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ABSTRACT: Voluminous Silurian—Devonian granitoids intruded a greywacke-dominated Ordovician accre-
tionary wedge in the Chinese Altai. These granitoids are characterized by significant Nd-Hf isotopic decou-
pling, the underlying mechanism of which, so far, has been poorly understood. This issue is addressed in this
study by the integration of our new and regional published geological and geochemical data. Geological stud-
ies indicated a close spatial relationship between the regional anatexis of the Ordovician wedge and the for-
mation of the granitoids, which is characterized by a gradual textural evolution from the partial molten Or-
dovician wedge sedimentary rocks (the Habahe Group) to the granitoid bodies. Compositionally, these gran-
itoids and the Ordovician Habahe Group rocks displayed close geochemical similarities, in the form of arc-
like trace elemental signatures as well as comparable Nd isotopic characteristics. Combined with regional
available data, we suggest that the Silurian—Devonian granitoids originated from the immature and chemi-
cally primitive Habahe Group rocks. Since Nd and Hf isotopic data for the Habahe Group rocks show signif-
icant Nd-Hf isotopic decoupling, we propose that the Silurian—Devonian granitoids inherited the Nd and Hf
isotopic signatures from their sources, i.e., the Habahe Group rocks. In other words, the Nd-Hf decoupling in
the Habahe Group rocks is the primary causative factor leading to the prevailing Nd-Hf isotopic decoupling
of the Silurian—Devonian granitoids in the Chinese Altai.
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0 INTRODUCTION

Long-lived radiogenic isotope systems, in particular, those
of neodymium, have proved invaluable tracers of the crustal
evolution on Earth (Vervoort and Patchett, 1996; McCulloch
and Bennett, 1994; Bennett et al., 1993; Galer and Goldstein,
1991; Bowring et al., 1989; Chase and Patchett, 1988; DePaolo
et al., 1982). Compared to the Sm-Nd isotopic system, the Lu-
Hf system displays a larger fractionation of Lu/Hf in planetary
magmatic processes (Salters and Longhi, 1999; Patchett, 1983)
due to the greater sensitivity of Lu-Hf to residual garnet and
accessory minerals during magmatic differentiation (Ionov et
al., 2005) and is less sensitive to metasomatism (Bizimis et al.,
2004), therefore providing a potential fingerprint for crustal
growth history. It has been known for a long time that the Lu-Hf
system closely mirrors the Sm-Nd isotope system during
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magmatic processes (Vervoort et al., 1999; Vervoort and Bli-
chert-Toft, 1999; Vervoort and Patchett, 1996). This has led to a
high degree of correlation between Hf and Nd isotope ratios, also
known as coupled behavior of the Nd-Hf isotopic systems
(Vervoort et al., 1999; Vervoort and Blichert-Toft, 1999;
Vervoort and Patchett, 1996; Patchett, 1983; Patchett and Tatsu-
moto, 1980). While the Sm-Nd and Lu-Hf isotopes behave sim-
ilarly in many geological processes, decoupling between these
two isotopic systems has been increasingly reported worldwide
since the 2000°s (Tang et al., 2012; Yu et al., 2009; lonov et al.,
2005; Bizimis et al., 2004; Schmitz et al., 2004; Schmidberger et
al., 2002). Since then, the underlying mechanism (s) of Nd-Hf
isotopic decoupling has been a subject of many discussions. Var-
ious causes for this Nd-Hf isotopic decoupling have been con-
sidered, including (1) redistribution of isotopic systems related
to metasomatism, high-grade metamorphism and partial melting
(Yu et al., 2009; Wittig et al., 2007; Ionov et al., 2005; Bizimis
et al., 2004; Vervoort et al., 2000, 1999; Scherer et al., 1997,
Vervoort and Patchett, 1996); (2) involvement of garnet in
magma genesis resulting in significant fractionation between
Lu/Hf and Sm/Nd (“garnet effect”, lonov et al., 2005; Schmid-
berger et al., 2002); (3) recycling of sedimentary materials in the
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magma source (“zircon effect”, Patchett et al., 1984). Suggesting
that the mechanism varies from case to case; however, there
seems a consensus that decoupling of the Nd-Hf isotopes can
provide critical clues to decipher the geochemical characteristics
of magma sources and to understand the complexity of the evo-
lution of crust.

