display well-developed polysynthetic 
growth twins (Fig. 2d). Variations in the amphibole and plagioclase 
proportions mark rough layering parallel to the foliation. Minor quartz 
occurs as isolated interstitial grains (Figs. 2d, 3e). It has a weak undu-
latory extinction (Fig. 2d). Sample #431-2 has a higher amphibole 
content (76%) and a lower plagioclase content (13%) than sample #431- 
1. Amphibole has a weak SPO, marking a foliation (Fig. 3f). Both
plagioclase and quartz occur as isolated grains in the amphibole matrix

https://mtex-toolbox.github.io
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Fig. 2. Photomicrographs illustrating typical microstructures of amphibole-rich rocks from southern Tibet. a) Nearly round-shaped garnet (Grt) porphyroblasts 
enclosed in a matrix mainly composed of amphibole (Hbl) and minor fine-grained plagioclase (Pl) and quartz (Qtz). b) Distinct foliation defined by the amphibole 
SPO and the shapes of plagioclase aggregates. c) and d) Details of the microstructure illustrating the lack of evidence of intracrystalline deformation in both 
amphibole and plagioclase in sample 161zwx3 and the xenoliths. Minor quartz occurs as isolated irregularly shaped grains. In (d) plagioclase has polysynthetic twins 
and quartz has a weak undulatory extinction. (a-c) are plane-polarized light images and (d) is a cross-polarized light image. Ilm, ilmenite. Scale bars: a) 500 μm, b) 
1000 μm, c) 300 μm, d) 400 μm. 
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(Fig. 3f). Coarser plagioclase grains have a weak SPO parallel to the 
amphibole one. 

4.2. Mineral composition 

The major element compositions of amphibole, plagioclase, and 
garnet are reported in Table 2. The amphiboles are classified as parga-
site, edenite, or ferropargasite. The plagioclases are oligoclase in 
16lzwx2 and 16lzwx3 and andesine in 16lzwx1, #431-1, and #431-2, 
respectively. The garnets are aluminum- and iron-rich. The BSE images 
and composition profiles from core to rim within single grain show that 
amphibole and plagioclase grains have approximately homogeneous 
compositions, without compositional zoning (Figs. S2 and S3). The 
compositions of contacting amphibole and plagioclase grains are used 
for the estimation of equilibrium pressure and temperature conditions. 
The pressure is estimated with the Al content using an amphibole geo-
thermometer (Johnson and Rutherford, 1989). The temperature is 

estimated with an amphibole-plagioclase geobarometer (Holland and 
Blundy, 1994). The estimated equilibrium pressure (~1 ± 0.05 GPa) and 
temperatures (696 ± 20 ◦C, 630 ± 18 ◦C, and 567 ± 11 ◦C) of the three 
EHS samples are similar to those proposed for the retrogression stage 
(M3) of the EHS garnet amphibolites (Kang et al., 2020). The tempera-
ture of 16lzwx3 may be underestimated because the plagioclase was 
formed by retrogression of garnet. For the amphibole-rich xenoliths, the 
estimated equilibrium pressures are 1.05 ± 0.05 GPa in sample #521, 
0.7 ± 0.05 GPa in sample #431-1, and 0.54 ± 0.05 GPa in sample #431- 
2, respectively. The equilibrium temperatures of #431-1 and #431-2 are 
612 ± 9 ◦C and 587 ± 10 ◦C, respectively. The equilibrium temperature 
of sample #521 was not calculated due to the lack of plagioclase. 

4.3. CPOs 

The CPOs of the major constituent minerals were plotted as pole 
figures presenting orientations of the [100] axes, poles to the (010) 

Fig. 3. EBSD phase maps of amphibole-rich rocks. Scale bars: 2 mm in (a, b, c) and 5 mm in (d, e, f).  

Table 1 
Modal composition and microstructure parameters derived from EBSD mapping.  

