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Abstract

Syn-tectonic quartz veins are widely present in low- to medium-grade metapelitic belts, however, dating these veins is chal-
lenging due to the lack of suitable target minerals for most geochronological methods. Andalusite is a common K-poor alu-
minosilicate mineral in these quartz veins. In this study, we demonstrate the feasibility of dating fluid inclusions in andalusite
using the **Ar/*Ar gentle stepwise crushing technique. Three andalusite samples in syn-tectonic quartz veins from the Chi-
nese Altai, Central Asia yielded similar gas release patterns. The first crushing steps generated significant excess “’Ar which
likely originated from secondary gas inclusions. These steps gave anomalously old and quickly declining apparent ages. The
following crushing steps generated less significant excess “°Ar and yielded concordant and well-defined Early Permian ages of
282-277 Ma. These steps were likely dominated by the degassing of intra-crystal liquid-rich fluid inclusion planes. Two of the
crushed powder samples from the stepwise crushing experiments were selected for additional *°Ar/>°Ar stepwise heating using
a furnace and yielded a much younger age of 216 Ma. Laser stepwise heating of muscovite flakes in two of the investigated
andalusite samples and one chloridized biotite sample from a different andalusite-bearing quartz vein yielded “°Ar/*Ar ages
of 243-241 Ma and 214 Ma, respectively. Compared with gases released from the crushing experiments, gases extracted from
the heating experiments showed distinct CI-K—Ca compositional characteristics and younger ages with near atmospheric
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initial *°Ar/>®Ar value. These observations suggest that 1) contrary to common wisdom, excess “°’Ar in K-poor nesosilicates
are preferably preserved in fluid inclusions rather than mineral lattices, and 2) K (Ar) contamination from K-bearing solid
phases is negligible during gentle stepwise crushing. As such, the 282-277 Ma fluid inclusion “°Ar/*’Ar ages could be consid-
ered as the timing of andalusite growth in the quartz veins. The younger muscovite “°Ar/>’Ar ages likely record more recent
cooling events. The youngest “°Ar/*Ar ages of the crushed andalusite powder and the biotite sample could reflect the timing
of sericitization and chloritization of the samples, which is evidenced by petrologic observations and x-ray K mapping results.
Furthermore, andalusite “°Ar/>’Ar ages agree with the monazite/zircon U-Pb ages (280-273 Ma) of syn-tectonic leucogranite
and pegmatite dykes and metamorphic ages (299-262 Ma) for the low-pressure metamorphic rocks of the region. These results
suggest that fluid inclusion *’Ar/*’Ar geochronology of andalusite can be used to constrain the timing of deformation and
associated metamorphism in low-pressure metapelitic terranes, which can also provide more complete pictures of the

tectono-thermal evolution in combination with traditional “°Ar/*’Ar stepwise heating geochronology.

© 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Fluids play an important role in the physical, chemical,
and mechanical evolution of the continental crust as their
presence and circulation facilitate mass and heat transfer,
fluid-rock interaction, hydrocarbon migration, mineraliza-
tion, and partial melting at depth (e.g., Lacombe and
Rolland, 2016). Fluid activity is also important during oro-
geneses, which is best exemplified by the occurrence of
abundant quartz, quartzo-feldspathic, and pegmatite veins
and/or dykes at different scales varying from micrometers
to several kilometers (Bons, 2001; Bakker and Schilli,
2016; Lv et al., 2018).

Geofluids in orogenic belts can derive from a variety of
sources, including fluids in the pore spaces of original sedi-
ments, shallow meteoric water, mantle and magma degas-
sing, and devolatilization and/or decarbonation reactions
of metamorphic rocks (Chapman, 1950; Connolly, 1997;
Kennedy and Van Soest, 2007; Menzies et al., 2014;
Mancktelow et al., 2015). Veins forming at similar pres-
sure-temperature conditions as the host rocks can generally
reach chemical and isotopic equilibrium with the host rocks
and thus record the age of local metamorphism (Whitney
and Dilek, 2000; Sepahi et al., 2004). Alternatively, some flu-
ids may travel great distances and evolve over several distinct
steps, e.g., through successive metamorphic dehydration
reactions of regional metamorphic rocks during burial or
contact metamorphism, and form deformation-controlled
veins that are structurally related to the deformation
(Bucholz and Ague, 2010). The ages of these veins would
correspond to the timing of deformation or metamorphism,
which carry crucial information of regional tectono-thermal
processes (Oliver, 1996; Fitz-Diaz et al., 2019).

In high-grade metamorphic terranes where partial melt-
ing occurs, anatectic granite, pegmatite and/or leucosome
dykes are very common (e.g., Nabelek and Peter, 1997;
Wang et al., 2017). These rocks can be dated using available
modern geochronological methods, such as zircon and
monazite U-Pb dating (e.g., Broussolle et al., 2018; Xu
et al., 2021). In contrast, fluid flow commonly forms quartz
veins in vast low- to middle-grade terranes where partial
melting is limited or absent (Bons, 2001; Sepahi et al.,

2004). These are much more difficult to date owing to the
lack of suitable target minerals for existing dating methods.

Even though zircon and monazite are occasionally
found in some quartz veins, linking their ages with the
deformation/metamorphism processes is difficult because
their origins are often obscure (Zheng et al., 2007b; Fitz-
Diaz et al., 2019). Some K-bearing minerals such as micas
have also been reported from metamorphic quartz veins
(Daele et al., 2020), and they are, in theory, the best target
for “*Ar/*Ar geochronology. However, given their low to
middle closure temperatures (7¢) for Ar, e.g., ca
405-425 °C for muscovite (Harrison et al., 2009) and ca.
310-330 °C for biotite (Harrison et al., 1985; Grove and
Harrison, 1996), “°Ar/*Ar ages of these minerals would
represent the age of cooling evolution rather than forma-
tion. Additionally, recrystallization or fluid-assisted defor-
mation could lead to partial or complete rest of the K/Ar
geological clock of micas (Di Vincenzo et al., 2001, 2004;
Villa et al., 2014; Villa, 2016; Bosse and Villa, 2019). Nota-
bly, a recent study suggested that tourmaline has a higher
Ar Tc around 534-628 °C (Thern et al., 2020) and thus
could be a candidate for dating vein formation using step-
wise heating “°Ar/*Ar geochronology.

Metamorphic quartz veins in metapelitic terranes com-
monly contain aluminosilicate minerals such as kyanite, sil-
limanite, and andalusite megacrystals, which could have
shared similar metamorphic conditions with the host rocks
(Cesare, 1994; Whitney and Dilek, 2000; Sepahi et al.,
2004). While aluminosilicate polymorphs share identical
chemical compositions, they have different crystal struc-
tures. Kyanite generally occurs as long and slender bladed
crystals or flat tabular crystals, whereas sillimanite usually
occurs as fibrous or radiating crystals. Andalusite most
often occurs as prismatic or blocky crystals which permit
better preservation of paleo-fluids in fluid inclusions
(Masoudi et al., 2009; Bakker and Schilli, 2016). Metamor-
phic fluids commonly contain sodium (Na), minor calcium
(Ca), and a certain amount of potassium (K) from tens to
tens of thousands ppm as revealed by previous LA-ICP-
MS analysis on fluid inclusions in quartz veins hosted by
different metamorphic rocks (Rauchenstein-Martinek
et al., 2016). Paleo-fluids preserved in andalusite fluid
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inclusions could therefore serve as suitable targets for fluid
inclusion *°Ar/*’Ar geochronology.

Since the 1980s, “°Ar/*°Ar stepwise crushing has been
successfully applied to many minerals such as quartz, K-
feldspar, sphalerite, cassiterite, and wolframite associated
with hydrothermal quartz veins or sedimentary rocks (Qiu
and Dai, 1989; Turner and Wang, 1992; Harrison et al.,
1993; Qiu and Jiang, 2007; Bai et al., 2013). This technique
was also successfully applied on fluid inclusion-bearing
metamorphic minerals such as garnet and amphibole from
ultra-high metamorphic rocks or associated veins to con-
strain the timing of metamorphic evolution (Qiu and
Wijbrans, 2006; Qiu et al., 2010; Hu et al., 2015, 2018). Dat-
ing paleo-fluids trapped in fluid inclusions in andalusite
from syn-tectonic veins is potentially a new way to con-
strain the timing of deformation and metamorphism in
low- to middle-grade metamorphic terranes, in particular,
in low-pressure metamorphic terranes.

In this study, we tested “’Ar/*°Ar stepwise crushing
geochronology on andalusite from a well-studied metapeli-
tic domain of the Chinese Altai, Central Asia for the first
time. Based on detailed petro-structural observations and
compositional analysis, as well as U-Pb dating of mon-
azites from adjacent syn-tectonic leucogranite dykes, we
demonstrate that andalusite can be dated using this tech-
nique to constrain the age of the syn-tectonic quartz veins
and the timing of the associated deformation and metamor-
phism in low- to middle-grade metapelitic terranes. This
method greatly expands our ability to study regional meta-
morphic and deformation evolution in general.

