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Abstract Amphibole-rich rocks constitute significant components of the mid- to lower continental crust,
particularly in active orogens characterized with thick and hot crusts. Nevertheless, experimental data on their
viscosity remain scarce. We conducted axial compression deformation experiments on synthetic amphibolites
under temperature and pressure conditions resembling deep sections of overthickened crust. A novel flow law
for a calcic-amphibole-rich rock (80% amphibole +20% garnet) in the dislocation creep regime is derived from
these experiments. Contrary to common assumptions, our results reveal that calcic-amphibolite is 1-2 orders
of magnitude weaker than plagioclase-rich amphibolite, granulite, or gabbro. A calcic-amphibole-rich, low
viscosity deep crust may not only support the “channel flow” model proposed for the Tibetan Plateau but also
explain the observed high crustal seismic anisotropy in the region.

Plain Language Summary The rarity of earthquakes despite strong deformation in the deep crust
of mountain belts produced by continental collisions, such as the Himalayas, implies that the deep continental
crust is rather weak, easily dissipating imposed stresses by ductile deformation. The major components of

the orogenic lower crust are plagioclase, amphibole, pyroxene, and garnet. Experimental data on the ductile
deformation of coarse-grained amphibole-rich rocks was until now missing. We present new deformation
experiments, from which we derive a flow law for an amphibolitic aggregate (80% amphibole +20% garnet).
These data show high volumes of amphibole should result in high ductility and, hence, low strength in the deep
crust, which should be considered when modeling the mechanical behavior of the lower crust during continental
collisional. An amphibole-rich deep crust also accounts for the high crustal seismic anisotropy in southern
Tibet.

1. Introduction

Geological and geophysical evidence indicates that the deep crust in overthickened orogens is weak and inten-
sively deformed, allowing for “channel flow” and aseismic deformation (Bai et al., 2010; Clark & Royden, 2000;
Grujic et al., 2011). However, the cause of this low viscosity remains contentious. The deep crust is generally
thought to be intermediate to mafic in bulk composition, similar to amphibolite- and granulite-facies metaba-
salts. It is usually considered to be nominally anhydrous and mainly composed of plagioclase-pyroxene granulite
(Rudnick & Gao, 2014). In such granulites, plagioclase is the weakest major mineral phase (Dimanov, 2005;
Rybacki & Dresen, 2000). Classical strength envelope calculations for the continental lithosphere assume that
the lower crust's strength is dominated by calcic plagioclase's mechanical behavior (Biirgmann & Dresen, 2008;
Kohlstedt et al., 1995). However, a highly inhomogeneous deep crust composition was also proposed even within
a single tectonic setting (Hacker et al., 2015; G. Wang et al., 2021).

In orogens, the deep crust undergoes a series of deformation, metamorphic, and magmatic events during subduc-
tion and collision. Fluids released during subduction may hydrate the deep crust, resulting in the formation of
amphibole-rich rocks (Shinevar et al., 2021). Fractional crystallization of hydrous basaltic magmas may also
produce amphibole-rich cumulates (Zhang et al., 2022; Zhou et al., 2020). In the Tibetan Plateau, a deep lower
crust composed dominantly of (garnet) amphibolite (Hou et al., 2017) may better explain the observed strong
crustal seismic anisotropy (Huang et al., 2022; Li et al., 2020; Wu et al., 2019) than a granulitic lower crust. This
interpretation is consistent with deep crustal xenoliths as well as exhumed lower crustal rocks with dominantly
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amphibole-rich compositions and strong deformation (Ji et al., 2015; X. Wang et al., 2021). Partial melting of
(garnet) amphibolite may also explain the postcollisional adakite-like magmatism in the Tibetan Plateau (Wang
et al., 2019). Hence, amphibole is likely an important constituent mineral in the deep crust of Tibetan-type
orogens. Petrological models also suggest that amphibole may be the dominant phase in the deep early continen-
tal crust (Johnson et al., 2017).