Sample Modal composition (%) Index rate Amp Pl 

Amp Pl Grt Qtz (%) Grain size (μm) Aspect ratio Shape factor J-ppg M2M (◦) GOS (◦) Grain size (μm) J-ppg 

16lzwx1 77 10 8 1 85.8 365 1.6 1.8 1.9 2.45 1.52 53a 1.3 
16lzwx2 69 20 0 9 79.8 556 3.0 2.2 5.4 1.63 1.15 311 2.2 
16lzwx3 65 5 15 10 81.4 406 2.2 2.0 1.6 0.99 0.88 147a 1.7b 

#521 100 0 0 0 86.5 1758 1.8 2.0 2.1 1.58 0.90 – – 
#431-1 65 30 0 3 78.3 760 2.1 2.1 3.7 0.83 0.61 367 1.5 
#431-2 76 13 0 9 81.9 540 1.7 1.7 3.6 0.85 0.75 314 1.5 

Modal compositions were estimated as the area fraction occupied by each mineral on the EBSD maps, recalculated for a 100% indexation. 
Grain sizes (2D) were weighted (by the grain area) averages over the entire EBSD map. 
J-ppg was calculated using the mean orientation of each grain.

a Plagioclase grain sizes of 16lzwx1 and 16lzwx3 are not reliable due to large step sizes (15 μm) relative to fine grain size of plagioclase.
b Plagioclase J-ppg of 16lzwx3 is probably overestimated due to the minor content of plagioclase in this sample.
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plane, and the [001] axes for amphibole and the [100] axes, poles to the 
(010) and (001) planes for plagioclase relative to the structural refer-
ence frame (lineation X and normal to the foliation Z) in Fig. 4.

The CPOs of amphibole are clear in all samples. They are very strong 
in sample 16lzwx2 and weak in samples #521, 16lzwx1, and 16lzwx3; 
the remaining samples show amphibole CPOs of moderate intensity 
(Fig. 4). The fabric strength (J-index) of amphibole varies from 1.6 to 
5.4. Three different CPOs symmetries are observed. The strong amphi-
bole CPOs in sample 16lzwx2 is characterized by an L-type fabric: the 
[001] axes form a high concentration approximately parallel to lineation
and the [100] and the [010] axes form girdles approximately normal to
the lineation, with a high concentration of the [100] axes normal to the
foliation. Amphibole in samples #431-1 and #431-2 has an S-type
fabric: the [100] axes form a high concentration approximately normal
to foliation and the [010] and the [001] axes form girdles approximately
parallel to the foliation. Amphibole in other three samples show weak
CPOs with an orthorhombic symmetry, that is an SL-type fabric: the
[001] axes forms a maximum parallel to the lineation, with some
dispersion in the foliation plane, and the [100] axes have a weak
maximum normal to the foliation, with dispersion in the plane normal to
the lineation. In samples #521 and 16lzwx3, a weak maximum of the
[010] axes normal to the foliation is also observed.

The CPOs of plagioclase is much weaker than that of amphibole in
most samples. It is close to random in samples 16lzwx1 and #431-2 
(Table 3 and Fig. 4). Sample 16lzwx2 has the best-defined plagioclase 
CPOs characterized by alignment of the [100] maximum subparallel to 
the lineation and of the [001] maximum normal to the foliation. All 
samples show a poor concentration of the [001] axes at a high angle to 
the foliation and of the [100] axes at a low angle to the lineation, 
respectively. In sample 16lzwx3, the plagioclase CPOs is oblique 
(~20–25◦) to the macroscopic lineation and foliation. In samples 
16lzwx1 and #431-2, the distributions of the [001] and [010] axes are 
similar while the [100] axes are dispersed in a wide girdle at a low angle 
to the foliation. 

Intracrystalline deformation indicators (GOS map, GOS distribution 
histograms, and misorientation angle distributions) of the amphiboles in 
three selected samples (16lzwx2, #521, and #431-1) are presented in 
Fig. 5. The exhumed amphibolite 16lzwx2 has a non-negligible pro-
portion of amphibole grains with high GOS values (grains colored in 
green to yellow; GOS > 5◦, in Fig. 5a), exhibits relatively large fre-
quencies for small misorientation angles (18% of the correlated mis-
orientations are <10◦, Fig. 5g). The uncorrelated misorientation angle 
distribution remarkably deviates from that of a random amphibole CPOs 
(Fig. 5g), which is consistent with the strong CPOs (Fig. 3b). In contrast, 
the xenoliths #521 and, especially, #431-1 are characterized by lower 
GOS values, indicating weaker intracrystalline deformation in amphi-
bole (Fig. 5b, c, e, f). The uncorrelated misorientation angle distribution 
of sample #521 approximates that of a uniform amphibole CPOs 
(Fig. 5h), which is consistent with the weak CPOs (Fig. 3a). However, 
this sample shows a non-negligible proportion of low angle grain 
boundaries (~10% of the correlated misorientations are <10◦, Fig. 5h). 
Despite of the low intragranular deformation, the amphiboles in sample 
#431-1 show a clear CPOs (the uncorrelated misorientation angle dis-
tribution differs significantly from the one for a uniform CPOs, Fig. 5i). 
Both xenoliths display a peak at 180◦ in the misorientation angle dis-
tribution, which indicates twinning, not visible optically, in amphibole. 