2. OVERVIEW OF THE FLUID INCLUSION “AR/*’AR
GEOCHRONOLOGY

When a given mineral grew and evolved with the pres-
ence of fluids, its tiny crystal cavities or micro-fissures could
capture the fluids to form fluid inclusions. Fluid inclusions
trapped during the initial growth of the host mineral are
primary (PFIs) and those captured during nearly simultane-
ous processes along intra-crystal micro-cracks or later pro-
cesses along inter-crystal micro-cracks are pseudosecondary
(PSFTs) or secondary fluid inclusions (SFIs), respectively
(Roedder, 1984; Goldstein et al., 2003). PSFIs are usually
not distinguishable from PFIs as they trap similar primary
fluids during mineral growth.

Fluid inclusions are unique recorders of the physico-
chemical nature of the fluids as well as the timing when they
get trapped (Shepherd and Darbyshire, 1981; Crawford and
Hollister, 1986; Brown and Lamb, 1989; Boullier, 1999;
Bodnar et al., 2014). The establishment and development
of the fluid inclusion “°Ar/*°Ar stepwise crushing technique
opened a new chapter for geofluid geochronology (Kelley
et al., 1986; Qiu and Dai, 1989). Tremendous achievements
were made when the technique was widely applied to con-
straining the time-scales of hydrocarbon migration and
accumulation using igneous quartz (Yun et al., 2010; Qiu
et al., 2011), metamorphism evolution using garnet (Qiu
and Wijbrans, 2006) and amphibole (Qiu et al., 2010; Hu
et al., 2015, 2018), as well as metal mineralization events
using quartz, sphalerite, wolframite, and cassiterite (Qiu

and Dai, 1989; Qiu and Jiang, 2007; Bai et al., 2013; Xiao
et al., 2019). The improved stepwise crushing technique
with gentle crushing strength can progressively extract most
of the SFIs that are larger, irregular, and associated with
micro-cracks and smaller PFIs that form from relatively
stable fluid flow during the first and last crushing steps,
respectively (Xiao et al., 2019, 2022). When combined with
“OAr/*Ar geochronology, the ages of SFIs and PFIs can be
successively dated using this technique (Qiu and Jiang,
2007; Jiang et al., 2012; Xiao et al., 2019).

In addition to fluid inclusions, solid phases such as
K-bearing mineral impurities and lattice-hosted positions
could be important Ar reservoirs (Villa, 2001; Kendrick,
2007). It has been noted by several studies that a prolonged
crushing process with heavy crushing strength and/or ele-
vated numbers of crushing, e.g., around or more than ten
thousand strokes, could extract gases from lattice-hosted
positions and solid impurities (e.g., Scarsi, 2000; Kendrick
and Phillips, 2009). On the other hand, many studies have
proposed that the gentle stepwise crushing technique can
avoid extracting gases from these solid phases by utilizing
the free fall of a light pestle from a height of 3-4 cm to
crush minerals (Qiu and Jiang, 2007; Qiu et al., 2011). In
the latter case, the crushing strength can be more than an
order of magnitude lower than the traditional air-actuated
in wvacuo crushing devices based on the design of
Matsumoto et al. (2001). Such a low crushing strength per-
mits the crusher to mainly extract gases from mineral-
hosted fluid inclusions with very limited contaminations
from K-bearing solid phases (Jiang et al., 2012; Bai et al.,
2013). When the crushing process is coupled with quadru-
pole mass spectrometer analyses, we found that gases
released by gentle stepwise crushing showed elevated release
of large gas molecules such as C,Hg, C3Hg, N,, formamide,
and/or CHy after 9000 drops of crushing (drop represents
the time that the pestle falls), which suggests that these
gases are mainly derived from fluid inclusions (Xiao
et al., 2019, 2021). Due to the very low partition coefficients
between mineral and hydrous fluids, fluid inclusions should
dominate the Ar budget in K-poor minerals (Kelley, 2002;
Baxter, 2003). Therefore, the trace amounts of K hosted in
mineral lattices should not influence the validity of the ages.
Alternatively, stepwise heating of the crushed residues can
effectively release K-derived argon from solid phases (e.g.,
Qiu and Jiang, 2007; Hu et al., 2015). It has also been
shown that the extracted gases from crushing and subse-
quent heating processes showed distinct compositions
and, sometimes, different “°Ar/*’Ar ages (e.g., Qiu and
Jiang, 2007; Qiu et al., 2010; Hu et al., 2015). This is consis-
tent with the notion that contributions of argon gases
trapped in mineral lattices and impurities during gentle
stepwise crushing would be negligible, if not impossible.

3. GEOLOGICAL SETTING
3.1. Regional geological framework
The Altai orogenic belt, evolved from the Altai accre-

tionary wedge, is located in the hinterland of the Central
Asian Orogenic Belt (CAOB, also known as Altaids,
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Fig. 1. (a) Simplified map showing the location of the Chinese Altai in the Central Asian Orogenic Belt (CAOB). (b) Geological map of the
Chinese Altai (modified after Broussolle et al. (2019)). Satellite and geological maps showing occurrences of syn-tectonic veins/dykes in the
NW of the Aletai city (c—d) and the SW of the Fuyun City (e—f). The geological maps d and f are modified after Jiang et al. (2019) and Li et al.

(2017), respectively.

Fig. la) which represents the largest Phanerozoic accre-
tionary orogenic belt on Earth (Sengdr et al., 1993;
Sengér and Natal’ln, 1996; Xiao et al., 2004; Kroner
et al., 2007; Windley et al., 2007; Xiao et al., 2009, 2015).
The CAOB has been recently considered to form via amal-
gamation of three collage systems at its termination stage:

the Kazakhstan Collage in the west, the Mongolian Collage
in the east, and the Tarim-North China Collage in the
south, from Late Carboniferous to Early Mesozoic (Xiao
et al., 2015). The collision of the newly formed and accreted
crustal components and the development of large-scale
transpressional zones associated with near N-S shortening
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mark the final amalgamation of the Mongolian collage
(Laurent-Charvet et al., 2003; Lehmann et al., 2010; Xu
et al., 2021). The Chinese Altai orogenic belt, lying along
the southwest margin of the early Paleozoic active margin
of the Mongolian continental blocks, is separated from
the Devono-Carboniferous oceanic arc domain of East
Junggar in the south by the NW-trending Erqis fault zone
(Fig. 1b, Xiao et al., 2009; Jiang et al., 2017). The Erqis
fault zone represents a regional-scale transpressional zone
that records shortening-convergence and/or collision
between the Chinese Altai and the southern East Junggar
which evolved during a period mainly of ca. 295-250 Ma
(Qu and Zhang, 1994; Laurent-Charvet et al., 2003;
Briggs et al., 2007; Li et al., 2015, 2017; Xu et al., 2021).

The Chinese Altai region preserved excellent records of
Devonian and Permian tectono-thermal cycles (Qu and
Zhang, 1994; Broussolle et al., 2018; Jiang et al., 2019).
The Devonian tectono-thermal cycle occurs throughout
the Chinese Altai (Fig. 1b) and is characterized by a multi-
phase metamorphic-tectonic history (Jiang et al., 2015;
Broussolle et al., 2019; Jiang et al., 2019). The earliest
known tectono-thermal event (termed D1) is characterized
by an early burial and thickening phase and a subsequent
extension at ca. 410-400 Ma. During the extension, earlier
Barrovian-type middle temperature/middle pressure (MT/
MP) fabrics were overprinted by high temperature/low pres-
sure (HT/LP) metamorphism and the crust was stretched
and thinned (Broussolle et al., 2019; Jiang et al., 2019).
The extension was also accompanied by regional-scale crus-
tal anatexis, widespread intrusion of circum-Pacific S-type
granitoids, and extensive eruption of volcanics with bimodal
geochemical signatures (Wang et al., 2006; Yuan et al., 2007;
Cai et al., 2011; Jiang et al., 2016; Cui et al., 2020). The
stretched crust was soon after affected by a 400-380 Ma
deformation phase of horizontal shortening designated D2
forming regional-scale upright folding and juxtaposition
of diverse rocks from different crustal levels (Zhang et al.,
2015; Jiang et al, 2019). The Devonian tectono-
metamorphic cycle marked by the above-cited successive
burial-thickening (shortening), extension, and shortening
evolution was considered as a coaxial suprasubduction
sequence of tectonic switching of an advancing and retreat-
ing subduction system (Jiang et al., 2019).

The Permian tectono-thermal cycle is less extensive than
the Devonian one. The Permian structures (designated D3)
are mainly restricted to the southern Chinese Altai
(Fig. 1b) and show a general decrease in deformation inten-
sity from south to north. In the southernmost part, it caused
SSW-ward thrust systems as well as tight upright to over-
turned folds associated with the development of penetrative
WNW-ESE-striking schistosity (designated S3), almost per-
pendicular to the Devonian structures (Qu and Zhang, 1994;
Briggs et al., 2007). Further north, the pre-existing Devonian
structures are rotated and in part transposed into a WNW-
ESE-directed orientation (Zhang et al., 2012; Broussolle
et al., 2018; Jiang et al., 2019). D3 was dated between 290
and 260 Ma (Briggs et al., 2007; Li et al., 2017). A coeval
metamorphic event characterized by the occurrence of low-
pressure/(ultra) high-temperature metamorphic assemblage
has been reported from many migmatite and granulites

along the southern Chinese Altai (Wang et al., 2009; Li
et al., 2014; Tong et al., 2014; Liu et al., 2020). The deforma-
tion and metamorphism are commonly interpreted as an
overall response to nearly SSW-NNE-directed collision
between the Chinese Altai and the southerly Junggar arc
domain (Li et al., 2016, 2017; Jiang et al., 2019).