Previous studies have greatly advanced our knowledge of the deformation mechanisms, crystal preferred orien-
tations (CPO), and seismic properties of amphibolites with various amphibole and plagioclase contents. In natu-
rally deformed amphibolite, amphibole usually displays strong CPO and SPO, while the plagioclase CPO is
generally weak (Elyaszadeh et al., 2018; Li et al., 2020). TEM data suggest that amphibole predominantly under-
goes dislocation creep on the [001](100) slip system in nature (Skrotzki, 1992). An early experimental study on
single crystals demonstrated that amphibole is strong and primarily deforms through twinning (100) or 10 1)
below 800°C (Rooney et al., 1975). Axial compression experiments on natural and synthetic amphibolites (~50%
Amp + 50% P1) at 650-950°C, 0.5-1.5 GPa show localized, semi-brittle deformation at all temperatures in the
natural amphibolites (Hacker & Christie, 1990; Wilks & Carter, 1990). In contrast, synthetic samples display
a transition from localized to homogeneous deformation as temperature increases and strain rate decreases (at
850°C and 10~*s71, 750°C and 10~*s~1, 650°C and 10° s~!, Hacker & Christie, 1990). In shear experiments on
natural amphibolites at 1 GPa, 480-700°C, amphibole also underwent cataclastic flow; fracturing accompanied
by grain rotation produced nevertheless strong amphibole CPO, which was proposed to account for seismic aniso-
tropy observations in the deep crust (Ko & Jung, 2015). Despite these studies on amphibolites, quantifying the
contribution of amphibole to the rheological strength of the lower crust remains challenging, as data on the rheol-
ogy (flow laws) of coarse-grained amphibole-dominated rocks, which are likely to constitute substantial volumes
of the deep crust of orogens, and deform ductilely by dislocation creep, are still lacking. Due to the analogous
crystallographic parameters of calcic-amphibole and clinopyroxene, geodynamical models frequently assumed
their rheological strengths to be similar and both superior to that of plagioclase (e.g., Shinevar et al., 2015). None-
theless, this assumption is not substantiated by experimental data on the deformation of calcic-amphibole under
deep-crustal temperature and pressure conditions.

To address this issue, we have conducted axial compression experiments on hot-pressed polycrystalline aggre-
gates composed of 80 wt. % calcic-amphibole (pargasite in Table S1 in Supporting Information S1) and 20
wt. % garnet with average grain sizes ranging from 30 to 75 pm at temperatures of 750-1,050°C, confining pres-
sures of 1.8 GPa, and constant strain rates varying from 1.0 X 10=*s~! t0 6.0 X 10~°s~!. To assess the influence of
mineral mode on amphibolite rheology, we also performed experiments on polycrystalline aggregates comprising
either 100% amphibole or 50% amphibole +50% plagioclase. All experiments were performed in a 5 GPa modi-
fied Griggs deformation apparatus. The experimental conditions and mechanical data are summarized in Table
S2 in Supporting Information S1. After the experiments, samples were cut and polished for microstructure meas-
urement. Examination of the microstructures and CPO of the deformed specimens facilitated the characterization
of prevailing deformation mechanisms in each mineral and elucidated the variations in strength. See Texts S1 and
S2, Figures S1-S3 in Supporting Information S1 for experimental details and analytical methods.

2. Results
2.1. Initial (Hot-Pressed) Microstructure

SEM observations and EBSD mapping of the hot-pressed samples reveal a nearly homogeneous initial micro-
structure with average grain size of 39 pm for amphibole and 48 pm for garnet, respectively (Figures la and 1b
and Table S3 in Supporting Information S1). Amphibole, garnet, minor quartz (~1%), and ilmenite (<1%)
grains of angular shapes are distributed uniformly throughout the samples. Garnet shows little or no evidence
of deformation. Amphibole displays a weak SPO and CPO indicating partial alignment of anisometric grains
during hot-pressing (cf. rose diagram in Figure 1b and Figure S5a in Supporting Information S1). The axial
compression ratio of three hot-pressed samples is quite similar, ranging from 33% to 34% (Table S2 in Supporting
Information S1).

