Tectonics’

RESEARCH ARTICLE
10.1029/2022TC007692

Key Points:

e The Fuyun area records Jurassic
metasomatism in apatites
corresponding to the timing
of hydrothermal rare-metal
mineralization

e Late Cretaceous rapid cooling is
preserved throughout the Altai, coeval
with km-scale deposition of coarse
sediments in adjacent basins

e The Altai shows partial fission track
resetting in the Cenozoic during
India-Eurasia convergence, where
exhumation has outpaced denudation

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

A. L. Nixon,
angus.nixon @adelaide.edu.au

Citation:

Glorie, S., Nixon, A. L., Jepson, G.,
Gillespie, J., Warren, C., Meeuws, F.,
et al. (2023). Meso-Cenozoic tectonic
history of the Altai: New insights
from apatite U-Pb and fission track
thermochronology for the Fuyun

area (Xinjiang, China). Tectonics,

42, 2022TC007692. https://doi.
0rg/10.1029/2022TC007692

Received 23 NOV 2022
Accepted 28 MAR 2023

Author Contributions:

Conceptualization: Stijn Glorie,
Wenjiao Xiao

Formal analysis: Gilby Jepson, Jack
Gillespie, Cameron Warren, Fun Meeuws,
Alexander Simpson

Funding acquisition: Stijn Glorie,
Wenjiao Xiao

Investigation: Stijn Glorie, Angus L.
Nixon, Jack Gillespie, Cameron Warren,
Fun Meeuws, Alexander Simpson
Resources: Wenjiao Xiao

© Wiley Periodicals LLC. The Authors.
This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A G s

> SPACE SCIENCE

ik
Meso-Cenozoic Tectonic History of the Altai: New Insights
From Apatite U-Pb and Fission Track Thermochronology for
the Fuyun Area (Xinjiang, China)

Stijn Glorie!
Fun Meeuws!

, Angus L. Nixon! (Z, Gilby Jepson'? (2, Jack Gillespie!* (), Cameron Warren!,

, Alexander Simpson!, and Wenjiao Xiao*3

'Department of Earth Sciences, University of Adelaide, Adelaide, SA, Australia, >Department of Geosciences, University of
Arizona, Tucson, AZ, USA, 3School of Earth and Planetary Sciences, The Institute for Geoscience Research (TIGeR), Curtin
University, Perth, Australia, *State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China, Xinjiang Research Centre for Mineral Resources, Xinjiang Institute of Ecology and
Geography, Chinese Academy of Sciences, Urumgqi, China

Abstract The Altai is an enigmatic, relatively young mountain belt with sharp relief (up to 4,500 m high)
that developed thousands of kilometers away from the nearest current plate margins. The Fuyun area, at the
interface between the southern margin of the Chinese Altai and the Junggar Basin, represents a key locality for
understanding the Meso-Cenozoic deformation and exhumation history of the Altai. The complex structural
architecture of the Fuyun area suggests that multiple deformation events affected the area, which ultimately
led to the exhumation of the Altai. Furthermore, the area hosts orogenic-type mineralization, suggesting

a history of fluid alteration. However, in contrast to the well-constrained Palaeozoic history, the timing of
Meso-Cenozoic deformation, metasomatism and exhumation has not been comprehensively studied. This
study presents new apatite U-Pb, trace element and fission track data for the Fuyun area and integrates these
with previous studies for the Altai to shed more light on the Meso-Cenozoic tectonic history. The apatite U-Pb
dates, associated with LREE-depleted trace element profiles, suggest that a phase of Middle—Late Jurassic
(~170-160 Ma) metasomatism affected the Keketuohai area, which is potentially linked to the timing of
rare-metal mineralization. The apatite fission track results and thermal history models reveal rapid early Late
Cretaceous (~100-75 Ma) cooling linked to tectonic exhumation throughout the Chinese Altai, associated with
distant plate-margin processes. In addition, samples taken in vicinity to the frontal thrusts of the Altai record
evidence for Cenozoic partial resetting of the apatite fission track system.

Plain Language Summary The Altai Mountains are a high elevation, sharp relief mountain belt
within central Asia. Despite their location thousands of kilometers from the present day plate margin, the Altai
preserve young mountains induced by tectonic forces originating at the plate boundaries. Integrating new
low-temperature data with existing studies reveals extensive uplift of the Altai during the Late Cretaceous,
induced by the reactivation of major structures. A subsequent pulse of Cenozoic uplift further developed the
topography observed today. In addition to mountain building, alteration of crystalline rocks associated with
mineralization has also been observed. The chemical signatures within apatite grains suggests they grew from a
fluid that altered the crystalline rocks, which may have links to nearby economic mineralization.

1. Introduction and Regional Setting

The Altai is an intracontinental mountain range, which spans through eastern Kazakhstan, northwestern China,
western Mongolia and southern Russia (Figure 1). Despite being located thousands of kilometers away from the
nearest active continental convergence zone, the Altai intriguingly maintains high elevation, with peaks reaching
up to 4,500 m. Located at the northwestern margin of the Central Asian Orogenic Belt (CAOB; Figure 1), the
Altai are thought to represent the northern extremity of the deformation zone that was generated by the Cenozoic
collision of India with Eurasia (e.g., De Grave et al., 2007; Molnar & Tapponnier, 1975), excluding only the
Bikal Rift system and Sayan Mountains. Detailed structural, magmatic, geochronological, thermochronological
and sedimentological studies, however, have revealed a polyphase deformation history spanning from the Palae-
ozoic to the latest Cenozoic (e.g., Briggs et al., 2007, 2009; Hendrix et al., 1992; Jolivet et al., 2007; Li, Yuan,
et al., 2015; Yuan et al., 2006). Consequently, multiple tectonic episodes must be reconciled when considering
the formation and preservation of such prominent intracontinental relief.
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Initiating in the late Palacozoic, the Altai amalgamated from a series of accretions of island arcs, accretionary
prisms, seamounts and microcontinents during the Cambrian—Carboniferous evolution of the Palaeo-Asian Ocean
(Buslov et al., 2001, 2013; Glorie, De Grave, Buslov, Zhimulev, Izmer, et al., 2011; Windley et al., 2007), which
culminated with the final closure of the Ob-Zaisan Oceanic realm in the late Carboniferous (Li et al., 2017). The
closure of the Ob-Zaisan Ocean and the subsequent collision of the Altai with the Junggar terrane formed the Irtysh
Shear Zone and induced extensive crustal thickening, magmatism, metamorphism, and transpressional strike-slip
reactivation throughout both the Altai and the Tian Shan up to the Permian-Triassic (Briggs et al., 2007; Buslov
et al., 2004; Glorie, De Grave, Delvaux, et al., 2012; Li, Sun, et al., 2015; Li, Yuan, et al., 2015; Li et al., 2017,
Liu et al., 2012; Tong et al., 2014).