4.4. Seismic properties 

The calculated seismic properties are illustrated in Fig. 6. The seismic 
properties of 100% amphibole aggregates were calculated using the 
CPOs measured in each sample. To evaluate the effect of plagioclase on 
seismic properties of amphibolite, the seismic properties of samples 
16lzwx2 and #431-1, which have high plagioclase contents, were also 
calculated with various amp/pl ratios (Fig. 7). Variation of the calcu-
lated P wave velocity (Vp) and the polarization anisotropy of S waves 
(AVs) as a function of the orientation of the foliation and lineation is 
displayed in Fig. 8. All seismic data are summarized in Table 3. 

Sample Mineral SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total End member P & T 

16lzwx1 Amp 40.94 0.71 13.54 18.43 0.25 7.56 11.23 1.85 0.70 95.30 Ferropargasite 0.99 ± 0.05 GPa 
696 ± 20 ◦C 1 σ 0.32 0.08 0.10 0.33 0.03 0.06 0.06 0.11 0.01   

Pl 57.77 n.d. 26.51 0.25 n.d. n.d. 8.37 6.95 0.09 99.94 Ab60An40 

1 σ 0.85  0.59 0.11   0.67 0.41 0.05   
Grt 37.91 n.d. 21.82 24.05 1.14 3.19 11.09 n.d. n.d. 99.20 Alm61Grs28Prp8Sps3 

1 σ 0.12  0.21 0.36 0.10 0.21 0.59     
16lzwx2 Amp 44.20 0.59 14.84 15.28 0.08 10.31 9.95 2.48 0.16 97.89 Pargasite 1.03 ± 0.05 GPa 

630 ± 18 ◦C 1 σ 0.39 0.09 0.60 0.50 0.06 0.32 0.36 0.15 0.07   
Pl 65.63 n.d. 22.44 0.02 n.d. n.d. 3.58 8.72 0.05 100.42 Ab82An18 

1 σ 1.11  0.16 0.02   0.26 0.44 0.01   
16lzwx3 Amp 43.65 0.42 13.82 16.27 0.07 8.95 10.63 1.97 0.52 96.43 Edenite 0.99 ± 0.05 GPa 

567 ± 11 ◦C 1 σ 0.71 0.09 0.60 0.45 0.03 0.32 0.37 0.19 0.08   
Pl 64.62 n.d. 22.18 0.07 n.d. n.d. 3.12 10.01 0.05 100.03 Ab85An15 

1 σ 0.26  0.18 0.03   0.20 0.16 0.02   
Grt 37.82 n.d. 21.83 27.27 0.94 2.75 8.53 n.d. n.d. 99.13 Alm65Grs24Prp8Sps3 

1 σ 0.09  0.12 0.11 0.68 0.24 0.20     
#521 Amp 43.32 0.33 15.11 10.79 0.16 12.79 11.33 2.41 0.38 96.62 Pargasite 1.05 ± 0.05 GPa 

1 σ 0.54 0.05 0.47 0.33 0.03 0.28 0.16 0.07 0.04   
#431-1 Amp 45.68 0.39 10.07 13.32 0.26 12.11 12.12 1.12 1.08 96.49 Edenite 0.70 ± 0.05 GPa 

612 ± 10 ◦C 1 σ 0.15 0.03 0.12 0.21 0.01 0.08 0.14 0.05 0.06   
Pl 57.31 n.d. 26.88 0.12 n.d. n.d. 8.80 6.61 0.13 99.86 Ab58An42 

1 σ 0.60  0.39 0.04   0.54 0.24 0.03   
#431-2 Amp 49.90 0.28 8.09 10.96 0.25 14.14 12.57 0.91 0.76 97.85 Edenite 0.54 ± 0.05 GPa 

587 ± 11 ◦C 1 σ 0.16 0.02 0.08 0.22 0.01 0.09 0.06 0.02 0.08   
Pl 57.30 n.d. 26.97 0.11 n.d. n.d. 8.90 6.45 0.20 99.94 Ab56An44 

1 σ 0.16  0.20 0.03   0.17 0.04 0.02   

P, pressure estimated with the Al content using the amphibole geothermometer of Johnson and Rutherford (1989). 
T, temperature estimated with the amp-pl geobarometer of Holland and Blundy (1994). 
n.d., not detected.
1 σ, standard deviation of multiple measurements (5–15 points for each mineral).
Mineral abbreviations: amp, amphibole; pl, plagioclase, grt, garnet; Alm, almandine; Grs, grossular; Prp, pyrope; Sps, spessartine; An, anorthite; Ab, albite.