2.2. Deformation Microstructures

Deformed samples exhibit a pronounced foliation normal to the shortening direction marked by flattened amphi-
bole (cf. rose diagram in Figure 1d), quartz, and ilmenite grains (Figures 1c and 1d). Amphibole has weak but
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Hot-pressed experiment
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Pt capsule

Figure 1. SEM images of representative hot-pressed and axial compression samples. The samples are welded in a platinum capsule (9 mm long, 3.2 mm inner
diameter). A 1.4 mm Al O, piston is placed on top of the sample to protect it during capsule welding. Ni foils (25 pm) are placed on the top and bottom of the sample to
control oxygen fugacity. (a) Specimen from hot-pressing experiment (GA286). (b) Enlarged image of the area highlighted in (a). (c) Specimen from axial compression
experiment (GA351). (d) Enlarged image of the area highlighted in (c). The rose diagrams in b and d show the angular distribution of amphiboles long axis; the
compression axis is at 90°. Mineral abbreviations: grt, garnet; amp, amphibole; qtz, quartz; ilm, ilmenite. Scale bar: 1 mm (a, c¢); 200 pm (b, d).

clear CPO marked by alignment of [100] in the compression direction and [001] normal to it (Figure 2b; Figures
S5b—S5m in Supporting Information S1). Garnet has angular shapes similar to that in hot-pressed samples, no
obvious elongation, and random orientations (Figure 2b), suggesting it behaved as rigid bodies within the matrix
of deforming amphibole.

Phase boundaries and triple junctions in samples deformed at temperatures <900°C are clear-cut and devoid
of amorphous phases indicating partial melting, even at high magnification (Figure S4 in Supporting Informa-
tion S1). The SEM images do not display compositional zoning within plagioclase and hornblende (Figure S4b
in Supporting Information S1). Small amounts of amorphous material and newly formed garnet rims were only
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observed in two samples deformed at 950°C and 1,050°C (GA288, 950°C; GA320, 1,050°C; Figures S4e and S4f
in Supporting Information S1); these samples were excluded from the calculation of the flow law.

The CPO of amphibole, garnet, and plagioclase of all samples are displayed as pole figures in Figure S5 in
Supporting Information S1. Amphiboles in all deformed samples show similar CPO despite varying experimental
conditions: the [100] axes and, to a lesser extent, the poles of (110) align parallel to the compression direction and
the [001] axes are distributed in a girdle on the foliation plane, normal to the compression direction (Figure 2b).
Garnet displays almost random CPO (J close to 1) in all samples. Plagioclase develops a girdle distribution of the
[100] axes on the foliation plane and a weak alignment of the (010) planes with the foliation.

These observations are corroborated by quantitative analysis of the microstructure based on high-resolution
EBSD maps (step size = 0.4-1.3 pm) covering large areas (~1 mm X 3 mm) of deformed samples. Given that
accumulation of dislocations produces distortion of the crystal lattice, to access the importance of dislocations in
strain accommodation, we quantified the intragranular misorientations in the different phases by four parameters:
the grain orientation spread (GOS), the misorientation of each pixel composing a grain relative to the mean orien-
tation of the grain (M2M), the kernel average misorientation (KAM), which is the misorientation of each pixel
composing a grain relative to the neighboring pixels within the grain, and the rotation axes accommodating these
misorientations (in the crystal reference frame). Amphibole shows significantly higher average GOS than plagi-
oclase or garnet (Table S3 in Supporting Information S1). In garnet grains, steps in misorientation profiles corre-
late with cracks (Figure 2f). In contrast, both amphibole and plagioclase display crystallographically controlled
rotations accommodating intragranular misorientations, which are dominantly [001] and to a lesser extent [010]
in amphibole and [100] in plagioclase (Figures 2c and 2d and Figure S6 in Supporting Information S1). Analy-
sis of the subgrain boundaries, KAM, and M2M maps (Figure 2a and Figure S7 in Supporting Information S1)
shows that the spatial distribution of intragranular misorientation in amphibole is highly heterogeneous both
between grains and within grains, being usually higher in the vicinity of phase boundaries. In amphibole, planar
deformation bands and subgrain boundaries are observed (Figure 2c). The histogram of misorientation angles of
amphibole (at the sample scale) shows a high proportion of intragranular misorientations (<10°) and the absence
of (100) twinning (Figure 2e and Figure S8 in Supporting Information S1). Both GOS and M2M values in amphi-
bole decrease with increasing temperature (Table S1 in Supporting Information S1), consistent with more effec-
tive recovery at higher temperatures. Average amphibole grain sizes weighted by grain area of deformed samples
are slightly smaller than those in the hot-pressed samples (Table S3 in Supporting Information S1).