In contrast to the Palaeozoic tectonic history, the Mesozoic—Cenozoic intracontinental reactivation history of
the Altai remains poorly understood. The low-temperature exhumation of the Altai has typically been attrib-
uted to far-field effects of strain propagation from the Mesozoic Eurasian plate margins, related to events of the
Mongol-Okhotsk Orogeny (e.g., De Grave et al., 2009; van der Beek et al., 1996), or the collision and onset of
subduction of the Kohistan-Ladakh Arc terranes at the Tethys margin (e.g., Hendrix et al., 1992; Yuan et al., 2006),
and progressive, ongoing collision between India and Eurasia (e.g., A. Li et al., 2022; C. Li et al., 2022; Yuan
et al., 2006). Additionally, enigmatic Triassic—Jurassic anorogenic intraplate magmatism is widespread within
the Altai, with a variety of tectonic settings suggested for their origin; from an extensional setting to a far-field
effect of the Siberian plume (Liu & Han, 2019; Wang et al., 2014). Furthermore, Au-Cu-Pb-Zn-rare metals
mineralization within the Chinese Altai has been linked to widespread Mesozoic fluid alteration. However, age
constraints on such fluids in the Altai are limited to mined deposits and often debated (Liu et al., 2014; Xue
et al., 2016; Zheng et al., 2017; Zhou et al., 2015), yet are crucial for more robust understanding of the evolution
and mineralization of the region.

This study presents a combination of zircon LA-ICP-MS (ZUPb) and apatite U-Pb (AUPb) geochronology,
apatite fission track (AFT) thermochronology and apatite trace element geochemistry from the Fuyun area of the
Chinese Altai (Figure 2) to illuminate the regional Meso—Cenozoic intracontinental evolution. The Fuyun area
provides an optimal study region due to the occurrence of Mesozoic magmatic rocks and orogenic Cu-Au-rare
metals mineralization (Liu et al., 2014; Liu & Han, 2019; Xue et al., 2016; Zhou et al., 2015), and the presence
of a network of faults (Figure 2) that are thought to have been reactivated during the Cenozoic (Cunningham
et al., 2003). The AUPb geochronology and trace element geochemistry are used to explore the post-magmatic
history of the study area (e.g., metasomatism in relation to mineralization), using ZUPb ages as a reference for
primary magmatism. Additionally, the new AFT data set is integrated with published AFT, U-Th-Sm/He and
Ar-Ar data (Figures 1 and 2) to provide a review of the Mesozoic exhumation and deformation history of the
Altai, and to evaluate if the Altai record thermochronological evidence for Cenozoic deformation.

2. Geological Setting

The Altai Mountains formed through a prolonged Palaeozoic accretion along the southern margin of the Sibe-
rian Craton (Windley et al., 2007). The southern Siberian Craton comprised of a passive continental margin,
on to which terrigenous clastic sedimentary rocks were deposited (Chang et al., 1995; Windley et al., 2002).
During the early Palaeozoic, the passive continental margin transitioned into an active margin in response to
the north-dipping subduction of the Ob-Zaisan Ocean (Chen & Jahn, 2002; Windley et al., 2002), which led to
associated early to mid-Palaeozoic arc-magmatism and subduction complex accretion (e.g., Li et al., 2017; Xiao
et al., 2009). This culminated with the closure of the Ob-Zaisan Ocean, which accreted the Junggar intra-oceanic
arc system to the Altai in the late Carboniferous (e.g., Li et al., 2017; Xiao et al., 2009).

The Carboniferous suture between the Altai and the Junggar corresponds to the Irtysh Shear Zone (e.g.,
Briggs et al., 2007; Laurent-Charvet et al., 2002; Xiao et al., 2015). From the late Carboniferous to the
Permian, the Irtysh Shear Zone hosted three episodes of deformation, responsible for mylonitisation, orogen
parallel extension, and transpression (Briggs et al., 2007, 2009; Hu et al., 2020; Li, Sun, et al., 2015; Li
et al., 2017; Zhang et al., 2012). Permian deformation along the Irtysh Shear Zone caused considerable
shortening and crustal thickening, as evidenced by elevated La/Yb ratios in syn-tectonic granitoids (e.g.,
Tong et al., 2014). Despite prolonged Mesozoic—Cenozoic tectonic activity, upper-crustal exhumation in
response to Permian shortening along the Irtysh Shear Zone is still preserved in the west Junggar mountains
(Gillespie et al., 2020). Numerous granitic intrusions in the Fuyun area, here defined as the intersection
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Figure 1. (a) Overview topographic map for Central Asia with indication of the main basins and mountain ranges within the Central Asian Orogenic Belt (CAOB—
white dotted outline). (b) Digital elevation model for the central part of the CAOB, focused on the Altai-Sayan (outlined blue dotted outline), with indication of
published apatite fission track (AFT) sample locations, color-coded to AFT ages (data from De Grave & Van den haute, 2002; De Grave et al., 2008, 2009, 2013, 2014;
De Pelsmaeker et al., 2015; Dumitru et al., 2001; Gillespie, Glorie, Jepson, et al., 2017; Gillespie, Glorie, Xiao, et al., 2017; Gillespie et al., 2020, 2021; Glorie

et al., 2010; Glorie, De Grave, Buslov, Zhimulev, Stockli, et al., 2011; Glorie, De Grave, Buslov, et al., 2012; Glorie, De Grave, Delvaux, et al., 2012; Glorie, Otasevic,
et al.,, 2019; Jolivet et al., 2007, 2010, 2013; Macaulay et al., 2014; Nachtergaele et al., 2018; Pullen et al., 2020; Vassallo et al., 2007; Wang et al., 2009, 2018; Yuan

et al., 2006; Zhang et al., 2009, 2016). Major faults are shown, based on structural maps from Cunningham (2007), Mohadjer et al. (2015, 2016).

zone between the ~E-W striking Irtysh Shear Zone and the roughly N-S striking Fuyun strike-slip fault
(Figure 2), preserve varied deformational histories. Devonian granitoids preserve deformation fabrics and are
often associated with the greenschist to amphibolite facies Irtysh Complex in the Fuyun area (Li et al., 2017,
A. Lietal., 2022; C. Li et al., 2022). Permian aged granites are commonly undeformed (Li, Sun, et al., 2015;
Sun et al., 2008; Tong et al., 2014), as are several Mesozoic granitoids documented throughout the Altai (Li
et al., 2013; Liu et al., 2014).

Late Permian—Jurassic monazite U-Pb ages and biotite Ar-Ar cooling ages recorded in the Altai suggest exhu-
mation of up to 20 km in relation to thrust faulting in the early to mid-Mesozoic (Briggs et al., 2009; Li, Yuan,
et al., 2015). Mesozoic exhumation is contemporaneous with the emplacement of mixed continental and juvenile
Late Triassic—Jurassic plutonism in the Altai (Wang et al., 2014). In the mid to Late Cretaceous, the south-
ern Altai cooled to upper-crustal temperatures (~120-40°C), corresponding to depths of ~2—-6 km (Pullen
et al., 2020; Yuan et al., 2006). This Late Cretaceous period of upper-crustal cooling is associated with the devel-
opment of an unconformity in the northern Junggar Basin and the subsequent deposition of conglomerate layers
within the Donggou Formation (Hendrix et al., 1992; Vincent & Allen, 2001). Within the Altai, the Late Creta-
ceous unconformity and upper-crustal exhumation have been attributed to collision-accretion processes on the
southern Eurasian margin, causing contraction and deformation in the Eurasian hinterland (Hendrix et al., 1992;
Yuan et al., 2006). However, Late Cretaceous exhumation is not just restricted to the southern Altai. Numerous
researchers have documented consistent, Late Cretaceous low-temperature cooling ages from eastern Kazakh-
stan to Lake Baikal in south-eastern Siberia (Figure 1) (De Grave et al., 2007, 2009, 2014; Glorie, De Grave,
Buslov, et al., 2012, Glorie, De Grave, Delvaux, et al., 2012; Jolivet et al., 2007, 2013; van der Beek et al., 1996;
Vassallo et al., 2007). Several authors have considered a long-wavelength, regional tectonic process such as
orogenic collapse (e.g., De Grave et al., 2014) or modification to the continental hydroclimate (e.g., McDannell
et al., 2018; Pullen et al., 2020) as responsible for this regional Late Cretaceous cooling signal.