The Chinese Altai orogenic belt represents a high-grade
core of the Central Asian orogenic belt (CAOB), which is con-
sidered to be the Earth’s largest area of Phanerozoic crustal
growth (Windley et al., 2007; Sengér et al., 1993). The Chinese
Altai is mainly composed of variably metamorphosed Ordovi-
cian wedge sediments (Jiang et al., 2019, 2017) and voluminous
Silurian-Devonian granitoids that occupy nearly 40% area of the
outcropped area (Zou et al., 1989; Fig. 1). Decoupling of Nd-Hf
isotopic systems in these granitoids has been increasingly noted.
For example, these granitoids have whole-rock ena(f) values
ranging from -4 to +5 (Yu et al., 2017a; Jiang et al., 2016; Liu et
al., 2012; Wang et al., 2009; Chen and Jahn, 2002), while their
zircon enf(?) values are significantly higher, mostly in the range
from +2 to +9 (Cai et al., 2011a, b; Sun et al., 2008). Such de-
coupled isotopic signatures have become problematic since con-
trasting interpretations might be drawn for the mechanism of
crustal evolution. For example, on the basis of generally negative
end(?) values of the local Silurian—Devonian granitoids, some au-
thors envisaged that the Chinese Altai had a Precambrian conti-
nental basement (Wang et al., 2009). On the other hand, the pre-
vailing positive zircon eni(f) values of these granitoids led many
to suggest that the crust in the region is juvenile (Cai et al.,
2011a; Sun et al., 2008). The latter is further advocated by the

findings that most detrital zircons (more than 70%) from the
metasedimentary rocks have positive euf(f) values, implying the
existence of a large volume of young and geochemically primi-
tive component (Jiang et al., 2017,2016, 2011; Long et al., 2008,
2007; Sun et al., 2008).

Thus far, our knowledge of the Nd-Hf isotopic decoupling
in the Chinese Altai still remains rather fragmented. Yu et al.
(2017a, b) proposed that the observed isotopic decoupling in the
granitoids was inherited from the arc magma, which was ex-
tracted from the lithospheric mantle where Nd was selectively
enriched over Hf due to metasomatism in the mantle wedge. This
may be the case for the subordinate hornblende-bearing I-type
granitoids. Apart from these I-type granitoids, a large volume of
granitoids are peraluminous which were recently considered as
typical Circum-Pacific S-type granitoids and to be originated
from regional-scale anatexis of the local chemically immature
Ordovician wedge sediments (Jiang et al., 2016). The possibility
as to whether the Nd-Hf isotopic decoupling of these granitoids
reflects the nature of the source rocks is worth further investiga-
tion.

In this study, new and published geological, geochemical, Nd
and Hf isotopic characteristics of the metasedimentary rocks of the
Ordovician wedge as well as the regional Silurian—Devonian gran-
itoids in the Chinese Altai are integrated. The expanded database
may allow us to compare the chemical similarities between the
sedimentary rocks and the granitoids. Our data suggest that the
pervasive Nd-Hf decoupling in the Silurian—Devonian granitoids
is inherited from their crustal magma source, i.e., Ordovician
wedge sediments.
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Figure 1. (a) Geological map of the Chinese Altai and (b) geological map of the NW Chinese and western Mongolian tract of the CAOB (after Jiang et al., 2016).
Geochronological data: a. Cai et al., 2011a; b. Sun et al., 2009; c. Yuan et al., 2007; d. Cai et al., 2011b; e. Wang et al., 2006; f. Zhang et al., 2017; g. Tong et al.,
2007; h. Song et al., 2017; I. Shi et al., 2015; j. Zheng et al., 2016; k. Zhang et al., 2016.
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1 GEOLOGICAL SETTING