2.3. Experimental Flow Law for an Amphibolite Composed of 80 wt. % Amp + 20 wt. % Grt

The mechanical data for the deformation experiments conducted at temperatures of 750-900°C, confining pres-
sures of 1.8 GPa, and constant strain rates of 1.0 X 107 s71-6.0 x 107 s~! are displayed in Figure 3 and Table S2
in Supporting Information S1. As common for ductile deformation, decreasing the imposed strain rate or increas-
ing the temperature results in decrease of the sample strength (Figure 3). Maximum stresses in most experiments
are achieved between 0.15 and 0.20 of total shortening. Limited strain softening is observed in experiments with
high flow stresses (>900 MPa). This softening is often observed in high-pressure deformation experiments and
generally attributed to microstructure evolution or inhomogeneous deformation and specimen misalignment at
large strains. Thus, the peak stress is taken as the flow stress to fit the constitutive equation.

The rheology of garnet amphibolite over the range of conditions explored can be described by the following
constitutive equation obtained by a global fit to all data (Figures 3b and 3c):

154+35kJ /mol >

£ = A" exp(—%) — 10—6A210A7o_3.l:0.4exp(_ RT (1)

Figure 2. Intracrystalline deformation analysis of amphibole and garnet in representative sample GA458. (a) Amphibole intracrystalline misorientation map (blue to yellow
colors indicate the misorientation relative to the mean orientation of the crystal, M2M, a proxy for the dislocation density), garnet is displayed in gray. Red stars indicate three
amphibole grains analyzed in detail in ¢ and the garnet grain analyzed in e. (b) Crystal preferred orientations of amphibole and garnet. The rose diagram shows the angular
distribution of amphibole long axis (SPO). Insert on the bottom right indicates the orientation of the structural reference frame (S is the foliation, which is normal to the
imposed shortening). (c) Detailed misorientation maps of three amphibole grains illustrating deformation bands and subgrain walls normal to the elongation of the grain and
the associated intragranular misorientation and rotation axes. (d) Inverse pole figure of the rotation axes accommodating misorientations across subgrain boundaries of 2—10°
within all amphibole grains in (a). (e) Histogram of misorientation angles in amphibole (at the sample scale) showing the high frequency of subgrain boundaries (intragranular
misorientations <10°) and absence of twinning. (f) Misorientation profile within a garnet grain showing misorientations related to cracks. Scale bars: 250 pm (a), 20 pm (c).
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Figure 3. Mechanical data for high-temperature creep of amphibole-rich rocks. (a) Stress-strain curves of all experiments.
The solid lines represent typical experiments on aggregates of 80% Amp + 20% Grt, while the dashed lines correspond to
two distinct experiments on aggregates of 50% Amp + 50% P1 (GA464) and 100% Amp (GA491) compositions. Stress refers
to differential stress (6,—05). (b) Strain rate versus average flow stress at 750°C, 800°C, 850°C, and 900°C. Empty circle
indicates sample GA332, which was excluded from the definition of the flow law because it contained a crosscutting crack.
(c) Flow stress (logscale) versus inverse temperature. Empty diamonds in (b and c) indicate sample GA464 and GA491. Full
lines in (b and c) show the global fit to all data for 80% Amp + 20% Gt aggregates, which yield the n, Q, and A values in
Equation 1.

where ¢ is the strain rate in s~!, A is the pre-exponential factor, o is the flow stress in MPa, 7 is the stress exponent,
which depends on the deformation mechanism, Q is the activation energy in kJ/mol, R is the gas constant, and T’
is the absolute temperature.