Table 2 
Major element compositions (wt%) of amphibole, plagioclase, and garnet and equilibrium conditions.  
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The seismic anisotropies vary significantly among the samples, 
consistent with the variation in strength of the amphibole CPOs. An 
increase in the plagioclase content decreases both the anisotropies and 
the velocities of the P- and S-waves (Table 3 and Fig. 6). If only the 
amphibole is considered, the calculated maximum P-wave anisotropies 
(AVp) range between 6.6% and 17.9%, the maximum S-wave polariza-
tion anisotropies (AVs) between 4.0% and 13.9%, the maximum P-wave 
velocities (Vp) between 7.3 and 7.8 km/s, the minimum Vp between 6.30 
and 6.90 km/s, the Vp/Vs1 ratios between 1.62 and 1.84. Sample #431- 
1 and sample #521 have the strongest and the weakest seismic anisot-
ropies, respectively. 

The seismic property (Vp, AVs, and Vs1) patterns of amphibole are 
consistent with the amphibole CPOs patterns (Fig. 4), even for samples 
composed of 50% amphibole and 50% plagioclase (Fig. 6). Samples 
16lzwx1-3 and #521 show a similar pattern, which has an orthorhombic 
symmetry (Fig. 6). The direction of maximum Vp is approximately 
parallel to the lineation (the [001]amp maximum) and the minimum Vp 
is observed for propagation normal to the foliation (the (100) amp 
maximum); the strongest AVs is observed for propagation directions 

approximately normal to the lineation and parallel to the foliation 
(Fig. 6a–e). Samples #431-1 and #431-2 show a different pattern, which 
has a dominantly hexagonal symmetry with a slow revolution axis; high 
Vp and strong AVs are observed for all propagation directions within or 
at a low angle to the foliation plane (Fig. 6g-j, Fig. 8a, b). Apparent 
isotropy or weak anisotropy is observed for S waves propagating normal 
to the foliation in samples with an S-type or an L- or LS-type amphibole 
CPOs, respectively. The polarization direction of the fast S-wave (Vs1) is 
parallel to the foliation for S waves propagating within or at a low angle 
to the foliation in all samples (Fig. 6). Fast polarization directions are 
parallel to the lineation for all other propagation directions in samples 
with an L- or LS-type amphibole CPOs (Fig. 6a–f). However, in samples 
with an S-type amphibole CPOs, the fast polarization directions are at a 
high angle to the lineation for propagation directions oblique to both the 
foliation and the lineation (Fig. 6g–j). 

The seismic properties of samples 16lzwx2 and #431-1 with various 
amp/pl ratios are shown in Fig. 6b–d & g–i and Fig. 7. The results show 
that: 1) The AVp and the maximum AVs decrease progressively with the 
increase of plagioclase content, indicating that amphibole controls the 

Fig. 4. Crystallographic preferred orientations of amphibole (a–f) and plagioclase (g–k). Pole figures are plotted as lower hemisphere equal area projections. Color 
bars (multiples of uniform distribution units) are set as 0–11 for amphibole, 0–2.5 for plagioclase. The insert indicates the orientation of the structural reference 
frame (S: foliation; L: lineation). J-amp: J-index of amphibole; J-pl: J-index of plagioclase. For samples 431-1, and 431-2, where the lineation could not be identified 
in the hand sample, the CPOs were rotated to present the maximum [001] of amphibole parallel to the lineation of other samples. For sample 521, where neither the 
foliation nor the lineation was identified, the CPOs were rotated to present the [001] and (010) maxima of amphibole parallel to the lineation and foliation of other 
samples, respectively. 
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seismic anisotropy. It is consistent with the stronger anisotropy of the 
amphiboles and the almost random CPOs of plagioclase in these rocks; 
2) The maximum Vp and Vs1 only slightly increase with the increase of
amphibole content, suggesting the similar seismic velocities of amphi-
bole and plagioclase.