The central Asian orogenic belt extends from the Urals in
the west to the Pacific in the east and from the Siberian cratons
in the north to the North China and Tarim cratons in the south
(Windley et al., 2007; Jahn et al., 2000; Sengér et al., 1993, Fig.
1). It is one of the largest and most complex accretionary col-
lages in the world and contributes substantially to the enlarge-
ment of the Asian continent by subduction and accretion of ju-
venile materials from the Neoproterozoic to the Late Paleozoic
(Windley et al., 2007; Sengor et al., 1993). This giant orogenic
system consists of magmatic arcs, ophiolites, accretionary
wedges, passive margins, and microcontinents (Wilhem et al.,
2012; Sengor et al., 1993). Controversies are centered on its tec-
tonic evolution, and two major competing tectonic models were
proposed: long-lived subduction and oroclinal bending of a sin-
gle arc (Sengdr and Natal’in, 1996; Sengor et al., 1993) versus
amalgamation of multiple terranes, similar to the geology of the
modern SW Pacific (Xiao et al., 2010, 2009, 2004; Windley et
al., 2007, 2002). The Altai orogenic belt mainly consists of a
thick low-grade greenschist- to amphibolite-facies Late Cam-
brian to Ordovician meta-volcano-sedimentary succession, lo-
cated in the hinterland of the CAOB (Safonova et al., 2009; Ba-
darch et al., 2002, Fig. 1). The sedimentary succession extends
for about 2 000 km, from Mongolia, through China to Kazakh-
stan and Russia, and is irregularly covered by the Silurian basalt,
tuff, and siliciclastic sediments (Jiang et al., 2017; Xiao et al.,
2009), which has recently been considered as a giant Early
Paleozoic accretionary wedge along the active margin of Mon-
golian continental blocks (Jiang et al., 2017; Long et al., 2010,
2007; Xiao et al., 2010, 2009, 2004; Windley et al., 2002; Fig.
1). Its Chinese segment, namely the Chinese Altai, is composed
of a greywacke-dominant Ordovician wedge sedimentary se-
quence and Devonian turbiditic to clastic sedimentary se-
quences, alternating with NW-SE trending elongated magmatite-
migmatite domes (Broussolle et al., 2019; Jiang et al., 2019,
2015; Xiao et al., 2009). The Chinese Altai is separated from the
southern Junggar arc domain that is composed of folded and
weakly metamorphosed Silurian—Carboniferous ocean floor sed-
iments and volcanic rocks by the Erqis fault zone (Li et al., 2015;
Zhang et al., 2012; Xiao et al., 2009; Windley et al., 2002). Here,
we summarize the available petrological, geochronological and
geochemical data on the Ordovician sedimentary sequences and
the Silurian—Devonian granitoids of the Chinese Altai in the fol-
lowing text for further study.

1.1 Ordovician Sedimentary Sequence of the Habahe Group

The Ordovician sedimentary sequence represents the oldest
and most extensive lithological unit in the region, which consti-
tutes the basement of the Chinese Altai, namely the Habahe
Group. This sequence is mainly comprised of terrigenous-clastic
components associated with subordinate volcanogenic compo-
nents including volcanoclastic rocks, tuffaceous sediments, and
volcanic rocks (Jiang et al., 2017; Xiao et al., 2009; Windley et
al., 2002). The terrigenous sedimentary components display chem-
ically immature signatures and are compositionally similar to
those sediments deposited in active continental margins (see also
Jiang et al., 2016; Long et al., 2008; Fig. 2). The trace element
characteristics of these terrigenous sediments, resemble those of