Despite the regional preservation of Late Cretaceous exhumation throughout the Altai, it is generally consid-
ered that much of the modern topography formed in response to deformation caused by the India-Asia collision
(e.g., Molnar & Tapponnier, 1975; Sobel et al., 2006). In the Altai Mountains, increased strain due to the ongo-
ing India-Asia collision reactivated pre-existing basement structures and generated widespread uplift (Jolivet
et al., 2007; Vassallo et al., 2007; Yuan et al., 2006). The development of elevated topographic relief is assessed
to have onset in the early Miocene in both the eastern Tian Shan (e.g., Hendrix et al., 1994; Lii et al., 2013) and
the southern Altai (e.g., Hendrix et al., 1992).
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Figure 2. Google Earth map of the study area, with indication of granitoid outcrops and major structures and their kinematics (after Briggs et al., 2007; Li, Sun,

et al., 2015; Li, Yuan, et al., 2015). New sample locations from this study are named and both new and previously published sample symbols are color-coded following
their apatite fission track (AFT) central ages (circle symbols) or mean apatite U-Th-Sm/He (AHe) ages (triangle symbols), K-feldspar **Ar-*’Ar ages (diamond
symbols) and biotite “*Ar-*Ar ages (square symbols) (data from Briggs et al., 2007, 2009; Li, Yuan, et al., 2015; Pullen et al., 2020; Yuan et al., 2006). The range

of zircon U-Pb and molybdenite Re-Os ages for the Keketuohai pegamatitic rare earth elements deposit are also indicated (Liu & Han, 2019; Liu et al., 2014; Zhou

et al., 2015). Mean confined fission track length (MTL) data are displayed as a gray-scale outline around the circle symbols (with darker outlines representing higher
MTL values, reflecting fast cooling and absence of secondary thermal events).

3. Sample Descriptions

Samples AT-01 and AT-02 were collected from the migmatitic Irtysh Complex along the Irtysh Shear Zone
(Figure 2; Li et al., 2017). Sample AT-01 is a coarse-grained gneiss, containing abundant 3—4 mm plagioclase and
quartz. The foliated fabric is defined by biotite and minor garnet. Sample AT-02 is a strongly foliated orthogneiss
with abundant biotite, plagioclase and quartz, commonly intruded by coarse dikes. The sample location for AT-01
yielded a published SHRIMP ZUPb date of 281 + 5 Ma (Tong et al., 2014). For AT-02, there is no published
crystallisation age available in the literature beyond that the Irtysh Complex is Devonian—early Carboniferous in
age, and was cross-cut by Permian dikes (Li, Sun, et al., 2015; Li et al., 2017).

Samples AT-03 and AT-04 were collected from a strongly foliated orthogneiss in the metamorphosed volcanic
and sedimentary sequence of the Altai Formation (Li, Sun, et al., 2015) along an unnamed thrust fault, north of
the Irtysh Fault (Figure 2). Both rocks contain abundant biotite, which defines the foliation, as well as quartz and
plagioclase. The orthogneiss yields an Early Triassic biotite “°Ar->*Ar age (~245 Ma), near the sample locality
for AT-04 (Li, Sun, et al., 2015 and references therein). Sample AT-11 was collected from the same thrust as
samples AT-03 and AT-04 (near Fuyun town), but more distal to the fault (Figure 2). Sample AT-11 was collected
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from a porphyritic granitoid with large K-felspar phenocrysts in a matrix of plagioclase, quartz and biotite, which
intrudes amphibolites. Published literature on the porphyritic granitoid reports a metamorphic zircon U-Pb age of
~277 Ma and a biotite “°Ar-**Ar age of ~265 Ma (Li, Sun, et al., 2015 and references therein).

Samples AT-08, AT-09, and AT-10 were taken from middle Palaeozoic granodiorites along the Fuyun Fault,
north of Fuyun town (Figure 2). Sample AT-08 was sourced from a large granodiorite outcrop to the west in close
proximity of the Fuyun Fault, and lacks a foliation fabric. Sample AT-09 was sampled at the intersection between
the Fuyun Fault and an unnamed thrust fault and is an orthogneiss defined by a biotite fabric. Sample AT-10,
sampled on the eastern side of the Fuyun Fault, is an unfoliated granodiorite containing large plagioclase and
quartz phenocrysts with minor biotite.

Samples AT-16, AT-17, AT-18, and AT-19 were collected from a granitoid with large plagioclase phenocrysts
to the east of the Fuyun Fault, near Keketuohai town (Figure 2). Sample AT-16 has abundant biotite, while the
micas in samples AT-18 and AT-19 are predominantly muscovite. Sample AT-17 has a dioritic composition with
plagioclase phenocrysts in a dark aphanitic groundmass. The granodiorite outcrops are mapped as Devonian in
age and are intruded by abundant Late Triassic (~212-209 Ma) granitic pegmatites that were mined for rare earth
elements (REE) (Liu & Han, 2019; Liu et al., 2014). Absolute age constraints are not available in published liter-
ature for these sample locations. Sample AT-13 was taken farther east, from a foliated orthogneiss at the boundary
of the Triassic (~212-210 Ma) Alaer (also named Aral) intrusion (Liu & Han, 2019; Liu et al., 2014).

Samples AT-14 and AT-15 were taken in the southeast of the study area (Figure 2). Sample AT-14 is a biotite
orthogneiss with a published ZUPb date of 283 + 4 Ma (Tong et al., 2014). Sample AT-15 was sourced from
a Permian felsic dike near the Qinghe town (Figure 2). Due to logistical issues, hand-samples of lithologies
analyzed in this study were unavailable for detailed thin-section petrographic analysis.

4. Methods
4.1. Mineral Separation and Zircon U-Pb Analysis

Zircon and apatite separates were obtained from the samples by crushing, sieving and heavy liquid separation
at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). At The University of
Adelaide, the zircon and apatite grains were mounted in EpoxyCure resin onto thin section slides and then ground
and polished to expose internal sections of the grains. ZUPb ages were calculated to provide accurate constraints
on the timing of crystallisation for each sampled intrusion that had no published ZUPb dates available. Zircon
target sites for U-Pb isotopic analyses were chosen from cathodoluminescence (CL) images, carried out using an
FEI Quanta 600 Scanning Electron Microscope equipped with a tungsten filament electron source and a Gatan
CL detector at Adelaide Microscopy.