Numerous quartz veins associated with leucogranite and
pegmatite dykes, varying from a few decimetres to several
kilometers long, were emplaced within the Permian defor-
mation zone along the southern flank of the Chinese Altai
(Figs. 1-4). Unlike the Devonian dykes/veins (if any) that
could be affected by extensive Permian deformation, these
Permian ones still preserved their original structures and
as such, they could be used to decode the Permian deforma-
tion. Recent structural analysis on the Permian deforma-
tion domain along the southern Chinese Altai revealed
progressive northward propagating tensional fractures
associated with the northward development of folding in
response to the Altai-Junggar collision (Jiang et al., 2019).
When the dykes/veins were emplaced at the tensional frac-
tures at the collision front where D3 folding was already
locked, they were undeformed and orthogonally crosscut
the Permian folds (Fig. le-f). In contrast, when dykes/veins
were emplaced at the interior of the Chinese Altai further to
the north where D3 folding was actively growing, they were
variably folded, i.e., gently folded in more competent gran-
ites and tightly folded in less competent micaschists
(Fig. lc-d and Fig. 3a—c). In the latter case, the dykes/veins
were rotated to varying degrees, some even nearly parallel
to the axial plane (see sketches in Fig. 3f). Restoration of
the geometries of the dykes/veins in the interior zone shows
that their original orientations were also orthogonal to S3
foliation (Jiang et al., 2019). Based on these lines of evi-
dence, the dykes/veins that cropped out in the collisional
front and in the Chinese Altai interiors have consistent
original NE-SW-directed orientations, which is parallel to
the principal compressive stress of the D3 shortening. These
pieces of information indicate that these veins/dykes were
emplaced during the D3 event. This conclusion is further
supported by zircon and monazite U-Pb age data of these
leucogranites and pegmatites, which yielded dominantly
280-270 Ma formation ages, overlapping in timing with
D3 (Briggs et al., 2009; Zhang et al., 2012; Li et al., 2017;
Broussolle et al., 2018; Jiang et al., 2019). These Permian
dykes are geochemically comparable with the meta-
sediments in the southern Chinese Altai where partial melt-
ing of the metasediments was dated as roughly contempora-
neous with the dyke emplacements, leading many to suggest
that the dykes were derived from local metasedimentary
rocks (Hu et al., 2021; Lv et al., 2021).

Except for the prominent Devonian and Permian
tectono-metamorphic events, the Chinese Altai also
recorded less significant Triassic magmatism (Fig. 1). This
is exemplified by the occurrence of small and isolated gran-
itoid bodies such as the Shangkelan pluton (209-203 Ma),
the Alaer pluton (216-210 Ma), and the Xibuodu pluton
(ca. 213 Ma) as well as the world-famous Keketuohai peg-
matites (220-209 Ma) in the southern Chinese Altai (Wang
et al., 2007; Liu et al., 2014; Wang et al., 2014a; Lin et al.,
2019). These granitoids were collectively regarded as
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Fig. 2. (a) Satellite image showing the extent of the study area. Locations of the mapping areas and samples are shown. (b) Map view showing
the occurrences of index metamorphic minerals and associated metamorphic isograds (indicated by thick dashed lines). The presence of
andalusite in local domains is highlighted. Planar structures including S1 transposed by S3 fabric are also indicated (modified after Jiang et al.,
2019). (c) Simplified sketches showing Devonian and Permian tectono-thermal evolution in the study region (not to scale, modified after Jiang
et al. (2021b)). (d) Histograms showing published age data of regional magmatic-metamorphic activities. Data are from Wang et al. (Wang
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post-collisional intrusions (Wang et al., 2014a; Lin et al.,
2019; Liu and Han, 2019).

3.2. Geology of the sampling area

This study focuses on a specific region located northwest
of the Aletai city (Fig. 2a). The key lithological and meta-
morphic sequences are divided into three major packages
(Li et al., 2016; Jiang et al, 2019): 1) a high-grade
migmatite-granite complex representing the deep rocks in
the west, 2) a metamorphosed but not molten Habahe

Group metasedimentary sequence in the center, and 3) a
weakly- to un-metamorphic volcanoclastic Devonian suc-
cession in the east (Fig. 2b).

The migmatite-granite complex consists of predominant
granites and subordinate migmatitic paragneisses. Zircon
U-Pb studies of the granites gave ages ranging from 401
to 368 Ma, with a dominant peak at ca. 400 Ma (Fig. 2d,
Wang et al., 2006; Cai et al., 2011; Jiang et al., 2019).
The metamorphosed Ordovician Habahe Group is origi-
nally greywacke-dominated turbidites associated with sub-
ordinate volcanogenic sediments (Long et al., 2008;
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Huang et al, 2020) and now consists mainly of
amphibolite-facies coarse-grained micaschists interlayered
with quartzo-feldspathic rocks (Jiang et al., 2019). It is cov-
ered by Devonian sedimentary sequences that mainly con-
sist of the volcano-clastic Kangbutiebao Formation in the
lower part and siliciclastic sediments, fossiliferous lime-
stones to volcanoclastic rocks of the Altai Formation in
the upper part (Windley et al., 2002). Zircons from felsic
volcanic rocks of the Altai Formation yielded an eruption
age of ca. 396 Ma (Jiang et al., 2019), similar to the major
age population of the schlieren-rich granites from the west.

The study area records multiple phases of tectono-
metamorphic evolution as revealed by the studies of Li
et al. (2016) and Jiang et al. (2019, 2021b). Their main find-
ings are summarized below (also see tectonic sketches in
Fig. 2¢). The oldest tectono-metamorphic event is well pre-
served in the metamorphosed Habahe Group, as exempli-
fied by a ubiquitous Barrovian-type metamorphic fabric
known as Slg, in response to regional burial and crustal
thickening phase of D1 deformation (Fig. 2b). This fabric
was affected by a subsequent extensional phase (ca.

400 Ma) of the same deformation forming a Slg-parallel
migmatite-magmatic foliation, namely Sly;, in the
migmatite-granite complex (Fig. 2b). Both Slg and Sly
foliations were affected by crustal-scale NE-SW striking
upright F2 folding, which was suggested as the consequence
of regional NW-SE-orientated D2 shortening that occurred
soon after the extensional phase of deformation (Fig. 2c).
As a result, the preexisting fabrics were rotated into moder-
ately dipping sub-vertical positions, and metamorphic iso-
grads and zones from different crustal levels were
juxtaposed at the shallow crustal levels (Fig. 2b). Less com-
monly, the S1 was transposed and formed steep S2 foliation
in places.

The study area was further affected by a prominent D3
deformation characterized by an important NE-SW short-
ening (Fig. 2c). This event formed a large number of
NW-SE-trending vertical D3 high-strain zones where S1
foliation was transposed into penetrative S3 foliation alter-
nating with low-strain domains where F2 folds were
refolded (Fig. lc-d). The latter is characterized by
tight-to-open F3 folds in scales varying from millimeters
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Fig. 4. (a—d) Photographs of andalusite-bearing quartz veins hosted in micaschists. (e-f) Andalusite porphyroblast overgrows the F3

crenulations. See text for details.

to dozens of meters. The timing of D3 shortening was con-
strained to 280-273 Ma by zircon and monazite U-Pb ages
of syn-D3 granite intrusions and pegmatite dykes (Fig. 2d,
Jiang et al., 2019). More recent findings suggested that syn-
D3 growth of andalusite- and less commonly cordierite-
bearing assemblages forming a few tens to several hundred
meters of discontinuous HT/LP domains in the vicinity of
pegmatite dykes of Permian ages and quartz veins of
unknown ages (Jiang et al., 2021b). The inferred pres-
sure—temperature evolution of the HT/LP domains suggests
significant heating processes with peak metamorphic condi-
tions that largely fall in a range of 3.0-5.0 kbar/550-600 °C,
which correspond to an apparent thermal gradient of
40 °C/km or more (Wei et al., 2007; Jiang et al., 2021b).
In-situ U-Pb dating of monazite inclusions in andalusite
and cordierite yielded ages of 279-268 Ma, which is inter-
preted as the growth age of these minerals (Fig. 2d, Jiang
et al., 2021b).

4. SYN-TECTONIC D3 ANDALUSITE-BEARING
QUARTZ VEINS

4.1. Structural characteristics of syn-tectonic quartz veins

Abundant quartz veins, ranging from centimeters to doz-
ens of meters wide, occur mainly in the metamorphosed
Habahe Group rocks in the study region (Fig. 2e). They
always crosscut the steep Slg foliation of the host rocks
and are commonly folded by D3 (e.g., Fig. 3d—e). In places,
the quartz veins are re-orientated, some even parallel to axial
planes of F3 folds. They are strongly flattened and boudi-
naged within the transposed S3 foliation (Fig. 3d—e). In the
low strain domains, characteristic cleavage refraction in
the folded quartz veins can be observed (e.g., Fig. 3e). When
unfolding the quartz veins, they are almost perpendicular to

the regional S3 foliation. These features are consistent with
quartz veins being initially emplaced orthogonal to the XY
plane of the D3 strain ellipsoid (i.e., parallel to principal
compressive stress, Fig. 3f). The deformation continued after
the vein emplacement and solidification (Fig. 3f), thereby
indicating syn-D3 emplacement of the veins.