the Pacific trench sediments but show lower concentrations of
large-ion lithophile elements (LILEs) (Rb, Sr, Ba, Th, U and Pb)
and high field strength elements (HFSEs) (Zr, Hf, Nb and Ta) than
the mature post-Archean Australian shale (PAAS) (Jiang et al.,
2016). The volcanogenic rocks are characterized by intermediate-
basic interbedding layers or admixtures in the quartz-feldspar
dominant terrigenous components (Fig. 3a). These intermediate-
basic components display sub-parallel REE patterns with enrich-
ment in LREE (Lan/Ybn=2.06-6.99), flat HREE (Gdn/Ybn=1.66—
2.09) and weak negative Eu anomalies, on a primitive mantle
(PM)-normalized variation diagram (Huang et al., 2018). The
volcanogenic components also show enrichment in LILEs and
pronounced negative Sr, Nb, Ta and Ti anomalies, similar to
those of the terrigenous components (Huang et al., 2018).

There have been extensive discussions regarding the prove-
nance of the Habahe Group during the last two decades (Sun et
al., 2009; Long et al., 2008, 2007, Windley et al., 2002). The
whole-rock Nd-Sr isotopic compositions as well as the Protero-
zoic Nd model ages (72pm: 1.5-1.8 Ga) once led many to think
that the Habahe Group is mostly comprised of the evolved conti-
nental materials (Chen and Jahn, 2002). Later on, detrital zircon
U-Pb data from this sedimentary sequence showed prominent ca.
540-460 Ma ages with subordinate Neoproterozoic and rare pre-
Neoproterozoic ones (Broussolle et al., 2019; Jiang et al., 2011;
Long et al., 2007), indicating the significance of Ordovician com-
ponents. Zircon Hf isotopic data of the Habahe Group showed
that more than 70% had positive enf(?) values, suggesting input of
abundant young and geochemically primitive components (Cai et
al., 2011a). These new findings support the interpretation that the
Habahe Group rocks probably represent detritus deposited in an
active margin setting with significant volcanic input (Jiang et al.,
2016; Long et al., 2008). It is also revealed that the Early Paleo-
zoic zircons are euhedral and displayed oscillatory zoning, in con-
trast to the Precambrian ones that are generally rounded with
complicated magmatic-metamorphic internal structures (Jiang et
al., 2011; Sun et al., 2008; Long et al., 2007). These features sug-
gest that the detritus of the Habahe Group is mainly derived from
both the nearby Early Paleozoic arc-proximal sources with minor
contributions from perhaps more distant Precambrian continental
sources (Jiang et al., 2017).

Recently, an ~1 800 km long Cambro—Ordovician Ikh-
Mongol arc system was identified by Janousek et al. (2018) to the
northeast of the Altai. The related arc magmatism was found to
rework the accreted Neoproterozoic island arc of the Lake Zone
and the Precambrian blocks in western Mongolia. Further study
by Jiang et al. (2017) showed that the published detrital zircon
age patterns of the Habahe Group resembled the ages of the
Neoproterozoic—Early Paleozoic arc-related rocks in the Lake
Zone and its adjacent Precambrian blocks to the west. This is in
line with the view that the Habahe Group and its equivalents rep-
resent a huge accretionary wedge riming the active margin of the
Mongolian Precambrian blocks (Jiang et al., 2017; Xiao et al.,
2009). The Altai wedge reworked by extensive magmatism and
metamorphism during the Devonian orogeny (Broussolle et al.,
2018; Jiang et al., 2010; Wang et al., 2006). Recent petrological
observations and thermodynamic modelling indicated that the
Habahe Group was buried to a depth of 30 km or more, and, de-
veloped Barrovian-type metamorphism during the early phase of
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the orogeny (Jiang et al., 2016, 2015; Wei et al., 2007). It was also
indicated that the crust of the Chinese Altai was affected by high-
temperature metamorphism associated with the Devonian litho-
spheric extension, marked by a high field geothermal gradient
about 30 °C/km (Jiang et al., 2019, 2010; Li et al., 2014, Figs. 3c,
3d). This tectono-thermal event gave rise to the regional-scale ana-
texis of the Habahe Group at a temperature range of 700—1 000 °C
(Jiang et al., 2015; Li et al., 2014; Wei et al., 2007). Recent studies
revealed that detrital zircons from the terrigenous components of
the Habahe Group had enf(f) values ranging from -21.3 to +13.5,
mostly -8.1 to 6.8 and end(?) ranging from -0.3 to -5.9, mostly -5.5
to -2.5 (Jiang et al., 2016, 2011; Long et al., 2012, 2010, 2007; Sun
et al., 2008; Chen and Jahn, 2002; Hu et al., 2000).