5. Discussion

5.1. Mechanisms producing the amphibole CPOs

Amphibole CPOs may form by dislocation creep under high- 
temperature conditions. In this case, dominant activation of the [001] 
(100) slip system and secondary activation of the [100](010) and 1/2

Sample Composition AVp 
(%) 

Max. Vp 
(km/s) 

Min. 
Vp 
(km/s) 

Max. 
AVs 
(%) 

Max. 
AVs1 
(%) 

Max. 
Vs1 
(km/s) 

Min. 
Vs1 
(km/s) 

Min. 
AVs2 
(%) 

Max. 
Vs2 
(km/s) 

Min. 
Vs2 
(km/s) 

Max. Vp/ 
Vs1 

Min. Vp/ 
Vs1 

16lzwx1 100%amp 12.39 7.58 6.69 8.26 5.97 4.29 4.04 5.34 4.15 3.93 1.79 1.64 
16lzwx2 100%amp 15.96 7.79 6.64 9.79 6.53 4.34 4.07 7.54 4.17 3.87 1.84 1.62 

75%amp + 25% 
pl 

13.71 7.57 6.60 9.35 6.20 4.22 3.97 6.88 4.08 3.81 1.83 1.64 

50%amp + 50% 
pl 

11.04 7.32 6.55 8.84 5.89 4.10 3.86 6.24 3.97 3.73 1.82 1.66 

16lzwx3 100%amp 8.45 7.40 6.80 5.96 4.25 4.24 4.06 3.51 4.12 3.98 1.76 1.66 
#521 100%amp 6.58 7.34 6.90 4.04 3.25 4.19 4.05 3.08 4.13 4.01 1.77 1.65 
#431-1 100%amp 17.89 7.59 6.30 13.88 13.56 4.45 3.89 3.41 4.01 3.87 1.71 1.63 

75%amp + 25% 
pl 

14.57 7.45 6.40 11.50 11.39 4.33 3.86 2.62 3.96 3.86 1.72 1.66 

50%amp + 50% 
pl 

10.87 7.29 6.50 9.03 8.83 4.19 3.84 1.80 3.90 3.83 1.75 1.70 

#431-2 100%amp 17.21 7.57 6.40 13.11 12.93 4.44 3.90 3.03 4.01 3.89 1.71 1.63 

Note: AVp, maximum P wave propagation anisotropy; AVs, maximum S wave polarization anisotropy; AVs1, maximum propagation anisotropy for the fast S wave; 
AVs2, maximum propagation anisotropy for the slow S wave; Max. Vp, Max. Vs1, Max. Vs2, maximum P wave velocities, fast S wave, and slow S wave; Min. Vp, Min. 
Vs1, Min. Vs2, minimum P wave velocities, fast S wave, and slow S wave. 

Fig. 5. Amphibole GOS maps (a–c), distributions of GOS (d–f), and misorientation angle distributions (g–i) from three selected samples (16lzwx2, #521, and #431- 
1). The black lines in GOS maps are high angle (>10◦) boundaries. The colored scale bar at the left represents GOS values of 0◦ to 10◦ from bottom to top. 
Misorientation angle distributions are presented as neighboring points (correlated), randomly selected points (uncorrelated), and the random CPOs (uniform) of 
amphibole is also shown for references. The misorientation peaks at 180◦ in samples #521 and #431-1 likely indicate twinning in amphibole. Scale bars: 2 mm (a), 5 
mm (b, c). 

Table 3 
Calculated seismic properties of amphibolites using the measured CPOs and different amp/pl ratios.  
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〈110〉{110} systems, corroborated by the TEM data (Skrotzki, 1992), 
produce a strong orientation of the [001] axes parallel to the lineation 
and the (010) planes parallel to the foliation (Díaz Aspiroz et al., 2007; 
Elyaszadeh et al., 2018; Skrotzki, 1992). The CPOs of the studied sam-
ples could be the result of deformation by dislocation creep. The L or LS- 
type fabrics are associated with simple or pure shear while the S-type 
fabrics are related to either axial compression or transpressive defor-
mation (Tommasi et al., 1999). Samples 16lzwx1 and 2 show significant 
intracrystalline misorientation in amphibole (Table 1 and Fig. 5a), 
consistent with deformation by a dislocation creep. Hence, the bimodal 
amphibole grain size distribution in sample 16lzwx1 (Fig. 3a) is likely 
the result of dynamic recrystallization. Recent experimental studies 
suggest rigid body rotation in fine-grained amphibolite could also 
contribute to the observed L-type amphibole CPOs (Ko and Jung, 2015; 
Kim and Jung, 2019). In samples #431-1 and #431-2, the low 

intracrystalline misorientation and well-developed growth twins indi-
cate that amphibole grains were not significantly strained internally. 
Thus, dislocation creep cannot be the process responsible for the for-
mation of the amphibole CPOs in these samples. Amphiboles in samples 
#521 and 16lzwx3 have GOS intermediate values between those of the 
two groups (Table1) and subhedral shapes (Fig. 2c), indicating that the 
microstructures and CPOs of these rocks record the activities of more 
than one process. 