In addition, thickening of the quartz veins in F3 fold
hinge zones and thinning along the limbs are common
(Fig. 3d—e). This may reflect deformation-induced dilatancy
and permeability enhancement that could have driven the
fluids transferring from high-pressure (fold limbs) to low-
pressure zone (fold hinges) (Chapman, 1950; Yardley and
Bottrell, 1992; Oliver, 1996), which further indicates syn-
kinematical emplacement of the quartz veins with D3
deformation.

These quartz veins contain a large number of andalusite
crystals (Fig. 4a—d). These andalusite minerals exhibit dif-
ferent features according to their spatial distributions.
Andalusites occurring in the center part of the quartz vein
are idiomorphic prisms (up to 10 cm) without preferred ori-
entations (Fig. 4a—c), whereas those located at the marginal
zone of the vein or some veinlets generally occur in the form
of columnar aggregates (<2 cm) or blocky (<5 c¢cm) crystals
perpendicular to the vein walls (Fig. 4b—d). Notably, spa-
tially discontinuous andalusite-bearing domains, varying
in sizes from a few dozen meters to several hundred meters,
form in the micaschists surrounding regions of intense
quartz veining (Fig. 2b). This suggests an important role
of hydrothermal activity on the crystallization of low-
pressure metamorphic assemblages in the metamorphic
Habahe Group rocks.

In the host micaschists, andalusite porphyroblasts
overgrew F3 crenulations (Fig. 4e). In this case, intensifi-
cation of the F3 crenulations at the margins of some
andalusite grains can also be observed (e.g., Fig. 4e-f).
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These features suggest that andalusite growth occurred
during variable stages of D3 deformation. It started after
the beginning of the F3 crenulation and ended while the
D3 deformation was ongoing. Additionally, development
of S3 strain shadows around the andalusite porphyrob-
lasts was also reported from the host micaschists (Jiang
et al., 2021b), advocating syn-D3 growth of the andalu-
sites. Based on these observations, the growth of andalu-
sites in quartz veins was synchronous with metamorphic
reactions taking place in the host rock at the time of vein
formation.

4.2. Petrographic characteristics

Three andalusite samples from syn-tectonic quartz veins
were collected for petrographic observations. Samples
17CAS52-1 and 17CAS2-2 are collected from different quartz
veins in the same outcrop. Sample 17CAS52-1 consists of
isolated prismatic crystals (up to 7 cm in length) in the cen-
ter of a meter-scale large quartz vein. By contrast, sample
17CAS52-2 consists of columnar crystals (up to 2 cm in
length) in the margin of a decimeter-scale quartz vein lens.
Sample 17CA116 composed of blocky crystals (3 cm in
length) was collected near the margin of a decimeter-scale
quartz vein from another outcrop. Locations of these sam-
ples are indicated in Fig. 2. Despite dissimilar macrostruc-
tures, these andalusite crystals are similarly euhedral and
fractured (Fig. Sa—e). They are almost pure aluminosilicates
(SiO, = 35.80-37.25 wt.% and Al,O; = 61.44-63.24 wt.%)
containing minor FeO (0.71-1.20 wt.%) and very low CaO
(0-0.02 wt.%) and K,O (0-0.01 wt.%) contents (Table S1).

Considerable amounts of euhedral muscovite, up to a
few centimeters in size, are found as intergrowths in sam-
ples 17CA52-1 and 17CAS52-2 (Fig. 5a—). Sharp and clean
grain boundaries between muscovite and andalusite suggest
contemporaneous growth (Fig. 5a—c). Andalusite crystals of
sample 17CA116 do not contain large mica inclusions
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(Fig. 5d-e). Fine-grained muscovite aggregates (sericite)
are widely present in all the samples (Fig. 5b—¢), which sug-
gests sericitization during secondary hydrothermal events.
Combined petrologic observations and EPMA (electron
probe microanalysis) results revealed two types of sericites,
ie., high- and low-K, present in andalusite samples
17CA52-1 and 17CA52-2 (mostly occur along alteration
fractures and margins of both muscovite and andalusite
crystals, Fig. 5b—c) and only low-K sericites present in
andalusite sample 17CA116 (occur along interior fractures
and/or crystal margins, Fig. 5e). The low-K sericites have
much lower K,O contents (0.56-3.62 wt.%) than those of
the high-K sericites (K,O = 6.06-8.48 wt.%) and large mus-
covite flakes (K,O = 8.48-10.95 wt.%) (Table S2). These
composition characteristics agree with the x-ray K mapping
results where large muscovite flakes showed the highest K
intensities while the sericite domains, in particular the
low-K sericites, exhibited low to intermediate K intensities
(Fig. S1). Some chlorite and minor silicic Ca-rich crystal-
lites (CaO up to 8.37 wt.%) with K,O contents (<0.36
wt.%) much lower than the muscovites and sericites are also
present in the three andalusite crystals (Fig. 5b— and e,
Table S2). These results collectively suggest that large mus-
covite flakes and sericite aggregates along micro-cracks are
the main K-bearing solid phases in the andalusite samples.
Additionally, millimeter- to centimeter-scale thin transi-
tional zones usually develop along the contact between
quartz veins and host micaschists, where biotites are chori-
tized (Fig. 5f).

4.3. Fluid inclusion characteristics

In most metamorphic rocks and veins, fluids are gener-
ally transported along mineral cracks. Repeated fissuring
and healing is likely the most common and, in many cases,
the only way to capture fluid inclusions (Crawford and
Hollister, 1986; Boullier, 1999). The fluid inclusion planes

"
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Fig. 5. Photomicrographs showing intergrown minerals in syn-tectonic veins and mineral impurities in andalusites. (a—e) Large muscovite
flakes or fine-grained sericite aggregates in andalusite crystals. (f) Chloridized biotite at the contact of the quartz vein and wall rocks. Figures
b, ¢ and e are back-scattered electron (BSE) images. Qtz-quartz, Ms-muscovite, Ser-sericite, and Chl-chlorite.
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(FIPs), formed from the healing of open cracks and indicate
pathways and propagation directions of fossil fluids, can be
used to determine regional paleostress histories and date
related tectonic events (Boullier, 1999; Lespinasse, 1999;
Siebenaller et al., 2016).

In the studied samples, fluid inclusions are very small
(generally less than 5 um with a few reaching 7 pm in diam-
eter, Fig. 6), which makes microthermometric studies and
in-situ compositional analyses difficult. These fluid inclu-
sions are always found in planes and only one generation
of FIPs was recognized (Fig. 6). These FIPs are oriented
similarly from grain to grain and most of them do not cross
grain boundaries (Fig. 6a—e). These characteristics suggest
that these fluid inclusions are pseudosecondary rather than
secondary. The growth of the andalusite was accompanied
by vein formation during the regional D3 folding event,
which resulted in a large number of intra-crystal fissures
in the growing andalusite. During D3, syn-tectonic fluids
migrating along fissures were preserved as FIPs during
healing.

Fluid inclusions in the FIPs are mainly liquid-rich two-
phase with relatively low vapor-filling degrees (generally
less than 20%, Fig. 6b—e). Minor gas inclusions are also pre-
sent in some FIPs (e.g., Fig. 6d). These fluid inclusions
range from subspherical to irregular or elongated in shape
(Fig. 6b—e). Some pure gas SFIs with sizes varying from
several micrometers to nanometers are also present in the
studied andalusite samples (Fig. 6f) while the liquid-rich
SFIs are limited (Fig. 6).

5. YAR/*AR DATING OF ANDALUSITE AND K-
BEARING SOLID PHASES

5.1. Analytical methods

The above three andalusite mineral samples (17CAS52-1,
17CAS52-2, and 17CA116) were selected for fluid inclusion
YOAr/*°Ar stepwise crushing experiments and two of the
crushed residues (17CA52-1 and 17CA116, termed crushed
powders in the following texts) were further measured by
stepwise heating experiments using a furnace. Muscovite
flakes extracted from andalusite crystals 17CA52-1 and
17CA52-2 and biotites extracted from the contact between
the quartz vein of andalusite sample 17CA116 and its host
rock were further analyzed using laser stepwise heating.

Large andalusite crystals were mechanically crushed and
sieved. The andalusite fragments, muscovite flakes, and bio-
tites were carefully hand-picked from the 250-830 pm frac-
tion under a binocular microscope, which were rinsed
several times with diluted nitric acid followed by deionized
water in an ultrasonic bath to remove surface organics.
Dried mineral samples (approximately 150 mg for each
andalusite sample) were wrapped with aluminum foil and
placed in aluminum vessels together with the biotite moni-
tor standard ZBH-2506 which has a “°Ar/*Ar plateau age
of 132.7 £ 0.1 Ma (1o, Wang, 1983). The ZBH-2506 stan-
dard was co-irradiated between every two to four samples
for J-value calculation. It has been experimentally con-
firmed that the recoil effects of *Ar could be negligible
when the irradiated minerals have sizes above 100 pm

(e.g., Ren and Vasconcelos, 2019). The relatively large grain
sizes (>250 pum) of the studied minerals minimize the risk of
3 Ar loss through recoil during irradiation and hence such
effect is not discussed in the current study.