ZUPb analyses were performed by laser ablation inductively coupled mass spectroscopy (LA-ICP-MS) at Adelaide
Microscopy using a New Wave UP-213 laser ablation system coupled to an Agilent 7900 ICPMS system. Instru-
ment and mass calibration were performed prior to all analytical sessions using the NIST 612 reference glass
by maximizing the 238U signal and by minimizing oxide formation using the ThO+/Th + ratio (<1%). U-Pb-Th
isotope fractionation was corrected using the GEMOC GJ-1 standard (?*Pb/?*¥U age of 600.7 + 1.1 Ma; 20)
(Jackson et al., 2004) and internal accuracy was monitored using the PleSovice zircon standard (2*Pb/?**U age of
337.1 +0.37 Ma; 20) (Slama et al., 2008). The zircon data were processed in Iolite (Paton et al., 2011) and plotted
in IsoplotR (Vermeesch, 2018). PleSovice analyses yield a weighted average 2°Pb/?*8U age of 337.7 + 1.1 Ma
(20; MSWD = 1.0; n = 29, Supporting Information S1).

4.2. Apatite U-Pb and Trace Element Analysis

Trace element concentrations and U-Pb isotopes from grain mounted apatites were measured on a RESOlution-LR
193 nm excimer laser coupled to an Agilent 7900 ICPMS system, following the analytical procedures and iden-
tical instrumental settings as outlined in Gillespie et al. (2018) and Glorie et al. (2020). Data reduction was
carried out using the “VisualAge_UcomPbine” and “X_Trace_Elements_IS” data reduction software packages
for Iolite (Paton et al., 2011) and IsoplotR was used for U-Pb age calculations (Vermeesch, 2018). Regression
lines in Tera-Wasserburg plots were all unanchored to allow age calculations without assumptions about the
initial (common) Pb isotopic composition (cf. Glorie, Jepson, et al., 2019; Kirkland et al., 2018). Madagascar
apatite (MAD; ID-TIMS age of 473.5 + 0.7 Ma; Chew et al., 2014; Thomson et al., 2012) was used as the primary
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reference material for AUPb age calculations and NIST610 glass was used as the primary standard for trace
element concentration determinations. McClure and Durango apatites were used as secondary reference material,
yielding 27Pb-corrected weighted average ages of 528 + 6 Ma (26; MSWD = 1.3; n = 18, Supporting Informa-
tion S1) and 30.9 + 1.3 Ma (26; MSWD = 1.0; n = 17, Supporting Information S1), respectively. These value are
in good agreement with the published ID-TIMS 27Pb/?33U age for McClure apatite of 523.51 + 1.47 Ma (Schoene
& Bowring, 2006) and the published “°Ar/*°Ar age of 31.44 + 0.18 Ma (McDowell et al., 2005). REE concen-
trations in apatite were normalized against primitive mantle values (McDonough & Sun, 1995) and displayed on
spider plots (using GCDXKit, Janousek et al., 2006). Multi-element discrimination principal component analysis
(PCA) and multiclass support vector machine classification were used to categorize the samples based on apatite
trace-element geochemistry by comparing the apatite trace element data with an extensive published apatite
geochemistry database (O'Sullivan et al., 2020; O'Sullivan et al., 2018).

4.3. Apatite Fission Track Analysis

AFT data record the thermal history of the samples through the apatite partial annealing zone (APAZ) (~60-120°C)
(Wagner et al., 1989). Etching of the samples was completed in a solution of 5.5 M HNO, for 20 + 0.5 s at 20 £ 0.5°C
to reveal the spontaneous fission tracks, following Glorie et al. (2017). Imaging of individual grains from each
sample was conducted on a Zeiss AXIO Imager M2m Autoscan System with a magnification of x1000. Follow-
ing imaging, fission track densities and confined track lengths in the individual grains were measured using the
FastTracks software. 23U concentration measurements were obtained simultaneously with U-Pb isotope analysis
(outlined above) and fission track ages were calculated in IsoplotR (Vermeesch, 2018) using a zeta-calibration based
on Durango apatite (Hasebe et al., 2013; McDowell et al., 2005; Vermeesch, 2017). The weighted average AFT age
for Durango apatite in this study was calculated as 31.1 + 4.0 Ma (2c; MSWD = 0.3; n = 17, Supporting Informa-
tion S1), which is within uncertainty of the published “°’Ar/**Ar age of 31.44 + 0.18 Ma (McDowell et al., 2005),
suggesting reliable fission track results. Where feasible, a 2>2Cf irradiation was conducted at The University of
Adelaide to increase the number of measurable confined fission tracks (e.g., Donelick & Miller, 1991; Gillespie
et al., 2020).

4.4. Thermal History Modeling

Thermal history models were constructed using QTQt software version 5.6.0 (Gallagher, 2012). AUPb ages were
introduced into the modeling, reflecting temperatures of 400 + 50°C (e.g., Cherniak, 2010). The modeling proce-
dure involved running 10,000 possible models as a test run to gauge the plausibility of thermal history models.
Models deemed as geologically representative and statistically acceptable, as evaluated by agreement between
observed and predicted residuals, were further refined by running an extra 50,000 possible models. Detailed
modeling parameters and residuals for each sample are tabulated in Supporting Information S1, following the
reporting protocol from Flowers et al. (2015).

5. Results
5.1. Zircon and Apatite U-Pb Dates and Apatite Trace-Element Geochemistry

Zircon and apatite U-Pb results are summarized in Table 1. The U-Pb isotope ratios used to derive the zircon ages
are listed in Supporting Information S2 (https://doi.org/10.25909/21590265), and U-Pb isotope ratios for apatite
are provided in Supporting Information S3 (https://doi.org/10.25909/21590286). The trace element geochem-
istry for each single-grain apatite and zircon analysis can be found in Supporting Information S4 (https://doi.
org/10.25909/21590292). ZUPb concordia plots and weighted mean plots that were used for the age calculations,
as well as AUPDb Tera-Wasserburg concordia plots and apatite normalized REE trace-element plots are presented
in Supporting Information S1.

Samples AT-01, AT-02, AT-03, AT-04, AT-14, and AT-15 from the migmatitic Irtysh Complex and Altai Forma-
tion record Permian (~287-272 Ma) ZUPb crystallisation ages. These are consistent with published zircon ages
for the respective units (281 + 5 and 283 + 4 Ma) (Tong et al., 2014). The obtained AUPb ages are all younger
than corresponding ZUPb ages and range between ~268 and 260 Ma for samples AT-01, 02, 03, 14, 15, while
AT-04 records a slightly younger age of ~238 Ma. Apatite REE spiderplots record flat or negatively sloping
LREE patterns that are particularly strongly pronounced for samples AT-03 and AT-14 (Supporting Informa-
tion S1). Samples AT-02, AT-04, and AT-15 show low total REE concentrations. AT-11 yields an AUPb age
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Table 1
Sample Details (Long. = Longitude, Lat. = Latitude) and Zircon/Apatite Geochronology

Published age  Zr U-Pb age Ap U-Pb age
Sample  Long. Lat. Altitude (m) [Ma] [Ma] N MSWD [Ma] n MSWD