2.4. Effect of the Mineral Mode

To test the effect of mineral mode on the strength of an amphibolite, we performed two additional experiments:
one on a polycrystalline aggregate composed of 100% amphibole (GA491) at 850°C and another on a 50%
amphibole +50% plagioclase (AngAb,,) aggregate (GA464) at 800°C (dashed lines in Figure 3a and empty
diamonds in Figures 3b and 3c). The 100% amphibole aggregate (GA491) displays an average flow stress
slightly lower than 20% Grt + 80% Amp aggregates (GA493) deformed at same conditions (997 MPa rela-
tive to 1,056 MPa; Figure 3b and Table S2 in Supporting Information S1). In contrast, the sample composed
of 50% P1 (Any,Ab,,) + 50% Amp (GA464) displays approximately twice the strength of the 20% Grt + 80%
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Amp aggregates (GA458&GA467) deformed at same conditions (average flow stress of 863 MPa relative to
580-607 MPa; Figure 3b; Table S2 in Supporting Information S1).

3. Discussion
3.1. Deformation Mechanisms

Early studies proposed a variety of mechanisms for producing CPO of amphibole based on observations of natural
and experimental amphibole-rich rocks, including cataclastic flow at temperatures <650°C (Ko & Jung, 2015),
diffusion creep in fine-grained aggregates developed in strain localization zones (Getsinger & Hirth, 2014;
Mansard et al., 2020), dissolution-precipitation creep (Lee et al., 2022; Stokes et al., 2012), oriented synkine-
matic crystallization and growth (Mansard et al., 2020; Tommasi et al., 2017), and dislocation creep (Elyaszadeh
et al., 2018; Skrotzki, 1992).

In the present study, both the deformation microstructures (clear foliation marked by flattened grains,
well-developed CPO, intragranular misorientations with coherent rotation axes, frequent subgrain boundaries)
and the measured stress exponent of n = 3.1 suggest that dislocation creep is the dominant deformation mecha-
nism for amphibole. The CPO of amphibole is consistent with dominant activation of the [001](100) slip system.
However, intragranular misorientations associated with rotations around [001] indicate that other slip systems
were also active during deformation. These intragranular misorientations may be produced by accumulation of
edge dislocations of the [100](010) and 1/2<110>{110} systems, which are secondary slip systems in amphibole
(Skrotzki, 1992). The present observations are consistent with TEM data from a natural amphibolite deformed at
temperatures >650°C (Skrotzki, 1992), which denoted deformation by dislocation creep with dominant activa-
tion of [001](100), secondary activation of [100](010) and 1/2<110>{110}, and recovery by cross-slip of [001]
screw dislocations and climb of [100] and ¥2<110> edge dislocations. Amphibole CPO and microstructures
similar to those formed in the present experiments have been reported in the EI Rellano amphibolite from south-
western Spain (Diaz Aspiroz et al., 2007) and in deformed gabbro from Neyriz mantle diapir, Iran (Elyaszadeh
et al., 2018), which were deformed at temperatures >840°C. It suggests that [001](100) is the dominant slip
system in amphibole at temperatures >650°C over a wide range of pressure, at both the present laboratory and
natural strain rate conditions, thus, at conditions, which encompass those expected in the deep crust of overthick-
ened orogens.

The weak CPO and subgrains in plagioclase indicate limited deformation by dislocation creep with dominant
activation of the [100](001) and [100](010) slip systems. Dominant [100] slip is consistent with observations
implying that [100] is the slip direction most easily activated in plagioclase under high-temperature conditions
(Ji et al., 2000). However, compared to amphibole, the less elongated shapes, lower intragranular misorienta-
tions, and weaker CPO of plagioclase suggest that plagioclase accommodated less strain than amphibole, consist-
ent with the higher strength of the plagioclase-dominated assemblages relative to those composed mostly by
amphibole.

The angular grain shapes and almost random CPO of garnet imply high strength, leading to solid grain rotation
and translation in the present experiments. Cataclastic flow usually predominates in garnet under relatively low
temperatures, high strain rate, and dry conditions (Zhang & Green, 2007). Deformation experiments on garnet
single crystals only showed evidence for dislocation creep at temperatures >1,000°C and wet conditions (Voegelé
et al., 1998). In nature garnet may nevertheless deform ductilely at lower temperature (>600°C) due to much
lower strain rates (Phillips & Ji, 2021).