Observations of naturally and experimentally deformed amphibole- 
rich rocks indicate indeed that a variety of mechanisms may produce 
strong CPOs of amphibole, including rigid body rotation by cataclastic 
flow under low-temperature and high strain rate conditions (Ko and 
Jung, 2015; Kim and Jung, 2019), diffusion creep in fine-grained ag-
gregates (Getsinger and Hirth, 2014), dissolution-precipitation creep 
when deformation occurs under melt/fluid-rich conditions (Giuntoli 

Fig. 6. Calculated seismic properties of 100% amphibole aggregates for all samples and amp-pl aggregates with various amp/pl ratios for sample 16lzwx2 (b–d) and 
#431-1 (g–i). Vp: P wave velocity; AVs: S wave anisotropy; Vs1: fast shear wave velocity; AVp: P wave anisotropy; Max. AVs: maximum S wave anisotropy; Max. Vs1: 
maximum fast shear wave velocity. AVs = 200*(Vs1 − Vs2)/(Vs1 + Vs2); AVp = 200 * (Max.Vp − Min.Vp)/(Max.Vp + Min.Vp). The black bars in AVs and Vs1 plots 
indicate the fast wave polarization directions. The reference frame is the same as in Fig. 4. 
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et al., 2018; Stokes et al., 2012), rotation of non-equant amphibole 
grains in a deforming magma chamber (Berger and Stünitz, 1996), ori-
ented growth during partial crystallization of low melt fractions in a 
deforming rock (Tommasi et al., 2017), and topotactic growth during 
hydration reactions (Padrón-Navarta et al., 2008). All these processes, 
except topotactic growth, have a common characteristic: they produce 
correlated amphibole CPOs and SPO (though the SPO may be erased by 
later textural re-equilibration and does not necessarily develop in the 
case of metamorphic reactions), but do not involve intracrystalline 
deformation. However, in magma chambers and fluid-rich settings, 
compaction may result in the superimposition of small amounts of solid- 
state deformation in the already crystallized parts of the system, leading 
to moderate intragranular deformation. Processes involving amphibole 
growth from fluids or melts may result in compositional zoning if the 
fluid composition changes during the growth (Giuntoli et al., 2018), but 
not if the fluid composition remains constant. Given the fact that ani-
sometric growth of amphibole results in prismatic grains elongated 
parallel to the [001] and flattened parallel to the normal to (100), the 
CPOs produced by processes depending on the anisotropic grain growth 
of amphibole bears the same relation to the flow direction and plane as 
that produced by dislocation creep. 

The textures of samples #431-1, #431-2, and #521 suggest that 
magmatic flow is likely the dominant mechanism for forming the 
amphibole CPOs. This inference is consistent with the petrological and 
geochemical data, which indicated that these amphibole-rich xenoliths 
represent residual cumulates of fractional crystallization of basaltic 
magma (Xu et al., 2019). In a deforming magma mush, the symmetry of 
the CPOs will depend on the deformation regime, similarly to CPOs 
evolution by dislocation creep, but it also depends on the shape of the 
crystals (Ildefonse et al., 1992). The L- or LS-type fabrics will develop in 
simple or pure shear (2D flow) for prismatic grains, whereas the S-type 
fabric will form in axial compressions (such as compaction and trans-
pression) and in pure or simple shear of platy grains. Development of the 
S-type fabrics as observed in samples #431-1 and #431-2 (Fig. 4e, f)
may result from either axial compression, a strong component of
compression normal to the shear plane, or pure or simple shear affecting
platy hornblende grains with a weak elongation parallel to the [001].
The higher GOS values of amphibole in sample #521 may result from
small amounts of solid-state deformation in the already crystallized
parts of the system, maybe in response to compaction. Variation in the
intensity and symmetry of the amphibole CPOs among the three samples
may result from the sampling of different parts of the magma chamber.
This interpretation is consistent with the variations in modal

composition. The weak CPOs of plagioclase in these samples are 
coherent with the interstitial shapes of this phase, which implies late 
crystallization. 