Stepwise crushing of the irradiated andalusite samples
and subsequent stepwise heating of the crushed powders
were conducted at the MOE Key Laboratory of Tectonics
and Petroleum Resources, China University of Geosciences
(CUG). The stepwise crushing experiments were conducted
using an in-house designed crushing system (Qiu and Jiang,
2007; Qiu et al., 2011). This system consists of a crushing
tube (316L type stainless steel, length: 160 mm, inner diam-
eter: 28 mm) with a spherical curvature on the internal base
and a magnetic pestle (3Crl13 type (or S42030) stainless
steel, weight: ca. 214 g). The magnetic pestle also has a
spherical bottom which permits an appropriate match
between the pestle and the crushing tube with a spherical
curvature on the internal base. An adjustable repeating-
timer-relay was used to repeatedly lift and drop the pestle
from a height of 34 cm to crush the mineral samples at
the bottom of the crushing tube by controlling an external
electric magnet with a frequency of 2.5 Hz. Lateral crush-
ing, achieved by two smaller pestles on the side wall of
the bottom of the crushing tube, was applied after every
drop of the pestle to prevent grains/powders from sticking
to the tube and to homogeneously crush the samples.

In this study, the andalusite samples were crushed
around twenty steps to fully release the gases in the fluid
inclusions. The drop numbers of each crushing step were
adjusted to maintain applicable gas levels for precise mea-
surements. After the stepwise crushing experiments, the
crushed powders were further analyzed for stepwise heating
by placing the crush tube into a furnace. Around twenty
heating steps were adopted to release the gases hosted by
the solid phases with the heating temperatures gradually
increasing from 200 °C to 800 °C. Heating at higher tem-
peratures was avoided in the experiments due to very high
blanks caused by degassing of the metal crushing tube.
Released gases from crushing and heating were analyzed
by an ARGUS VI® mass spectrometer. The mass spectrom-
eter is equipped with one compact discrete dynode (CDD)
ion counting multiplier and five Faradays that incorporate
new high gain amplifier circuits with measuring resistors of
1071°-107"3 Q. The five argon isotopes (masses 40, 39, 38,
37, and 36) can be measured simultaneously by the five
Faradays. Prior to analyses, the crushing or heating system
was first baked out at 150 °C to achieve a low system blank.
Blank measurements were carried out between every 3 to 4
sample analyses. The released gases were first cleaned with
a cryotrap at —110 °C, followed by equilibration with a
SAES STI101® Zr/Al getter at room temperature and
another Zr/Al getter at 400 °C. The purification time is
400 s in total. The analytical procedures are the same as
those described in Bai et al. (2018).

YOAr/*°Ar laser stepwise heating of the remaining mus-
covite and biotite samples was conducted at State Key Lab-
oratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-CAS).
The samples were heated using a 50 W CO, laser
(10.6 mm) in ten more steps. The heating time of each step
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Fig. 6. Examples of fluid inclusions within andalusite crystals. FIP, Gas I, SFI, L, and V represent the fluid inclusion plane, gas inclusion,
secondary fluid inclusion, liquid phase, and vapor phase, respectively. The major mineral micro-cracks are labeled by red dashed lines and the
FIPs are indicated by yellow dashed lines. Note the abundant mineral impurities in the mineral micro-cracks.

was 60 s. The purification and analytical procedures of the
released gases are similar to those in the CUG lab using
similar Zr/Al getters and ARGUS VI® mass spectrometer,
respectively. Detailed analytical procedures were described
in Zhang et al. (2021).

The total decay constant for “°K uses A = 5.543 x 1071/
yr from Steiger and Jager (1977). The modern atmospheric
“OAr/*®Ar value used for the calculation of radiogenic
argon (*°Ar*) is 298.56 from Lee et al. (2006). Uncertainties
of the “°Ar/**Ar ages were reported at the 2o level. In this
study, at least 5 or more consecutive steps (consistent at
95% confidence level) that contain >70%, 50-70%, and
<50% of the cumulative *Ar released were used to define
a plateau, mini-plateau, and pseudo-plateau, respectively
(see Hénocque et al., 1998; Jourdan et al., 2007, Schaen
et al., 2021). Pseudo-plateau ages are particularly important
in fluid inclusion *’Ar/*’Ar geochronology. Given that the
stepwise crushing process progressively extracts gases from
the SFIs and PFIs, in most cases, degassing of PFIs could
only form pseudo-plateau instead of typical plateau or
mini-plateau ages (Qiu and Jiang, 2007; Jiang et al., 2012;
Xiao et al., 2019). Detailed data and metadata of *°Ar/*Ar
geochronology are presented in Tables S3-S6.

5.2. “*Ar/*Ar stepwise crushing

The gases extracted from the *°Ar/*Ar stepwise crush-
ing experiments of the three andalusite samples (17CAS52-
1, 17CAS52-2, and 17CA116) are characterized by relatively
high “°Ar*, Arq, and low *Arg intensities with high
VAP Arg, BArq/*’Ark, and variable K/Ca ratios in
the first several to tens of crushing steps (Tables S3-S4).
These steps yielded similar decreasing staircase-shaped
age spectra with old apparent ages (Fig. 7a, c and e). The
following crushing steps yielded less variable K/Ca and rel-
atively low *°Ar*/*’Arg and ®Arq/*°Arg ratios (Tables
S3-S4) and formed different *°Ar/*Ar age spectra
(Fig. 7a, c and e). Sample 17CAS52-1 yielded a flat age spec-
trum in crushing steps 9-16 defining a pseudo-plateau age
of 278.2 + 2.7 Ma (MSWD = 0.1), which is followed by
an increasing staircase-shaped age spectrum in crushing

steps 17-20 likely caused by the decreasing **Arg contents
(Fig. 7a, Table S3). Steps 9-16 also formed a well-defined
inverse isochron with an isochron age of 277.2 + 5.7 Ma
(MSWD = 0.1) (Fig. 7b). The initial “°Ar/*®Ar ratio of
299.9 + 6.7 approximates the modern atmospheric ratio
of 298.56 (Lee et al., 2006), indicating limited excess argon
in the fluids. Samples 17CA52-2 and 17CA116 yielded sim-
ilar increasing staircase-shaped age spectra and well-defined
inverse isochrons in the last crushing steps with isochron
ages of 277.2 +£ 5.5 Ma (MSWD = 0.6, steps 13-22,
Fig. 7d) and 282.2 £ 4.0 Ma (MSWD = 0.2, steps 13-19,
Fig. 7f), respectively. The initial YOAr/*Ar ratios for sample
17CA52-2 and sample 17CA116 are 451.6 £ 6.3 and
634.3 + 9.8, respectively, which are higher than the atmo-
spheric ratio indicating the presence of excess argon in
the fluids. Assuming that the trapped excess argon has the
“OAr/*®Ar ratio of 451.6 for sample 17CA52-2 and 634.3
for sample 17CA116, the last crushing steps yielded flat
age spectra with pseudo-plateau ages of 277.2 + 3.0 Ma
(MSWD = 0.5) and 282.2 + 2.8 Ma (MSWD = 0.2),
respectively, which are in line with their respective inverse
isochron ages (Fig. 7c-f).

Gases released during the last crushing steps of the three
andalusite samples also exhibit good linear correlations on
plots of ¥Arg/®Arc versus *°Ar*/*®Arc, and display
nearly constant “°Ar*/*Ary ratios on plots of *Aryg/*°Ar*
versus SArq/*Ar* and ®Arq/*°Arg versus “°Ar*/*°Arg
(Fig. S2). Ages calculated from the slopes of the regression
lines and average *“*Ar*/*Arg ratios in the CI-K—Ar corre-
lation diagrams are 278 Ma, 277 Ma, and 282 Ma for sam-
ples 17CAS52-1, 17CAS52-2, and 17CA116, respectively
(Fig. S2).

5.3. “Ar/*Ar stepwise heating

Micron-sized crushed andalusite powders of samples
17CA52-1 and 17CA116 were further analyzed using the
YOAr/*Ar stepwise heating technique. Stepwise heating of
powdered sample 17CA52-1 yielded a discordant age spec-
trum with very young apparent ages from 27.5 to 179.4 Ma
that failed to define a plateau (Fig. 8a). Data points of this
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Fig. 7. Fluid inclusion “°Ar/*Ar ages of andalusite samples by stepwise crushing. The pseudo-plateau ages (pseudo-p> SOlid blue lines) were
calculated by assuming trapped initial *°Ar/>¢Ar ratios (Iy) of 298.6 (air ratio), 451.6, and 634.3, respectively. The black dashed lines in Figures
a, ¢ and e represent air ratio (298.6) corrected age spectra. The error ellipses are presented in the inverse isochron diagrams.

sample scatter in the inverse isochron plot and fail to form
an isochron (Fig. S3a). The released gases also show large
BAre/PArg and Arc,/*Arg compositional variations
at different heating temperatures (Fig. 8b—c). It is notewor-
thy that a considerable amount of *Ark was released dur-
ing the last heating steps of powdered sample 17CA52-1
(Table S5), implying that some argon gases likely remain
in the sample and additional heating steps at higher heating
temperatures could generate higher apparent ages. Stepwise
heating of the powdered sample 17CA116 yielded an
increasing staircase-shaped age spectrum (Fig. 8d) but a
well-defined inverse isochron (Fig. S3b) in steps 3-20. The
inverse isochron gave an age of 2162 + 39 Ma
(MSWD = 0.2) and an initial “°Ar/*°Ar ratio of
304.0 + 1.3 (Fig. S3b), indicating the presence of minor
excess argon. Assuming that the trapped argon has the
YOAr/P°Ar ratio of 304.0, these steps yielded a plateau age
of 216.2 £ 2.7 Ma (MSWD = 0.2) (Fig. 8d). Unlike the
powdered sample 17CA52-1, the amount of **Arg in this
sample decreased significantly in the last heating steps
(Table S5), which suggests effective extraction of Ar reser-
voirs in the powders. The released gases show relatively uni-
form *®Arc/*Arg ratios but variable >’ Arc,/>’Ark ratios
at different heating temperatures (Fig. 8e—f).