1.2 Silurian-Devonian Granitoids
Voluminous Silurian—Devonian granitoids intruded into the
Ordovician Habahe Group and occupy more than 40% of the map
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surface of the Chinese Altai (Zou et al., 1989, Fig. 1). These gran-
itoids formed a series of isolated circular or elongate bodies in con-
trast to the Late Paleozoic granitoids which are spatially concen-
trated along the southern flank of the Chinese Altai (Fig. 1). In the
following text, detailed geochronological and geochemical fea-
tures of the Silurian—Devonian granitoids are summarized.

Recent geochronological studies indicate the Silurian—
Devonian granitoids have crystallization U-Pb zircon ages rang-
ing from 420 to 370 Ma, with a prominent peak at around 400—
390 Ma (Cai et al., 2011b), coeval with the high-temperature
anatexis in the region (Broussolle et al., 2019; Jiang et al., 2010).
Inherited zircons of these granitoids are marked by a high pro-
portion of ~500 Ma grains, which is comparable with detrital zir-
con age patterns of the Ordovician Habahe Group metasediments
that are characterized by Early Paleozoic ages, predominantly
peaked at 500 Ma (Broussolle et al., 2019; Jiang et al., 2017,
2011; Sun et al., 2008).
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Figure 3. (a) Field photograph showing the terrigenous and volcanogenic components of the Habahe Group; (b) sillimanite and garnet as peritectic minerals; (c)

and (d) geothermal gradients and published P-T paths for peak metamorphic assemblages of the two different Paleozoic metamorphic events (after Jiang et al.,
2016): (c) Early Paleozoic burying; (d) Middle Paleozoic heating. Published data of P-T conditions are presented in Table S2.

The Silurian—Devonian granitoids in the Chinese Altai are
mainly granodiorites to granites, more than 85% of them are
biotite-bearing granodiorites and granites and the remaining 15%
are hornblende-bearing granodiorites and tonalites (Huang et al.,
2018; Jiang et al., 2016). The first group granitoids have moderate
to high SiO2 contents (65.20 wt.%—81.60 wt.%), moderate total
alkalis (Na20+K20, 4.27 wt.%—8.60 wt.%), and high Al.Os3 con-
tents (10.0 wt.%—16.7 wt.%) (Shi et al., 2015; Cai et al., 2011a;
Sun et al., 2008; Tong et al., 2007; Yuan et al., 2007; Wang et al.,
2006; Chen and Jahn, 2002, Figs. 2d, 2e, Table S1). They have
calc-alkaline, predominantly peraluminous compositions (Figs.
2d, 2e). They show differentiated REE patterns, and are enriched
in LILE and depleted in HFSE (especially Ta, Nb and Ti), closely
resembling the patterns of the Habahe Group metasediments and
considered to be S-type granitoids (see also Jiang et al., 2016; Cai
et al., 2011a; Yuan et al., 2007; Wang et al., 2006, Fig. 2f). The
remaining subordinate hornblende-granodiorites and tonalites
have moderate-high SiO2 (56.80 wt.%—76.08 wt.%), moderate to-
tal alkalis (3.65 wt.%—7.84 wt.%), and high ALO3 (11.25 wt.%—
17.10 wt.%). They are generally peraluminous to metaluminous
and classically considered as “I-type” granitoids (Yu et al., 2017b).
However, our recent study pointed out that these so-called “I-type”
granitoids could be derived from the partial melting of the vol-
canogenic components of the Habahe Group and previously in-
ferred significant extraction of source magma from the mantle is
unnecessary (Huang et al., 2018).