Despite the clear SPOs displayed by all three 16lzwx samples, the 
variation in the intensity of intragranular misorientation in amphibole 
among the amphibolites from the NBC complex might be explained by 
added contributions of oriented growth, dissolution-crystallization 
creep and dislocation creep. Given that these rocks are mafic migma-
tites (Kang et al., 2020), it is likely that the amphibole CPOs started to 
develop during the high-pressure granulite facies peak metamorphism 
(partial melting) and continued to evolve during the retrogression 
(exhumation). Note that sample 16lzwx2 show the strongest CPOs and 
SPO and intermediate GOS values in amphibole due to no garnet por-
phyroblast perturbation to the orientation of the foliation. When present 
as a major constituent of the rock, as in 16lzwx2, plagioclase shows a 
weak CPOs, which is consistent with the amphibole CPOs, pointing to a 
coherent deformation. In samples 16lzwx1 and 16lzwx3, plagioclase is a 
minor phase mainly occurring around garnet and locally forming pres-
sure shadows (Fig. 3c). It may explain the poor orientation of plagioclase 
and the obliquity between the plagioclase CPOs and the foliation in 
sample 16lzwx3. 

5.2. Implication for crustal seismic anisotropy in southern Tibet 

The PmS delay time of the crust is up to 0.8 s with typical values of 
0.45–0.75 s in southern Tibet (Kong et al., 2018; Sun et al., 2015; Sun 
et al., 2012; Wu et al., 2019; Wu et al., 2015; Zheng et al., 2018). The 
average delay time of shear wave splitting associated with aligned crack- 
induced anisotropy in the brittle upper crust (~15 km) is generally 
<0.15 s (Crampin, 1994). Thus, 2/3 of the Pms delay times measured in 
southern Tibet are likely generated in the mid-to-lower crust. The delay 
time is sensitive to both the thickness of the anisotropic layer and the 
strength of the anisotropy along the propagation direction. The strength 
of the anisotropy depends on the orientation of the CPOs relative to the 
propagation direction, which is within 10◦ from vertical for the PmS 
wave (Fig. 8). We have calculated the delay times associated with rocks 
composed of 100% amphibole or 50% amphibole and 50% plagioclase 
based on the CPOs data of amphibole and plagioclase in samples 
16lzwx2 and #431-2 using the following equation (Silver, 1996): 

δt =
(

AVS

/
Vs

)
× L (1)  

where δt is the shear wave delay time, AVS is the anisotropy for the 
considered propagation direction, Vs is the shear wave average velocity, 
and L is the thickness of the anisotropic layer. The maximum anisotropy 
will be observed if the anisotropic layer in the deep crust has a vertical 
foliation and a horizontal lineation, that is a strike-slip fabric (dip angle 
= 90◦ in Fig. 8f), or a vertical planar fabric (the dip angles for sample 
#431–1 in Fig. 8b or the dip angle = 90◦ in Fig. 8d). In this case, 2/3 of 
the PmS delay time observed in southern Tibet may be explained by an 
amphibole-rich (~50% in vol.) layer with a thickness of 14–22 km 
(Fig. 9a). Significant delay times are nevertheless produced for all 
propagation directions at a high angle to the lineation in the case of the 
LS-type fabrics (Fig. 8b). Propagation directions at a high angle to the 
foliation result in low delay times in the case of the S-type and the LS- 
type fabrics (a dip angle of 0◦ in Fig. 8d or f). The observed delay 
times cannot be explained by amphibole CPOs associated with flat-lying 
foliations. Low delay times will also be produced for dipping lineation 
(the dip angle of >30◦ for sample 16lzwx2 in Fig. 8d). 

Seismic radial anisotropy, which describes the discrepancies be-
tween the horizontally (Vsh) and vertically (Vsv) polarized shear wave 
velocities, is typically inferred from observations of a period-dependent 
discrepancy between the phase or group speeds of Rayleigh and Love 
waves (Ritzwoller et al., 2002; Shapiro et al., 2004). Strong positive 
radial anisotropy (Vsh > Vsv, 4.8 ± 1.4% at 25–35 km depth) was 
observed in southeastern Tibet below the study area (Fig. 1b), which was 