Laser stepwise heating of muscovite flakes selected from
the andalusite samples 17CA52-1 and 17CA52-2 yielded a
mini-plateau age of 243.4 + 2.3 Ma (MSWD = 1.0,
accounting for 54.4% of the released *’Ar) and a well-
defined plateau age 240.6 + 2.3 Ma (MSWD = 0.9,
accounting for 100% of the released *°Ar), respectively
(Fig. 8g-h). These ages agree with their inverse isochron
ages (Fig. S3c—d). Laser stepwise heating of biotite sample
17CA116 yielded a discordant age spectrum with a mini-
plateau age of 213.5 + 2.0 Ma (MSWD = 1.2, accounting
for 52.6% of the released *°Ar) in steps 11-20 (Fig. 8i).
These points also formed an inverse isochron with an age
of 213.6 + 3.0 Ma (MSWD = 1.4) (Fig. S3e). The biotite

age approximates the stepwise heating age of the crushed
powder of the associated andalusite sample (Fig. 8d).

6. MONAZITE U-PB DATING
6.1. Analytical methods

Monazites from two leucogranite dykes 17CA118 and
17CA128 that intrude the migmatite-granite complex were
analyzed for U-Pb geochronology. These dykes were ini-
tially emplaced nearly perpendicular to regional NW-SE
striking S3 foliation and slightly folded by the ongoing
D3 event (Fig. 3a—c), which indicates syn-tectonic emplace-
ment. Their ages can therefore be used to evaluate the accu-
racy of the andalusite fluid inclusion *°Ar/*’Ar ages.

Monazite LA-ICP-MS U-Pb dating was conducted
using a GeolasPro laser ablation system coupled with an
Agilent 7700e ICM-MS instrument at the Wuhan Sam-
pleSolution Analytical Technology Co., Ltd., Wuhan,
China. The analysis was performed with a beam diameter
of 16 pm. Monazite standard 44069 with a recommended
age of 4249 4+ 2.4 Ma (by ID-TIMS, Aleinikoff et al.,
2006) was used as the external standard. Each analysis
includes a background acquisition of ca. 25-30 s followed
by data acquisition of 65 s. The analytical procedures used
were the same as those described by Zong et al. (2017).
Mass fractionation correction and calculation were pro-
cessed by the software ICPMSDataCal (Liu et al., 2008).
Weighted mean 2°°Pb/>*®U ages are reported at 2c level.
Data reduction and calculation were carried out using the
Isoplot/Exv. 3.75 program (Ludwig, 2001). The results are
presented in Table S7.

6.2. Results

The monazite grains of sample 17CA118 are euhedral to
subhedral and stubby to equant. Most grains are
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50-150 pum in length with the length/width ratios varying
from 1:1 to 1:2. Back-scattered electron (BSE) images show
that most monazite grains have relatively homogenous
structures, some grains contain substantial mineral inclu-
sions, and a few grains show patchy zonation (Fig. 9a).
Twenty-nine grains yielded 2°°Pb/>*®U ages ranging from
278.8 to 266.9 Ma with a weighted mean age of 272.8 + 1.
1 Ma (MSWD = 1.5) (Fig. 9a).

Monazite grains of sample 17CA128 are subhedral
grains varying from 20 to 200 pm in length with the
length/width ratios ranging from 1:1 to 1:4. Most grains
have minor mineral inclusions and display unzoned internal
structures in BSE images (Fig. 9b). Twenty-one grains
yielded 2°°Pb/**®U ages ranging from 280.8 to 271.6 Ma
with a weighted mean age of 275.1 + 1.2 Ma (MSWD = 1.4)
(Fig. 9b).

7. DISCUSSION
7.1. The significance of “°Ar/**Ar ages
7.1.1. 282-277 Ma from stepwise crushing of andalusites
It has been documented that the gentle stepwise crush-

ing technique can preferentially extract gases from larger
and irregular SFIs in the first crushing steps and allow
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the release of the smaller and liquid-rich PFIs in the last
crushing steps (e.g., Qiu and Wijbrans, 2006; Qiu and
Jiang, 2007; Jiang et al., 2012; Bai et al., 2013; Xiao
et al., 2019).

Gases extracted from the first crushing steps of the three
andalusite samples are characterized by very high
YOAr#/3°Arg ratios (Fig. S2, Table S3), which likely came
from K-poor and *°Ar-rich gas sources. As mineral grains
would preferentially breakup along micro-cracks, sec-
ondary gases trapped along micro-cracks would be
extracted first. Additionally, gas SFIs are also present in
andalusite crystals (Fig. 6f). This type of inclusion has
much lower densities compared to the liquid-rich fluid
inclusions and could therefore also be extracted in
the first crushing steps (see the summary of Xiao et al.
(2019, 2022)).

During the following crushing steps, the three andalusite
samples yielded regular, predictable age spectra, well-
constrained isochrons, nearly identical 40Ar”‘/”ArK ratios
as well as consistent pseudo-plateau and isochron ages of
282-277 Ma (Fig. 7 and Fig. S2). These observations sug-
gest that most of the secondary gases were released in the
first crushing steps and the last crushing steps mainly
extracted gases from the smaller intra-crystal liquid-rich
FIPs (Fig. 6). Therefore, these ages are likely geologically
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Fig. 9. U-Pb concordia diagrams and weighted mean ages for monazites from syn-tectonic leucogranite dykes.

significant and correspond to the formation age of the FIPs
and the host andalusites.

7.1.2. 243-241 Ma from laser stepwise heating of muscovite
fakes

Muscovite flakes associated with andalusite samples
17CAS52-1 and 17CAS52-2 yielded nearly identical ages of
243-241 Ma. These ages are much younger than the
YOAr/*°Ar ages (282-277 Ma) from the last crushing steps
of andalusite crushing experiments, the crystallization ages
(280-273 Ma) of syn-D3 pegmatites and leucogranites (zir-
con/monazite U-Pb, Jiang et al., 2019 and this study), and
the metamorphic ages of the host micaschists (279-262 Ma,
monazite U-Pb, Jiang et al., 2021b). Therefore, it is very
unlikely that the muscovite **Ar/*Ar ages date the same
event as the andalusite fluid inclusion *°Ar/*Ar ages.

Many “°Ar/*’Ar studies on metamorphic white micas
have highlighted that volume diffusion of Ar may have a
subordinate effect on *°Ar/*Ar ages of white micas com-
pared with recrystallization (Di Vincenzo et al., 2001,
2004; Villa et al., 2014; Villa, 2016; Bosse and Villa,
2019). Stepwise heating mixtures of multiple mica genera-
tions should cause significant discordance of the “°Ar/*’Ar
age spectra (Di Vincenzo et al., 2004; Villa et al., 2014; Villa
and Hanchar, 2017). As revealed by petrographic observa-
tions, the dated muscovite minerals are coarse-grained,
euhedral crystals that display equilibrium textures with
the associated andalusites (Fig. 5a—c). These features indi-
cate that the muscovite did not recrystallize in a subsequent
tectono-metamorphic event. Although minor sericite
alterations (dominated by low-K sericites) occur along the

margins or fractures of the large muscovite flakes
(Fig. 5b—¢), their identical K/Cl (189.6-192.8 for sample
17CAS2-1 and 184.2-189.1 for sample 17CA52-2) and very
low Ca/K (near 0) ratios (Figs. S4-S5, Table S6) suggest
that the gases were mainly derived from large muscovite
flakes (CaO near 0) and the effects of the low-K sericites
(CaO up to 1.22 wt.%, Table S2) are negligible.

Instead, these young muscovite “Ar/*’Ar ages likely
record cooling of the quartz veins. Recent metamorphic
pressure—temperature investigations on the host micaschists
suggested that andalusites grew at metamorphic tempera-
ture conditions of 550-600 °C (Jiang et al., 2021b), which
is much higher than the reported 7¢ for muscovite, e.g.,
425 °C (Harrison et al., 2009). This implies that the mus-
covite K/Ar clock was set during the cooling stage rather
than the growth stage of andalusites. Notably, the gener-
ated “°Ar/*Ar ages broadly overlap with many published
mica “°Ar/*°Ar ages of 250-240 Ma from the micaschists
and/or paragneisses along the southern Chinese Altai,
which were considered as the timing of the regional uplift
and cooling (Laurent-Charvet et al., 2003; Briggs et al.,
2009).