3.2. Strength and Viscosity of an Amphibole-Rich Deep Crust

In Figure 4a and Figure S9 in Supporting Information S1, we compare the flow law for calcic-amphibole-rich
rocks deduced from the present experiments with results of previous studies for lower crustal rocks with differ-
ent mineral modes and water contents in a plot of temperature vs. flow stress for a fixed geological strain rate
of 10~'% s~1, The current findings indicate that, in the dislocation creep regime, the rheological strength of an
amphibole-rich rock is 3—4 times inferior to that of a rock in which water-saturated plagioclase dominate, and
2-3 orders of magnitude weaker than that of a rock composed mainly by dry plagioclase and water-saturated
clinopyroxene. The formation of amphibole, thus, considerably diminishes the rheological strength of mafic
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Figure 4. Flow strength comparison of amphibole-rich rocks and plagioclase-rich rocks. (a) Flow strength of amphibole-
rich rocks (#1-#3), wet (#4) and dry (#5-#6) plagioclase-rich rocks in the dislocation creep regime derived by extrapolating
flow laws to natural strain rate (¢) of 10~ s~!. Amphibole-rich rock (#2) refers to 53% Amp + 43% P1 (Ab,,An,,) (Hacker
& Christie, 1990). Amphibole-rich rock (#3) refers to 58% Amp + 40% PI (Ab,sAn,,) (Wilks & Carter, 1990). Plagioclase-
rich rock (#4) refers to water saturated 50% An + 50% Di, which is calculated by wet plagioclase and wet diopside using
mixing model introduced by Huet et al. (2014) (Figure S9 in Supporting Information S1). Plagioclase-rich rock (#5) refers
to 70% P1 (Abs Any) + 23% Cpx (Mackwell et al., 1998). Plagioclase-rich rock (#6) refers to 56% Pl (AbsyAn, ) + 43%
Cpx (Mackwell et al., 1998). (b) Comparison between crustal viscosity (1) in southern Tibet deduced from geodetic estimate
(Chen et al., 2022; England et al., 2013; Henriquet et al., 2019; Rippe & Unsworth, 2010; Ryder et al., 2014) and the
viscosity of amphibole-rich rocks and plagioclase-rich mafic rocks derived from deformation experiments in dislocation creep
regime. The viscosity is calculated as: n = ¢ /(2 X £). Strain rate (¢) is assumed as 10~'* s=!. The depth is calculated based
on the geothermal gradient from Hacker et al. (2014). Rheological parameters are summarized in Table S4 in Supporting
Information S1.

rocks in the deep crust. Amphibole-plagioclase-rich amphibolites are 1-2 orders of magnitude weaker than
plagioclase-pyroxene-rich granulites, contingent upon the content of amphibole and the hydration state of
plagioclase. Several lines of evidence corroborate this conclusion: (a) The flow strength of amphibolite (53
wt. % Amp + 43 wt. % Pl (Ab, An,); Hacker & Christie, 1990) is lower than that of dry plagioclase aggregates
in the dislocation creep regime (Rybacki & Dresen, 2000), which means that input of amphibole weakens the
strength of plagioclase aggregates. (b) The strength of an amphibolite with 50 wt. % plagioclase (Abs,An,,)
is about two times stronger than that of the aggregate composed of 100% amphibole (Figure 3b). Overall,
the strength as a function of modal composition varies as: amphibole-rich amphibolite [80% Amp < 43% PI
(Ab,An,)) + 53% Amp < 40% P1 (Ab,;An,,) + 58% Amp] < wet plagioclase-pyroxene rocks (50% wet P1 + 50%
wet Di) < dry plagioclase-pyroxene rocks [70% P1 (Abs,An,)) + 23% Cpx < 56% P1 (Ab Ang) + 43% Cpx].
Garnet, in proportion of up to 20 wt. %, does not significantly increase the amphibolite strength (Figure 3b), as
for such modal contents garnet behaves as non-connected rigid inclusions. Given its low ductility, higher garnet
contents will probably result in a major increase in the rock strength.