Fig. 7. Relationship between mineral proportion and seismic properties using 
the CPOs of amphibole and plagioclase in the samples 16lzwx2 and #431–1. 
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interpreted as the result of lateral flow of the Tibetan crust (Agius and 
Lebedev, 2017; Hu et al., 2020; Shapiro et al., 2004; Xie et al., 2013). 
Negative radial anisotropy is, in contrast, observed north of the study 
zone (Hu et al., 2020). The S-type amphibole CPOs can produce strong 
positive radial anisotropy (9% for amphibolite of 50%amp-50%pl, 
Fig. 6i), independent of the propagation direction, when the foliation is 
subhorizontal. In the case of an LS-type amphibole CPOs, the radial 
anisotropy would also be positive, but its intensity will depend on the 
propagation direction (back azimuth), being minimum for propagation 
parallel to the lineation (Fig. 6d). Vertical foliations will, for both the LS- 
and S-type amphibole CPOs, produce negative radial anisotropy, which 
will strongly vary as a function of the propagation direction. However, 

in the case of an LS-type CPOs, if the foliation is vertical and the line-
ation is horizontal, the radial anisotropy will nevertheless remain low 
for all back azimuths (Fig. 6d). 

In conclusion, the strong crustal anisotropy observed in southern 
Tibet north of the study zone, using both PmS and surface waves, might 
be explained by a 15–22 km thick layer composed of ≥50% vol. of 
amphibole with an S-type CPOs and a steeply dipping foliation, as in a 
transpressive shear zone or a synkinematic magmatic body intruding a 
strike-slip zone. Such a fabric will produce fast PmS polarization di-
rections parallel to the trend of the foliation. This is consistent with the 
PmS polarizations mainly parallel to the trend of the multiple dextral 
strike-slip faults accommodating the lateral escape of southeast Asia east 

Fig. 8. Variation of calculated P wave velocity and AVs as a function of the dip angle of the XY plane (a, b), XZ plane (c, d), and YZ plane (e, f). X marks the lineation 
and Z the normal to the foliation. 
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of the study zone (Fig. 1). However, it is difficult to produce within a 
single deformed layer both a strong PmS anisotropy and a strong positive 
radial anisotropy, as the latter requires flat-lying foliations and the po-
larization anisotropy detected by S-waves propagating normal to the 
foliation is weak (for the LS-type CPOs, Fig. 6d) to null (for the S-type 
CPOs, Fig. 8k). A dip-angle variation of the foliation with depth is thus 
required. 

Finally, amphibolites are common rocks, but the volumes needed to 
explain the observed delay times are significantly larger than those 
usually observed in the exposed middle to lower crust sections. Locally 
high Vp/Vs ratios (>1.8) in the crust of southern Tibet suggest the 
presence of mafic rocks, but lower values, typical of felsic rocks, pre-
dominate (Hu et al., 2020). As a consequence, CPOs of other minerals, in 
particular micas in the shallower sections of the crust, probably also 
contributes to the observed anisotropy. 

6. Conclusion

In this study, the microstructure and seismic properties of
amphibole-rich rocks from southern Tibet are presented. These samples 
display clear amphibole CPOs characterized by pronounced concentra-
tions of the [001] axes parallel to the lineation and the (100) planes 
parallel to the foliation, respectively. However, the intensity and sym-
metry of the amphibole CPOs vary between samples, with the L- and LS- 
type fabrics predominating among the samples from the NBC complex 
and the S-type fabrics among the xenoliths of the Gangdese batholith. 
Analyses of the microstructures and geochemical data suggest that the 
amphibole CPOs in the xenoliths formed in response to magmatic flow, 
whereas those in the NBC amphibolites likely formed by an association 
of oriented crystallization, dislocation creep, and dissolution- 
precipitation creep. 

All samples are characterized by strong seismic anisotropies, which 
tend to decrease with increasing plagioclase content. An amphibole-rich 
layer (15–22 km) with a steeply-dipping foliation and an S-type 
amphibole CPOs might account for both the strong azimuthal PmS 
anisotropy and the negative radial anisotropy observed to the north and 
east of the study zone. However, the required amphibolite volumes are 
too large, indicating that other minerals, in particular micas, probably 
also contributed to the observed anisotropy. An amphibole-rich layer 
with horizontal foliation at depths of 35 km may, on the other hand, 
explain the strong positive radial anisotropy in southern Tibet. These 
observations are best explained by the S-type amphibole CPOs, like 
those observed in the amphibolite xenoliths, which we interpret as 
produced by the magmatic flow. 

The present observations corroborate that strong amphibole CPOs 
and crustal anisotropy may be formed by a variety of processes, ranging 
from magmatic deformation to solid-state creep. These different pro-
cesses produce a similar relation between amphibole CPOs and flow 
direction and plane. However, in the case of magmatic flow, the S-type 
fabric may form even in simple shear if the amphibole grains are more 
flattened than elongated. 
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