AT-01  89.2915 46.9859 844 281 +5 - - - 262 + 19 4 33
AT-02  89.3367 47.005 752 Permian 430 £ 2 15 29 268 + 7 19 0.8
287 + 4 4 39
AT-03  89.5093 47.043 1,107 Permian 278 £ 1 30 4.4 260 + 13 15 0.7
AT-04 89.3126 47.217 1,029 Permian 280 +2 21 1.1 238 +8 20 3.6
262 £ 3 5 24
AT-08 89.7187 47.1714 1,286 mid-Pz. 383 +£3 18 44 334 + 31 15 1.4
AT-09  89.7395 47.09 1,332 mid-Pz. - - - - - -
AT-10  89.7522 47.0947 1,257 mid-Pz. - - = 412 £ 55 6 0.6
AT-11  89.654  46.974 1,020 257 +5 - - - 252 £ 16 14 1.3
AT-13  89.9834 47.2957 1,565 mid-Pz. 388 +2 24 32 159 +3 16 2.7
AT-14 902519 46.5434 1,173 283 +4 = = - 263 + 34 9 1.5
AT-15  90.3396 46.6958 1,298 Permian 272 +5 5 1.5 267 +7 16 3.0
AT-16  89.7507 47.2201 1,167 mid-Pz. 395+3 19 2.4 169 + 22 8 2.1
AT-17  89.7389 47.2819 1,457 mid-Pz. 210 +2 10 2.4 165 + 51 16 1.3
193 +5 4 1.1
AT-18  89.7654 47.2613 1,996 mid-Pz. 212 + 1 20 1.8 198 + 20 9 2.9
AT-19  89.7584 47.2722 1,740 mid-Pz. - - = 175 +£ 17 10 1.6

Note. Published ages are derived from Tong et al. (2014) and references therein. Where no zircon dates were available,
time periods were inferred from geological maps. Zircon (Zr) and apatite (Ap) U-Pb dates are reported with their 95%
confidence uncertainties. The reported zircon U-Pb dates are weighted mean 2°°Pb/?*8U ages, the apatite U-Pb dates are lower
intercept ages from Stacey and Kramers concordia plots (both calculated in IsoplotR (Vermeesch, 2018)). Where multiple
zircon populations could be calculated, the interpreted crystallization ages are given in standard font and interpreted ages for
inherited or altered populations are given in italic font. N = number of analyzed zircons, n = number of analyzed apatites.
MSWD = mean square weighted deviation (which is a measure of goodness of fit).

of 252 + 16 Ma, which corresponds well to a published ZUPb date for the same intrusive (257 + 5 Ma; Tong
et al., 2014). Samples AT-08, AT-09, and AT-10 were sampled from granitoids along the Fuyun Fault (Figure 2)
that are mapped to be Devonian in age. They show similar flat apatite REE profiles with strong Eu anomalies. For
sample AT-08, a ZUPb age of 383 + 3 Ma was obtained, while for other samples no zircons could be retrieved.
The AUPD age for AT-08 is slightly younger (334 + 31 Ma) than its zircon age and sample AT-10 records an
imprecise older AUPb age (412 + 55 Ma). Samples AT-13, AT-16, AT-17, AT-18, and AT-19 were taken from
a combination of granitoids that are mapped to be Devonian in age and cross-cutting pegmatitic outcrops near
the Keketuohai mines. Samples AT-13 and AT-16 record zircon U-Pb ages of 388 + 2 Ma and 395 + 3 Ma,
respectively. Samples AT-17 and AT-18 record ~212-210 Ma zircon crystallisation ages, and for AT-19 no crys-
tallisation age could be obtained due to the lack of zircons. The AUPb dates for these samples are the youngest
in the study area and range between ~198 Ma and ~159 Ma. Sample AT-18 produced the oldest AUPb age for
this group of samples, which overlaps within uncertainty with its ZUPb age, and is characterized by a flat apatite
REE trend. All other samples in this group record negatively sloping LREE profiles.

The age and trace element geochemistry datasets are summarized in Figure 3. The zircon versus apatite U-Pb age
plot reveals significant offsets between the two chronometers that are correlated with relatively low normalized
La/Sm ratios (a measure for negatively sloping LREE profiles). In more detail, samples AT-03 and AT-14 record
AUPD ages of ~260 Ma associated with very low (~0.2-0.05) normalized La/Sm ratios. Similarly, the youngest
AUPD dates for the study area (~175-159 Ma) are significantly younger than their corresponding zircon ages,
and are associated with low normalized La/Sm ratios of ~0.5-0.2. This suggests that the apatites (re)crystallized
with a competing mineral for LREEs. On a LREE (La + Ce + Sm + Nd) versus St/Y geochemical biplot (Mao
et al., 2016; O'Sullivan et al., 2020), the individual analyses for the samples from this study define a series of
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Figure 3. (a) Comparison plot of zircon and apatite U-Pb dates for the samples in this study. Several samples deviate from the 1:1 age relationship, suggesting that the
apatite U-Pb dates record partial resetting in relation to a thermal process (metamorphism) or fluid alteration. Samples that record most significant resetting consistently
record apatite U-Pb ages of ~180-160 Ma, regardless of the age of the sampled grantioids. (b) Primitive mantle normalized La/Sm versus apatite U-Pb age plot (cfr.
Glorie, Jepson, et al., 2019) reveals a trend to low La/Sm ratios at ~265-250 Ma and at ~180-160 Ma, suggesting that, at these times, apatites grew or recrystallized
together with a competing mineral for LREEs. (c) LREE (La 4+ Ce + Sm + Nd) versus Sr/Y geochemical biplot for apatite with indication of petrogenetic fields

(Mao et al., 2016; O'Sullivan et al., 2020). The individual analyses for the samples from this study define a series of linear trends that span across the S-type granite,
high-temperature metamorphic (HM) and low-temperature metamorphic fields, suggesting they record a signature of metamorphic and/or fluid-related alteration. The
trace element geochemistry for the samples with the youngest (<200 Ma) apatite U-Pb ages (light green, yellow, red, purple, orange symbols) correspond closely to
those recording post-orogenic fluid alteration in the Uzbek Tian Shan (dotted outlined field, based on data from Glorie, Jepson, et al. (2019), displayed in Supporting
Information S1). (d) Normalized La/Sm versus Ce/Yb plot showing that the trace-element geochemical signatures for the young apatite samples from this study (apatite
U-Pb dates <200 Ma) can be correlated with those for apatite samples from orogenic Au deposits in British Columbia and the Uzbek Tian Shan (dotted outlined field,
based on data from Mao et al. (2016) and Glorie, Jepson, et al. (2019), displayed in Supporting Information S1).

linear trends that span across the S-type granite, high-temperature metamorphic and low-temperature metamor-

phic fields, suggesting that they record a signature of metamorphic and/or fluid-related alteration.

5.2. Apatite Fission Track Data and Modeling

The AFT results are presented in Table 2, on radial plots and confined fission track length histograms (Supporting
Information S1). The AFT data for individual grains can be accessed via Supporting Information S5 (https://doi.

org/10.25909/21590310).