7.1.3. 216-214 Ma from stepwise heating of andalusite
powder and chloridized biotite

The andalusite minerals contain very little K in their lat-
tice positions (0 to tens of ppm, Table S1). Heating exper-
iments on crushed andalusite powders, in theory, would
extract K (Ar) from the remaining fluid inclusions as well
as any K-bearing mineral impurities (e.g., Qiu and Jiang,
2007; Hu et al., 2015). The presence of K-rich impurities
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such as sericites (K,O contents can be up to 8.48 wt.% in
our andalusites, Table S2) would exert an important influ-
ence on the heating ages of K-poor minerals (Villa et al.,
1996; Verati and Jourdan, 2014; Jiang et al., 2021a).

The dated andalusite samples contain different mineral
impurities. For example, andalusite sample 17CA52-1 con-
tains abundant muscovite flakes and high-K sericites
whereas those impurities are much less apparent in sample
17CA116 (Fig. 5a—e). Nevertheless, low-K sericites and
chlorite widely occur in micro-cracks in both samples
(Fig. 5b—e). In addition, minor Ca-rich silicic microlites
are also present in these minerals (Table S2). Therefore,
the major solid-phase K reservoirs in andalusite powder
17CAS52-1 are muscovite flakes, high-K and low-K sericites
whereas those in andalusite sample 17CA116 are merely
low-K sericites. These discrepancies regarding compositions
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of mineral impurities may explain the different results of
their heating experiments. Stepwise heating of the crushed
andalusite powder 17CAS52-1 exhibited highly varied Cl-
K-Ca—Ar elemental and isotopic compositions at different
heating temperatures (Fig. 8b—c, Fig. 10a and c, and
Figs. S6-S7), which implies degassing from diverse sources
(i.e., different K- and Ca-bearing impurities) during heat-
ing. Consequently, such mixed gases led to discordant
and geological meaningless ages (Fig. 8a). In contrast, gases
released from sample 17CA116 show less variable Cl-K—
Ca—Ar elemental and isotopic compositions (Fig. 8e—f,
Fig. 10b and d, and Figs. S6-S7). These gases formed a rel-
atively flat age spectrum (Fig. 8d) and well-defined inverse
isochron with an age of ca. 216 Ma (Fig. S3b), which
should be geologically meaningful and correspond to sec-
ondary alteration.
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Laser stepwise heating on the chloridized biotite sample
17CA116 gave an age of ca. 214 Ma (Fig. 8i). This age is
near-identical to that of the crushed andalusite powder
17CA116 that displayed sericite and chlorite alteration
(Fig. 8d). These ca. 216-214 Ma ages probably reflect the
timing of a late hydrothermal alteration event in the region.
It is noteworthy that a small granitic pluton (the Shangke-
lan granite) located about 20 km to the northeast was dated
at ca. 209 Ma (e.g., Lin et al., 2019). Minor granitic intru-
sions and pegmatites of similar ages (e.g., 220-209 Ma)
were also present in the southern Chinese Altai (Wang
et al,, 2007; Liu et al., 2014; Wang et al., 2014a; Lin
etal., 2019). It is therefore most likely that the regional Late
Triassic magmatism caused the ca. 216-214 Ma secondary
hydrothermal perturbation in the study area. Given the rel-
atively weak alteration present in the andalusite crystals
and the uniform ages from their crushing experiments, the
effects of the hydrothermal perturbation on the pre-
existing FIPs should be limited.

7.2. Limited interference from solid K-bearing phases to the
FIP ages

In this investigation, K-bearing solid phases occur in the
andalusite samples as large muscovite flakes, and as sericite
aggregates and chlorites along mineral margins or micro-
cracks (Fig. 5a—e and Fig. S1). An important question is
whether gases from these K-bearing minerals were released
during gentle stepwise crushing of andalusite. The distinct
ages and compositional characteristics between the crush-
ing and heating experiments in this study provide important
evidence that gases in solid phases are not released during
the gentle stepwise crushing, which has been shown by
other studies as well (Jiang et al., 2012; Bai et al., 2013;
Xiao et al., 2019).

Heating of powdered sample 17CA52-1 failed to form
an age plateau (Fig. 8a) while that of powdered sample
17CA116 yielded an age of ca. 216 Ma (Fig. 8d). Laser step-
wise heating of muscovite flakes selected from samples
17CA52-1 and 17CA52-2 yielded consistent “°Ar/**Ar ages
of 243-241 Ma (Fig. 8g-h). These ages are all younger than
the stepwise crushing “°Ar/*Ar ages of ca. 282-277 Ma of
the three andalusite samples (Fig. 7). The large differences
in these *°Ar/*®Ar ages suggest that there was limited K
(Ar) interference from K-bearing solid phases to the FIP
ages generated by gentle stepwise crushing.

Apart from the differences in the apparent ages, gases
released from the crushing and heating experiments also
show different chemical characteristics in Arg—>"Arc,
and BArc/*Ar*—7 Arco/* Arg diagrams and display differ-
ent K—Ca spectra (Fig. 10). For example, FIP-related gases
from the andalusite sample 17CAS52-1 show BAra/CAr*
ratios that are an order of magnitude lower than those of
gases from heating of the crushed powder (Fig. 10c, Tables
S4-S5). FIP-related gases from the andalusite sample
17CA116 have lower *’Arc,/*Arg (Fig. 10d) and elevated
K/Ca spectrum (K/Ca = 0.47-1.59, Table S3) than those
of gases from the heating experiment carried out on its
crushed powder (K/Ca = 0.02-0.52, Table S5) (Fig. 10f).

More importantly, the stepwise heating experiment on the
crushed powder of this sample yielded near atmospheric ini-
tial “°Ar/*¢Ar ratio of 304.0 (Fig. 8d), indicating insignifi-
cant excess argon in the solid phases. This is distinct from
the FIPs which yielded an initial *°Ar/*°Ar ratio of 634.3
(Fig. 7f). Additionally, gases from the FIPs also show much
smaller compositional variations compared with those
released by the heating experiments from the andalusite
powders (Fig. 10a—d). These lines of evidence further sup-
port the notion that gases extracted during the crushing
and heating experiments come from distinct reservoirs.

7.3. CI-K-Ca—Ar correlations and implications

7.3.1. Origins and hydrothermal processes of the FIPs

Degassing of FIPs from the three andalusite samples
yielded consistent ages (Fig. 7) indicating that they dated
the same hydrothermal event. However, the related argon
gases show distinct features in their CI-K—Ca-Ar correla-
tions (Figs. S4-S6). One possible reason is that the original
fluids were derived from different devolatilization reactions
of surrounding metamorphic rocks. Based on fluid inclu-
sion analysis of fissure veins hosted by different metamor-
phic rocks in the Central Alps, Rauchenstein-Martinek
et al. (2016) showed that the metamorphic fluids exhibited
variable K and Ca contents with K/Ca ratios ranging from
0 to several hundreds. Even in the same fluid inclusion
assemblage (FIA) that represents a separate fluid event dur-
ing the evolution of a mineral (Goldstein and Reynolds,
1994), the Ca and K contents can vary across several orders
of magnitude (Rauchenstein-Martinek et al., 2016). In this
study, the host rocks of the quartz veins are metamor-
phosed Habahe Group rocks that are considered originally
Ordovician accretionary wedge sediments, typically of
diverse chemical compositions (Long et al., 2008). The
heterogeneous Ca/K and CI/K ratios of the FIPs in the
studied andalusite samples (Fig. 10 and Figs. S4-S6) prob-
ably reflect different compositions of the host rocks.
Besides, different degrees of fluid-wall rock interactions
would also cause different compositional features in the
evolved fluids. This mechanism may explain why FIPs in
andalusites from the margins of the quartz veins show dif-
ferent K/Ca ranges (sample 17CA52-2: 0.02-0.87, sample
17CA116: 0.47-1.59, Table S3) from the andalusite from
the center of the vein (sample 17CA52-1: 1.01-1.85,
Table S3). The latter likely experienced less extensive
fluid-wall rock interactions.

On the other hand, minor tiny SFIs (a few micrometers
to nanometers, e.g., Fig. 6f) are also present in the andalu-
site crystals with abundances varying from sample to sam-
ple and even from grain to grain. Tiny fluid inclusions in
metamorphic minerals usually have distinct compositions
from the larger PFIs (Bodnar and Samson, 2003). They
can sustain larger internal pressures and could be extracted
in the last several crushing steps together with the small
liquid-rich PFIs (Xiao et al., 2019, 2022), for example, the
FIPs in this study, which may contribute to the different
Ar compositions and age spectra observed in the last sev-
eral crushing steps (Fig. 7).
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7.3.2. Preservation of excess *°Ar in K-poor metamorphic
minerals

The current stepwise crushing experiments yielded
saddle-shaped age spectra (Fig. 7a, ¢ and e), indicating
the presence of excess argon. Similar age spectra were
reported from many previous “°Ar/*Ar experiments, in
particular, on low-K and K-poor minerals such as amphi-
bole, tourmaline, and quartz (e.g., Kelley, 2002; Barredo
et al., 2009; Hu et al., 2018). These studies proposed that
the excess “°Ar were captured in variable positions, includ-
ing mineral lattices, crystal channels, grain margins, and/or
mineral-hosted fluid/melt inclusions (Kelley, 2002; Qiu and
Wijbrans, 2006; Qiu et al., 2007; Hu et al., 2018).