A large variation of zircon enr(¢) values (-7.0 to +9.0) and
generally negative whole-rock end(?) values (-4.2 to +4.8) were
reported from the bulk granitoids (Zhang and Wang, 2017; Wang
et al., 2009; Yuan et al., 2007; Chen and Jahn, 2002).

2 FIELD RELATIONSHIPS

Most of the Silurian-Devonian granitoids are associated with
migmatites that structurally correspond to partially molten Habahe
Group rocks (Jiang et al., 2019). It is quite often that granitoids
and migmatites form composite migmatite-magmatite domes in
the region (Fig. 4a). There is no clear boundary between the gran-
itoids and the migmatites, but, in general, the granitoids center the
domes and the migmatites show inward textural evolution of mig-
matite types from ophthalmitic gneiss, through stromatites to neb-
ulites (see also Jiang et al., 2019, 2015; Figs. 4a—4f). The migma-
tites are characterized by a granulite-facies mineral assemblage of
granet-+sillimanite+K-feldspar+cordierite (Fig. 3b), but relics of
an early phase Barrovian-type metamorphic assemblage, such as
kyanitetstaurolite, are locally present (Jiang et al., 2019, 2016,
2015). These petrological observations imply that the Habahe
metasediments were buried to deep crustal levels where they
thereby underwent extensive anatexis (Figs. 3¢, 3d). This is con-
sistent with the notion that the Silurian—Devonian migmatite-
magmatite composite complexes are considered as the exhumed
Chinese Altai orogenic lower crust (Jiang et al., 2019, 2016;
Broussolle et al., 2018).



Nd-Hf Isotopic Decoupling of the Silurian—Devonian Granitoids in the Chinese Altai 107

(a)SW

(ll(‘m\l
Y

| ”(\ ‘r’l)\\ \
S J"JHIO 'y n\‘-\\\ \

Devonian
clastics sediments melt E

=

Ordovician Initial ‘u Stromatic
2 Imetatexite

Schlleren
dxatexlte -Gmmtmd 0 1 km

Schollen
diatcxite
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3 Nd ISOTOPIC CHARACTERISTICS: SAMPLING,
METHODS AND RESULTS

In this section, Nd isotopic signatures from both the Habahe
Group metasediments and the Silurian-Devonian granitoids are
investigated. Four samples from Habahe terrigenous components
(sandstone and siltstone), three from migmatites and another four
from granitoids were collected (Figs. 3, 4). The terrigenous sam-
ples (17CA90-1, 17CA90-2, 17CA125-1 and 17CA125-2) are
mainly comprised of grainy quartz (70 vol.%), plagioclase (20
vol.%) and some fine clay minerals (10 vol.%). Volcanogenic
components are locally present in the form of actinolite/amphi-
bole rich interbedded or admixture layers (Fig. 3a; Huang et al.,
2018). The other three migmatite samples 16CA31, 16CA33 and
17BC26 are comprised of quartz (60 vol.%), plagioclase (30

vol.%) and biotite (10 vol.%) with accessory sillimanite and gar-
net (Fig. 3b). The 3 granite samples 16CA30, 17BC29 and
17BC34 are comprised of quartz (50 vol.%), plagioclase (30
vol.%), mica (15 vol.%) and minor garnets. The GPS coordinates
and the general descriptions of samples are included in Table 1.