The AFT central ages for this study range between ~157 Ma and ~60 Ma. While most samples pass the chi-squared
test and can thus be treated as statistically single population samples, some show over-dispersion without clear
correlation to variations in apatite Cl (Green et al., 1986) or U (Fernie et al., 2018) chemistry or me values
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Table 2
Apatite Fission Track (AFT) Age and Length Details

p, [x10°] 28U [ppm]  Central age L, o,
Sample (ISE) Ns N (1SE) [Ma] (1SE) P(x?» Disp.[%] [um] n [um] ClI [wt%]
AT-01 7.57(0.60) 322 3 99.0(2.2) 146 + 8 0.51 0.0 12.63 45% 1.17 0.06 (0.02)
AT-02  234(030) 783 16 43.3(1.7) 125+ 15  0.00 44 1278 100 1.54  0.06 (0.02)
AT-03 2.98(0.12) 701 15 86.3(1.9) 68 +3 0.05 12 13.13 89  1.39 0.23(0.03)
AT-04 1.73 (0.15) 899 18 449 (1.3) 73+6 0.00 28 1340 74 1.02 0.11(0.03)
AT-08  0.28 (0.08) 37 6 5.78(0.23) 132+22 032 0.0 12.64 42* 1.26 0.06 (0.02)
AT-09  0.93 (0.09) 38 4 292(0.7) 60+10 0.95 0.0 12.55 40* 1.05 0.10(0.02)
AT-10  0.77 (0.13) 89 7  9.59(0.48) 155+17 050 0.0 - - - 0.07 (0.02)
AT-11 097 (0.11) 236 14 13.8(0.6) 157+20  0.00 39 1270 20* 126 0.05(0.02)
AT-13 1.50 (0.26) 341 15 34.0(1.1) 88 +10 0.00 40 13.66 8 1.12 0.06 (0.02)
AT-14 057 (0.06) 143 11 10.1(0.4) 121+ 11 024 13 - - - 0.05 (0.02)
AT-15 2.61(0.27) 550 12 74.1(1.7) 73+ 8 0.00 37 1324 107 1.1  0.05(0.02)
AT-16  0.48 (0.08) 59 9 13.0(0.5) 77+13  0.09 31 13.62  21* 1.19 0.04(0.02)
AT-17 0.38(0.03) 125 15 8.32(0.36) 89 +8 0.68 4 13.89 32*% 0.77 0.05(0.01)
AT-18 1.11(0.12) 222 9  28.9(1.00) 77 +7 0.05 18 1352 31*% 1.19 0.04 (0.02)
AT-19 1.25(0.21) 235 9 309 (0.9 75+7 0.06 18 13.55 100 0.93 0.04 (0.02)

Note. p, is AFT density in 10° tracks/cm?, Ns is number of fission tracks counted, N is number of counted grains, 2%U is the
average concentration of 2*®Uranium in ppm, Central Age is the AFT central age in Ma and its 16 uncertainty, P(x2) is the
statistical probability that the single grain ages constitute a single population (if >0.05). Disp. Is the percentage of dispersion
of the single grain age distribution, / , is the average confined AFT length in ym, n is the number of measured confined tracks
(* marks samples that received >>Cf irradiation), o, is the standard deviation of the confined track length distribution, Cl is
the Chlorine concentration in weight percentage. All values in round brackets contain the uncertainties on the average values
(standard error of the mean).

(Burtner et al., 1994; Donelick, 1993). Samples that fail the chi-squared test generally exhibit high U concentra-
tions, which have been noted by McDannell (2020) to return inappropriately low chi-squared values due to the high
precision obtained using the LA-ICP-MS method. The exceptions are lower U samples AT-11 and AT-02. AT-11
produced the oldest AFT central age for the study area, where AFT ages for low-U apatites cluster at ~250 Ma
(i.e., identical to the ZUPb and AUPbD dates for the sample) and high-U apatites cluster around ~100 Ma, in line
with most other central ages for the study area. A similar, although less clear, trend can be observed for sample
AT-02. However, more diagnostically, the youngest AFT central ages tend to correlate with proximity to major
structures and locations near the Keketuohai mining area (Figure 2). Fission track length distributions are variable
depending on the sample location. In general, samples that produced older (>120 Ma) AFT ages (AT-01, 02, 08,
10, 11) are characterized by broader distributions and lower mean track lengths (<13 pm). Such distributions are
generally characteristic of protracted, slow cooling histories. Samples with younger (~90-70 Ma) AFT central
ages (AT-03, 04, 09, 13, 15-19) are associated with longer mean track lengths (>13 pm) and generally narrower
distributions, suggesting that they record a more rapid thermal event. Sample AT-09 is the exception and records
the youngest AFT central age, associated with a mean track length of ~12.6 pm.

The “expected” QTQt thermal history model outputs are presented in Supporting Information S1 and summa-
rized in Figure 4. Models that are based on less than 50 confined fission tracks are indicated by dashed lines and
should only be considered in combination with other models that are based on more length data. The models are
grouped (color code in Figure 4) according to the geographical location of the samples: (a) to the west of the
Fuyun Fault (blue models), (b) to the east of the Fuyun Fault (orange paths); and (c) along major thrust faults
parallel to the Irtysh Shear Zone (red paths). The models to the west of the Fuyun Fault (away from thrusts) show
protracted slow cooling through the APAZ between ~210 Ma and ~80 Ma. The models to the east of the Fuyun
Fault (Keketuohai area, Figure 2) reveal fast cooling through the APAZ between ~100 and 75 Ma. The models
for samples along thrust faults within the Irtysh Shear Zone (Figure 2) display the youngest but variable thermal
histories. The majority of samples in this group enter the APAZ at ~75 Ma followed by either fast cooling through
the APAZ (AT-04 and AT-15) or an initial phase of fast cooling, followed by more protracted cooling with an
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Figure 4. Summary of the “expected” QTQt thermal history models for this study. Red models correspond to samples taken in close vicinity to WNW-ESE striking
thrust faults and show the youngest thermal histories of the study area. Orange models group samples taken to the NE of the Fuyun Fault, which show consistent
thermal histories with rapid Late Cretaceous cooling. The blue models represent the thermal histories at lower relief and away from major structures. Dashed models are
based on less than 50 confined fission track lengths and should therefore only be taken into consideration with other models from the same group. Detailed models can
be accessed in Supporting Information S1.

exit out of the APAZ at ~40 Ma (AT-03). The model for AT-09 is poorly constrained and shows more protracted
cooling that correlates with the model for AT-03 in the upper APAZ.

In summary, the AFT data reveal evidence for rapid cooling at ~100-75 Ma for samples taken to the northeast of
the Fuyun Fault. In clear contrast is the obtained protracted slow cooling history to the west of the Fuyun Fault
and away from major thrust faults, which suggests that the Fuyun Fault facilitated differential exhumation during
the Late Cretaceous. Samples taken along WNW-ESE striking thrust faults in the Irtysh Shear Zone have broader
length distributions and display more complex thermal histories with partial preservation of middle to Late Creta-
ceous cooling and subtle evidence for a subsequent younger thermal event.

6. Discussion
6.1. Late Permian Metamorphism and Middle-Late Jurassic High-Temperature Metasomatism

The Chinese Altai has been strongly deformed on multiple occasions throughout its history. The metamorphic
history recorded in the Irtysh Shear Zone has been well documented by previous studies (Briggs et al., 2007, 2009;
Li, Sun, et al., 2015; Li, Yuan, et al., 2015), revealing a record of Permian—Triassic metamorphism and defor-
mation. Here, we use the apatite record to expand our understanding of the deformation history. Abundant late
Permian (~260 Ma) and Middle-Late Jurassic (~170-160 Ma) AUPb ages were obtained which are younger
than the corresponding zircon ages (Figure 3a). Trace element data further indicate that these apatites do not
record primary igneous compositions but rather recrystallized during metamorphism or grew in an associated
fluid, where other phases were competing for LREEs (e.g., Glorie, Jepson, et al., 2019). The youngest AUPb
ages are of particular interest as they were obtained in close vicinity to the Keketuohai mineralized area (mined
for Au-Cu-Pb-Zn-rare metals) (Liu et al., 2014; Xue et al., 2016; Zheng et al., 2017). The youngest widespread
igneous rocks in this area are mostly pegmatites associated with the Alear granite and are dated by ZUPb to be
~212-210 Ma old (Table 1), consistent with previous constraints (Liu & Han, 2019). However, the sampled Devo-
nian, Permian and Late Triassic granites in the Keketuohai area show a record of resetting to an AUPb minimum
age of ~170-160 Ma (Figure 3), which corresponds to the timing of hydrothermal activity (Zhou et al., 2015).