In this work, abnormally old apparent ages alongside
large amounts of excess “*Ar occur primarily in the initial
crushing stages (Fig. 7), which is interpreted as degassing
mainly from the large pure gas SFIs (e.g., Fig. 6f). The sub-
sequently extracted liquid-rich FIPs contain variable but
lower excess “°Ar based on their initial “°Ar/*°Ar ratios
(299.9, 451.6, and 634.3 for samples 17CAS2-1, 17CAS52-
2, and 17CAL116, respectively, Fig. 7b, d and f). In contrast,
heating experiments on the crushed powders yielded either
much younger apparent *°Ar/*Ar ages (Fig. 8a) or nearly
atmospheric initial “°Ar/*®Ar ratio (Fig. 8d). These features
indicate that high excess “°Ar was almost exhausted during
the crushing experiments. In other words, the fluid inclu-
sions, in particular the gas-rich ones, could serve as the
main excess “’Ar reservoirs in K-poor nesosilicate minerals.
This is consistent with the earlier findings that Ar gases are
preferentially partitioned into the vapor phases (Kelley,
2002).

In the study area, many andalusite-bearing HT/LP
metamorphic domains developed in the vicinity of the
syn-D3 dykes and andalusite-bearing quartz veins
(Fig. 2b). Extensive circulation of hydrothermal fluids
should have caused significant fluid-rock interactions with
the host metamorphic Habahe Group rocks. Metamorphic
investigations suggested that the regional HT/LP metamor-
phism developed at 3-5 kbar corresponding to a depth of
10-20 km (Wei et al., 2007; Jiang et al., 2021b). Metamor-
phic fluids may incorporate excess components from the
surrounding rocks during circulation at such a depth
(Turner and Wang, 1992; Kendrick and Burnard, 2013).
However, such notion is not fully supported by findings
from andalusite crushing that the FIPs-related gases in
sample 17CA52-1 have an air-like initial “°’Ar/*°Ar ratio
(Fig. 7b). Similar features were also reported from many
hydrothermal ore systems from South China, where the
PFIs usually contained very limited excess “°Ar (Qiu and
Jiang, 2007; Bai et al., 2013; Xiao et al., 2019; Bai et al.,
2021). There, a relatively open environment was proposed
for the circulation of hydrothermal fluids, which resulted
in the escape of excess “°Ar in the primary fluids (e.g., Bai
et al., 2021). In the study area, meter-scale, thick and con-
tinuous quartz veins are present, implying circulation of
metamorphic fluids probably in a similar open environment
(e.g., Figs. 3-4). More importantly, the regional D3 event
formed penetrative NW-trending subvertical S3 foliations
(Fig. 2b) and fracture networks across the region, which
could provide excellent chances for shallow components,

e.g., meteoric water (Menzies et al., 2014; Dusséaux et al.,
2019), to infiltrate to depth and excess components trapped
in the deeply circulating fluids to escape away. Such forma-
tion environment might contribute to the escape of the
excess “°Ar from the primary fluids or partial equilibrium
of the fluids with shallow components during the formation
of andalusites, which could lead to their initial “°Ar/3°Ar
ratios close to, or nearly identical to the air ratio. In con-
trast, secondary fluids in association with later hydrother-
mal perturbations were captured by mineral micro-cracks
in a relatively closed environment, which might better pre-
serve excess “’Ar (if any) in the fluids.

7.4. New perspective on dating regional deformation and
metamorphism

Multiple lines of evidence suggest that “°Ar/*’Ar step-
wise crushing of andalusite indeed dates deformation and
metamorphic events in the region. The formation ages of
andalusites of 282-277 Ma inferred from the last steps of
the gentle stepwise crushing experiments overlap with mon-
azite U-Pb ages (275-273 Ma) of the syn-D3 leucogranite
dykes (Fig. 9). These “°Ar/*’Ar ages also agree very well
with the 280-273 Ma zircon and monazite U-Pb ages of
adjacent syn-tectonic granite intrusions and pegmatite
dykes which are generally considered as the timing of regio-
nal D3 event in the study area (Fig. 11a, Jiang et al., 2019).
Additionally, the andalusite-bearing HT/LP metamorphic
domains developed in the vicinity of the syn-D3 dykes
and veins in the study area. Metamorphic monazites
included in andalusite minerals in the surrounding micas-
chists yielded U-Pb ages in the range of 279-269 Ma
(Jiang et al., 2021b), which overlaps with the andalusite
fluid inclusion *°’Ar/*Ar ages (282-277 Ma) (Fig. 1la).
More importantly, coeval HT/LP metamorphisms were
prevailing along the southern Chinese Altai, as indicated
by the occurrence of garnet-orthopyroxene-bearing gran-
ulites, cordierite-bearing migmatities, and andalusite-
bearing micaschists in these regions (Wang et al., 2009; Li
et al., 2014; Tong et al., 2014; Liu et al., 2019). The consis-
tency between the andalusite fluid inclusion “°Ar/*Ar ages
and the timing of HT/LP metamorphism recorded by U-Pb
ages of zircon overgrowths from a nearby sillimanite-
bearing paragneiss (299.2 + 3.4 Ma, Wang et al., 2014b)
as well as zircon/monazite U-Pb ages for granulites and
migmatities in the neighboring regions (ca. 300-278 Ma,
Wang et al., 2009; Tong et al., 2014; Broussolle et al.,
2018) (Fig. 11) suggests that the formation ages of the
syn-tectonic andalusites can also represent the time of con-
temporaneous metamorphism in this region.

In most metamorphic terranes worldwide, datable min-
erals such as zircons, monazites, garnets, and micas mainly
form through partial melting and subsequent crystalliza-
tion. However, partial melting is not common in many
low- to medium-grade metamorphic terranes and metamor-
phic fluids commonly form quartz veins with limited dat-
able materials. This challenge limits the scope of tectono-
thermal evolution studies. Andalusites are commonly pre-
sent in quartz veins in low- to medium-grade metamorphic
terranes, especially in metapelitic terranes (Whitney and
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Dilek, 2000; Sepahi et al., 2004). Our results demonstrate
that when accompanied by detailed petro-structural analy-
ses, the newly established *’Ar/*°Ar gentle stepwise crush-
ing method of andalusite can be used to place age
constraints on vein formation, and potentially, associated
deformation and metamorphism, which opens up exciting
new possibilities in tectonics and geochronology in general.

8. CONCLUSIONS

This study reports the first “°Ar/*’Ar ages of fluid
inclusion-bearing andalusites in syn-tectonic quartz veins
from the Chinese Altai Orogen using the gentle stepwise
crushing technique. Combined with refined structural anal-
yses, EPMA mineral composition analyses, and monazite
U-Pb geochronology, this study establishes fluid inclusion
YOAr/*°Ar gentle stepwise crushing of andalusite as a reli-
able new method to date regional deformation and meta-
morphism. The main observations and conclusions are:

1) Andalusites in syn-tectonic quartz veins contain
abundant intra-crystal planar fluid inclusions (FIPs)
that were captured during the growth of andalusite
in response to regional Permian deformation in the
Chinese Altai Orogen.

2) The last crushing steps of gentle stepwise crushing
yielded consistent “°Ar/*Ar ages of 282-277 Ma
for the andalusites. These ages differ from those of
“OAr/*°Ar stepwise heating on muscovite flakes
(ca. 243-241 Ma) as well as the timing of later seric-
itization (ca. 216 Ma) and chloritization (ca.
214 Ma). Moreover, gases released from the andalu-
site crushing and the subsequent heating experiments
show distinct geochemical characteristics in terms of
K/Ca ratios and K-, Ca- and Cl-derived argon iso-

4)

topes. These features collectively suggest negligible
interferences from K-bearing solid phases to the
YOAr/*Ar ages of FIPs in andalusites.

This study provides new evidence for the preserva-
tion of excess *°Ar in K-poor metamorphic nesosili-
cate minerals. Our data suggest that excess “CAr is
primarily stored in fluid inclusions rather than solid
phases such as mineral lattices as previously thought.
Circulation of hydrothermal fluids in association
with the development of regional penetrative folia-
tions and fracture networks during deformation
would create a relatively open environment, which
could generate the variable and even air-like initial
“OAr/*®Ar ratios of the FIPs in the andalusites.

Our new fluid inclusion *°Ar/>°Ar ages of andalusites
are consistent with monazite U-Pb ages of syn-
tectonic leucogranite dykes (275-273 Ma) and other
published age constraints of the regional Permian
tectono-thermal event, which verifies that the andalu-
site fluid inclusion “°Ar/*’Ar ages represent the for-
mation age of the syn-tectonic quartz veins and
hence the corresponding deformation and metamor-
phism in the region. These results suggest that the
“OAr/*°Ar stepwise crushing method can be used to
date andalusite which permits additional age
constraints on deformation and associated
metamorphism in low-pressure metapelitic terranes
in general.

Combining stepwise crushing experiments on K-poor
minerals with stepwise heating experiments on
crushed powders and associated K-bearing minerals
can help to construct a more complete history of
regional tectono-thermal events. The different closure
temperatures of these K/Ar systems provide age con-
straints on deformation, metamorphism, cooling, as
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well as later alteration. These pieces of information
are essential for the reconstruction of the tectonic
evolution of a fossil orogenic belt.
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