In summary, the present mechanical data indicate that the strength of plagioclase is not suitable to represent the
strength of continental deep crust if the latter contains large amounts of amphibole and deforms in the dislocation
creep regime. Dislocation creep of amphibole may not be the main strain accommodation process in the lower
crust when grain sizes are small or fluids, melt, or other weaker phases (quartz or mica) are present. However, the
latter conditions are probably more often met in felsic rocks from shallow crustal depths than in mafic rocks from
deep crustal levels of thickened orogenic belts and natural amphibolites usually have grain sizes of 0.2-2 mm,
that is, two to three orders of magnitude coarser than those in diffusion creep experiments (grain sizes <10 pm).

3.3. Implications to the Southern Tibet Deformation

Based on these flow laws of Figure 4, we calculated the viscosity of Ca-amphibole dominated amphibolites
and plagioclase-pyroxene granulites assuming a constant strain rate of 107'* s~! and compared our results with
independent estimates of viscosity in the deep crust of southern Tibet derived from geodetic constraints based
on post-seismic relaxation (Chen et al., 2022 [~10'° Pa-s]; Ryder et al., 2014 [6-10°~10?° Pa-s]) and paleolake

WANG ET AL.

8 of 12

85UB017 SUOWILWIOD @A 181D 8|edldde 8Ly Aq peusenod a1e sejole YO ‘@SN o SainJ 10} Areiq1T8UlUO /8|1 UO (SUORIPUOD-PUE-SWB 0" A3 | 1M AfeIq1jeulUO//Sdny) SUORIPUOD pue swie 1 843 88S *[£202/TT/Tz] uo AkiqiTauliuo A8 ‘(ouleAnde) aqnopesy Aq 02€20T 192202/620T 0T/I0p/wod" A8 |mAreiq puljuo'sgndnBe//sdny wouy pepeojumod ‘ST ‘€202 ‘L008TY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2022GL102320

shoreline deformation (England et al., 2013 [10'°~10?° Pa-s]; Henriquet et al., 2019 [102°~102! Pa-s]). Geodetic
viscosity estimates for the deep crust of in southern Tibet range from 10" to 10?! Pa-s. In all these studies, the
deep crust is modeled as a single layer with uniform viscosity, these values are thus estimates of the average
viscosity between 30 and 60 km (gray boxes in Figure 4b). The viscosity of amphibole-rich rocks matches well
the viscosity of the southern Tibet crust at depths of 30-50 km while that of plagioclase-pyroxene granulites are
1-2 orders of magnitude higher. The higher viscosity inferred for the lowermost crust may result from increasing
plagioclase contents or progressive replacement of amphibole by pyroxenes through dehydration.

The uplift of the Tibetan Plateau has been a hot topic over the past decades. Three main models have been proposed
to account for it: thinning of thickened mantle lithosphere (Turner et al., 1996), intracontinental subduction
(Tapponnier et al., 2001), and crustal channel flow (Royden et al., 1997). These models diverge on whether the
deep crust and the upper mantle are strongly coupled or not. A weak deep crust in southern Tibet (Lhasa terrane)
leading to crust-mantle decoupling is required by the “channel flow” model. A key difficulty in discriminating
between these models is that the composition and the rheology of the deep crust are poorly constrained.

Magnetotelluric profiles of eastern Lhasa showed two major channels of high electrical conductivity at a depth of
~30-50 km (Bai et al., 2010). The rarity of seismicity at these depths compared to the upper crust and lowermost
crust/upper mantle implies that this layer is weaker than the lowermost crust/upper mantle (Sloan et al., 2011).
Partial melt may cause both high electrical conductivity and weakening. However, partial melting is probably
very limited in the overthickened crust of southern Tibet, because temperatures inferred from geotherms (Wang
et al., 2013) are lower than the solidus of amphibolite and mica-bearing rocks in deep crust (Figure S10 in
Supporting Information S1). The present results imply that an amphibolitic deep crust will display low strength.
Enhanced electrical conductivity of amphibole after dehydrogenation (Hu et al., 2018) may explain the observed
high conductivity anomalies. Finally, water release from dehydration of metastable amphibole-rich rocks might
explain earthquakes in the lowermost crust (50-70 km) of the Tibetan Plateau by a process similar to the dehy-
dration embrittlement of hydrous minerals proposed for explaining intermediate-depth (50-300 km) earthquakes
in subduction zones (Okazaki & Hirth, 2016).