In more detail, the trace element geochemistry for the samples with the youngest (<180 Ma) AUPb ages in this study
correspond closely to those recording post-orogenic fluid alteration in the Uzbek Tian Shan (dotted outlined field
in Figure 3c, based on data from Glorie, Jepson, et al. (2019), displayed in Supporting Information S1). Further-
more, the primitive-mantle normalized La/Sm versus Ce/YDb plot shows that the trace-element geochemical signa-
tures for the <180 Ma apatite samples in this study are comparable to those for apatite samples from orogenic Au
deposits in British Columbia (dotted outlined field in Figure 3d, based on data from Mao et al. (2016)). Hence, we
suggest the ~170—160 Ma apatite ages record a metasomatic event that affected the Keketuohai mineralized area.
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Figure 5. (a) Mean confined AFT length versus AFT age “boomerang” plot (cfr. Gallagher et al., 1998; Green et al., 1986), revealing that the ~100-75 Ma AFT ages

correspond to >13.5 pm mean track lengths, indicative of a rapid cooling event. (b) AFT age versus elevation plot, revealing that samples at the highest elevations only
record ~100-75 Ma cooling ages. Numbered symbols in both plots correspond to data from this study (with the numbers referring to the sample numbers). Other data

were taken from Glorie, De Grave, Buslov, et al. (2012), Glorie, De Grave, Delvaux, et al. (2012), Pullen et al. (2020), and Yuan et al. (2006).

In support of this interpretation, Zhou et al. (2015) report ZUPb ages of ~175-172 Ma for the “No. 3 pegmatite”
in the Keketuohai area, which are interpreted as the timing of the final hydrothermal stage of the deposit. This
interpreted metasomatic event is synchronous with widespread Triassic—Jurassic anorogenic magmatism within
the Altai (Liu & Han, 2019; Wang et al., 2014), including Early-Middle Jurassic (~195-172 Ma) Li and rare
metal bearing pegmatites in the Keketuohai area (Zhou et al., 2015). While the fluid source of this metasomatic
event is yet to be fully established, magmatic fluids associated with Triassic—Jurassic intrusions in the Altai
provide a plausible origin of metasomatizing fluids.

Briggs et al. (2009) reported a range of K-feldspar and mica Ar-Ar ages for the Fuyun area, spanning between
the late Permian to Early Cretaceous (~150-140 Ma). These are interpreted as indicative of a prolonged period
of cooling associated with regional exhumation. The <160 Ma cooling ages were interpreted in the context
of a contractional reactivation event. Of particular interest is the reported biotite Ar-Ar weighted mean age of
~156 Ma near the Keketuohai mineralized area, on the east side of the Fuyun Fault, which corresponds within
uncertainty to our youngest AUPb age for this area. Hence, the reported ~160-140 Ma Ar-Ar ages in Briggs
et al. (2009) could be interpreted as cooling ages after metasomatism.

6.2. Late Cretaceous Exhumation of the Chinese Altai

Following a period of Middle—Late Jurassic fluid alteration, apatite fission track data suggest that the Fuyun area
underwent rapid cooling during the mid-to Late Cretaceous (~100-75 Ma). Figure 5 presents an apatite fission
track age versus mean length “boomerang plot” (cfr. Gallagher et al., 1998; Green et al., 1986), which aims to inter-
pret the significance of the newly obtained AFT data in a more regional context for the Chinese Altai. Commonly,
samples yielding shorter (<13.5 pm) mean track lengths are indicative of extensive residence with in the APAZ,
while samples with long track lengths have moved through the APAZ more rapidly, often due to a tectonic influ-
ence. Here, we plot our data versus a compilation of available AFT data for the Chinese Altai using results from
Glorie, De Grave, Buslov, et al. (2012), Glorie, De Grave, Delvaux, et al. (2012), Pullen et al. (2020), and Yuan
et al. (2006). The resulting plot shows a systematic trend for all study areas, indicating a significant rapid cooling
event at ~100-75 Ma, consistent with thermal history models. In more detail, samples producing AFT ages older
than ~100 Ma are associated with relatively short (<13.5 pm) mean track lengths and represent largely mixed
APAZ AFT ages that span between the timing of interpreted Middle—Late Jurassic fluid alteration and a tectonic
event that induced rapid cooling since ~100 Ma. In addition, the samples from this study as well as other studies
in the Chinese Altai reveal a secondary trend of decreasing mean track length values with decreasing age since
~90 Ma. Samples with AFT ages younger than ~75 Ma are again associated with lower mean track values and
broader fission track distributions, suggesting that they are likely partially reset by a younger, Cenozoic event.
However, the available data cannot constrain the timing of this younger event. Hence, the <75 Ma AFT ages are
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Figure 6. Digital elevation model for the Altai with indication of AFT samples from this study and published studies

(De Grave et al., 2008; Glorie, De Grave, Buslov, et al., 2012; Pullen et al., 2020; Yuan et al., 2006). Samples are color-coded
as in Figure 2. Major faults are displayed following structural maps from Yuan et al. (2006), Cunningham (2007), Glorie,

De Grave, Buslov, et al. (2012), Li, Sun, et al. (2015) and references therein. The inferred faults in the northwestern Chinese
Tian Shan were drawn after Liu et al. (2012). *Thrust faults displayed in red are interpreted to be reactivated during the
Cenozoic based on the AFT data (<75 Ma AFT age and reduced MTL values; see text for further explanations).

interpreted as mixed apparent ages that record partial preservation of the ~100-75 Ma cooling event and the influ-
ence of a younger event that has only marginally affected the samples at the present-day surface. The age-elevation
plot (cfr. Naeser, 1976; Wagner & Reimer, 1972) reveals a similar trend (Figure 5). At low elevations (<1,500 m), a
range of apparent AFT ages can be observed, reflective of slow cooling. Notably, at higher elevations (>1,500 m),
the AFT ages are exclusively ~100-75 Ma, indicative of a rapid cooling event. As these rapid Late Cretaceous
cooling ages are preserved at high altitude, this suggests that a younger, secondary event must have driven exhu-
mation and that denudation has been limited to preserve the Late Cretaceous AFT ages. Highest elevation samples
within the Altai are from the northern Chinese and Siberian Altai, while topographic relief is more moderate in the
Fuyun area.

Figure 6 displays the spatial distribution of published and new AFT data (ages as symbol colors, MTL values as
gray-scale rims). The ~100-75 Ma ages are indicated in orange and correspond with dark gray symbol rims (high
mean track lengths) throughout the entire Altai. Younger and older AFT ages (red and yellow-green-blue symbol
colors) are generally associated with lower mean track lengths (lighter gray symbol rims). Similar data can be
observed in the westernmost Chinese Altai and across the entire Siberian Altai (southwest and north sections
of Figure 6) in study areas away from the main structural boundaries (De Grave et al., 2008; Glorie, De Grave,
Buslov, et al., 2012; Yuan et al., 2006). Hence, the Cretaceous cooling event can be regarded as a regional event
that affected much of the Altai orogenic system.