Seismic anisotropy is a useful tool to probe the deformation in deep Earth, as it often results from CPO produced by
ductile deformation. SKS waves have been widely applied to obtain mantle deformation patterns. P to S converted
phases from the Moho have been used to study crustal anisotropy successfully (Liu & Niu, 2012). Strong crustal
anisotropies have been observed in many orogens, like Tibet (Wu et al., 2019), the Andes (Moschetti et al., 2010),
and the Aegean Sea (Endrun et al., 2011). The dominant minerals of the continental deep crust are pyroxene,
plagioclase, amphibole, and garnet. The present and previous experimental data indicate that amphibole tends
to develop strong CPO in response to deformation (Figure S5 in Supporting Information S1; Ko & Jung, 2015)
and may therefore play a critical role in the formation of strong seismic anisotropy in the deep crust. The pres-
ence of plagioclase, pyroxene, and garnet dilutes the seismic anisotropy induced by amphibole CPO (X. Wang
etal., 2021). Thus observation of a strong crustal anisotropy implies both coherent deformation and large contents
of amphibole (or biotite) over length scales of tens of km in the deep crust (Li et al., 2020; Lloyd et al., 2009).

Vp, Vs, and Vp/Vs ratio are additional criteria for determining the composition of the deep crust. Nevertheless,
because the main contrast between amphibolite and granulite stems from the replacement of pyroxene by amphi-
bole, the weak contrasts in Vp and Vs between amphibole and pyroxene (Christensen, 1996; Kern et al., 1996),
result in small variations in Vp/Vs ratio. It is, therefore, challenging to distinguish amphibole-plagioclase-rich
amphibolite from plagioclase-pyroxene-rich granulite based on Vp, Vs, and Vp/Vs ratio.

In the present study, we show that amphibole is the weakest phase compared with plagioclase, pyroxene, or garnet
in coarse-grained mafic rocks (e.g., granulite and eclogite). Under such conditions, which may have prevailed
during the deformation of the Tibetan deep crust, amphibole will bear most strain and form strong CPOs that
could explain the observed strong crustal seismic anisotropies. The high ductility of calcic-amphibole may also
allow for mechanical decoupling between the upper crust and upper mantle or eclogitic lowermost crust within a
collision zone (Royden et al., 1997).

4. Conclusions

This study presents, for the first time, quantitative data on the mechanical strength of calcic-amphibole-rich
(80% pargasite) rocks in the dislocation creep regime and contrasts these findings with published flow laws for
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amphibole-plagioclase rocks and plagioclase-pyroxene rocks with various plagioclase content. The outcomes
indicate that a calcic-amphibole-rich deep crust may function as a weak layer in orogens. A calcic-amphibole-rich
deep crust undergoing deformation by dislocation creep could support the “channel flow” model, potentially
accounting for the low viscosity in the deep crust and crustal seismic anisotropy in southern Tibet. Consequently,
the novel flow law of amphibole-rich composition ought to be considered when modeling the mechanical behav-
ior of the lower crust. Microstructural analysis of the deformed amphibolites reveals that amphibole and plagi-
oclase deformed dominantly by dislocation creep with dominant activation of the [001](100) slip system in
amphibole and of [100](001)/[100](010) in plagioclase over a very wide range of temperature and strain rate
conditions. Deformation of amphibole-rich rocks by dislocation creep produces strong amphibole CPO, which
may explain seismic anisotropy measurements in the deep crust of orogenic belts.

Data Availability Statement

Data: The raw stress-strain data and EBSD data (CTF files) are available from the Figshare Repository:
https://doi.org/10.6084/m9.figshare.20227329. Software: The publicly accessible MATLAB (MATLAB,
2021a) toolbox, MTEX, that was used to perform the analysis of EBSD data is openly available for download:
https://mtex-toolbox.github.io/.
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