In the Fuyun area, contrasting AFT data are evident for either side of the Fuyun Fault (Figure 2). In more detail,
samples taken to the east of the Fuyun Fault, record rapid early Late Cretaceous exhumation (orange symbols
with dark rim), while samples to the west, away from WNW-ESE striking faults associated with the Irtysh Shear
Zone record slowly cooled Late Jurassic—Early Cretaceous thermal histories (yellow-green symbols with light
gray rim). The differential nature of the AFT ages and cooling histories with respect to the Fuyun Fault suggests
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that the Fuyun Fault was active during the Late Cretaceous. As a consequence of this differential uplift, topogra-
phy preserved to the east of the Fuyun Fault is notably higher than observed in the west (Table 1; Figure 2). These
data therefore suggests that strain associated with the Late Cretaceous tectonic event that induced regional exhu-
mation in the Altai was largely accommodated by the Fuyun Fault in the Fuyun area, rather than the Irtysh Shear
Zone. This is in contrast to the Kazakh Altai to the west, where samples taken in close vicinity to the Irtysh Shear
Zone record a fast early Late Cretaceous cooling pulse (~100-80 Ma; Glorie, De Grave, Delvaux, et al., 2012),
suggesting some heterogeneity of reactivation along the Irtysh Shear Zone within the broader Altai.

The timing of formation of the Fuyun Fault itself is not well understood. Lin (1994) observed that the fault
displaces (unspecified) granite intrusions of ~110-80 Ma in age, and therefore suggested that the Fuyun
Fault must be younger than ~110-80 Ma, although the credibility of these granite dates is difficult to assess
without detailed sample location information. These granitic intrusion ages are, however, consistent with
low-temperature thermochronological data presented in this study, which suggest movement of the Fuyun
Fault in the Late Cretaceous, and help define the minimum formation age of this structure. Detailed age
constraints on Mesozoic structures within the Fuyun area are presently scarce, so it is unclear whether the
Fuyun Fault formed during the Cretaceous or if observed differential uplift reflects the reactivation of a
pre-existing structure.

The sedimentary history of the adjacent Junggar Basin suggests that the Late Cretaceous exhumation can
be linked to a period of significant exhumation and denudation. The Junggar Basin accumulated >5 km of
terrestrial sediments during the Mesozoic, including debris flows, alluvial fans, braided rivers and lacustrine
deposits (Wang & Chen, 2004). Additionally, the Ob-Zaisan Basin (Figure 1), which is associated with the
Irtysh Shear Zone to the west of the Fuyun area, records ~6 km of Meso-Cenozoic clastic sediment that
have been linked to the adjacent eroding Altai orogeny (Thomas et al., 2002). Late Cretaceous exhumation is
coeval with a number of far-field tectonic events, however, the precise cause of reactivation within the Altai
is debated. Exhumation is contemporaneous with both collapse of the Mongol-Okhotsk Orogen, to the east of
the study area (Jolivet et al., 2009; Metelkin et al., 2012), and slab rollback in the Tethys Ocean to the south at
~100-80 Ma (Dilek & Furnes, 2009; Glorie, Otasevic, et al., 2019; Ma et al., 2013; Yin et al., 2019), both of
which are plausible drivers of propagation of stress to the continental interior and consequential reactivation
and exhumation. It is, however, unclear from current data the extent to which these events impacted reactivation
within the Altai.

6.3. Cenozoic Reactivation in the Altai

As discussed above, the age versus mean track length plot (Figure 5) predicts that some samples record partial reset
of the AFT clock, after the Late Cretaceous. Figure 6 reveals that these samples correspond to locations along the
main E-W and SE-NW frontal thrust systems in both the Chinese and Siberian Altai (indicated in red on Figure 6).
In more detail, the combined data-set dates Cenozoic activity along mapped thrust faults within the Irtysh Shear
Zone (and inferred equivalents based on topographic continuations) as well as thrusts to the south at the very edge
of the Junggar Basin, where the Altai is overriding the Junggar margin (Figure 6). Within Siberia, the data predicts
that the fault system that runs from the Barnaul Basin to the Chuya Basin (which records recent seismic activity
in places (e.g., Novikov et al., 2008)) was active in the Cenozoic as well. These faults are structures that formed
during the amalgamation of the Central Asian Orogenic Belt that were reactivated during the far-field effects of
Cenozoic distal tectonic events (De Grave et al., 2007; Glorie & De Grave, 2016). While the presented AFT data
do not allow for resolution of the timing of Cenozoic fault displacement, the data set provides evidence for partial
resetting along those faults. We suggest that the Cenozoic thrusts induced associated exhumation to a level where
the Cretaceous cooling signal is now preserved in the highest peaks of the Altai, but where the Cenozoic imprint
has not made it to the present-day surface. This can be explained by a scenario where denudation has not caught up
with exhumation as typically observed in recent thrust systems (e.g., Glorie & De Grave, 2016; Jolivet, 2017) and
relatively arid landscapes (e.g., Charreau et al., 2017; Pullen et al., 2020). In absence of other testable alternatives,
we speculate that the driver for Cenozoic reactivation is related to the far-field India-Eurasia collision, similar as
discussed in previous literature (De Grave et al., 2007; Glorie, De Grave, Buslov, et al., 2012).
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7. Conclusions

Based on the apatite U-Pb, fission track and trace element geochemistry results from this study, in combination
with previous studies, the following conclusions can be made for the Mesozoic—Cenozoic thermal history of the
Altai:

1. Following granite emplacement during the Triassic, the Fuyun area records a period of metasomatism
during the Jurassic. The youngest apatite U-Pb dates in this study (~170-160 Ma) are preserved in the
Keketuohai area and correspond with the timing of the hydrothermal stage of pegmatitic rare-metal
mineralization.

2. More regionally, the Jurassic is characterized by slow low-temperature cooling rates, as preserved in the ther-
mal history profiles in low-relief areas of the Altai.

3. Areas with more significant relief record a regional pulse of early Late Cretaceous (~100-75 Ma) rapid
cooling throughout the Altai. This cooling event corresponds with km-scale deposition of coarse sediments
in adjacent basins, such as the Junggar Basin, and is therefore interpreted as a regional event of exhumation
and denudation-driven cooling. The tectonic driver responsible for this cooling pulse is debated, but may
be linked to the collapse of the Mongol-Okhotsk Orogen to the east, or to extensional tectonics related with
slab-rollback in the distant Tethys Ocean to the south.

4. Samples taken near the frontal thrusts of the Altai show evidence for partial resetting of the fission track clock
during the Cenozoic. However, since denudation has not caught up with exhumation along these structures,
the timing of this Cenozoic reactivation event cannot be determined using outcrop samples.

Data Availability Statement

Original data generated from this study are openly available on the Figshare database (Supporting Informa-
tion S2 https://doi.org/10.25909/21590265; Supporting Information S3 https://doi.org/10.25909/21590286;
Supporting Information S4 https://doi.org/10.25909/21590292; Supporting Information S5 https://doi.
0rg/10.25909/21590310).
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