The experiments of Nd isotope measurements were per-
formed at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry (SKLIG-GIG), on a micro-
mass isoprobe multi-collector mass spectrometer (MC-ICP-MS),
following the procedures described by Li et al. (2004). Measured
5Nd/'*4Nd ratios were normalized to '“Nd/'**Nd=0.721 9. The
145Nd/'*Nd ratio of the BCR-2 standard measured during this
study was 0.512 628+15 (20). The Nd isotopes results are pre-
sented in Table 1.
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The Nd isotopic analysis of terrigenous samples from this
study gave end(400 Ma) values varying from -4.2 to -2.7, and
two-stage depleted mantle model ages (72pm) ranging from 1.5
to 1.4 Ga (Figs. 5a, 5b). Migmatite samples from this study have
almost the same Nd isotopic characteristics as the Habahe Group
terrigenous samples, with ena(400 Ma) and T>pm values varying
from -4.3 to -2.2, and from 1.5 to 1.4 Ga, respectively (Fig. Sa).
This is consistent with the suggestion that the protoliths of the
migmatites are indeed the Habahe Group rocks (Jiang et al.,
2015). The ena(400 Ma) values of granites vary from -1.9 to 0,
slightly more radiogenic than Habahe terrigenous samples, and
the T2pm varies from 1.1 to 1.3 Ga.

Published Nd isotopic data, including both terrigenous and
volcanogenic components of the Habahe Group as well as from
Silurian—Devonian granitoids from the Chinese Altai were col-
lected for further comparison. Interestingly, the ena(400 Ma) val-
ues of 34 datasets of the Habahe Group terrigenous components
vary from -5.5 to -2.5 (mostly negative, Fig. 5a, Table S3), a
range overlapping with, or somewhat less radiogenic than, most
local granitoids. In contrast, the end(400 Ma) dataset of the
Habahe volcanogenic components are in a range of +4.1 to +9.1,
chemically more primitive than the granitoids. Similarly, the
T>pm values of the granitoids are mostly 1.4-1.0 Ga, exactly fall-
ing in the gap between those of the Habahe Group terrigenous
and volcanogenic components (Fig. 5b). It is obvious that the Nd
isotopic signatures of nearly all granitoids can be attained by
mixing in the source of terrigenous and volcanogenic components
in various proportions, supporting the view that the Habahe
Group rocks could potentially be the source of the local Silurian—
Devonian granitoids, as discussed in the following section.

4 DISCUSSION
4.1 Silurian—Devonian Granitoids:
Habahe Group

The Silurian—Devonian granitoids in the Chinese Altai were
classically interpreted as a product of arc magmatism, on the ba-
sis of their arc-like geochemical characteristics, such as depleted
HFSE and enriched LILE on the N-MORB normalized spider-
gram (Cai et al., 2010; Yuan et al., 2007; Wang et al., 2006). The
related magmatic arc was thought to be a continental-type arc

Recycling of the

since an old Precambrian basement was believed to exist in the
region (Tong et al., 2007; Wang et al., 2006). However, this idea
is not supported by recent findings that have reinterpreted the so-
called “continental block” of the Chinese Altai as a variably met-
amorphosed accretionary wedge without any pieces of continen-
tal basement (Jiang et al., 2017, 2011; Xiao et al., 2009; Long et
al., 2008; Sun et al., 2008). It is therefore highly speculative re-
garding the proposed whole petrogenetic model of the granit-
oids.

Alternatively, the geochemical features of the granitoids
could be inherited from magmatic recycling of geochemically
immature wedge sediments, i.e., the Habahe Group. This sce-
nario has been emphasized by recent studies where geochemical
similarities were found between granitoids and the Habahe
Group rocks (Huang et al., 2018; Jiang et al., 2016; Liu et al.,
2012). As shown in Figs. 6a, 6b, the bulk of the Silurian—
Devonian granitoids in the Chinese Altai are compositionally
comparable to partial melts derived from immature sediments
dominated by metagreywackes, with subordinate contribution
from intermediate-to-mafic source, but only a few resemble the
compositions of pelite-derived melts as well as the Himalayan
peraluminous granites. It is worth noting that the Habahe Group
is mainly constituted by greywacke and intermediate-mafic vol-
canogenic components (Jiang et al., 2017, 2016). In addition,
partial melts derived from immature sediments, i.e., the Habahe
Group in this case, would tend to have higher Rb/Sr and Rb/Ba
ratios than their source, since greywacke-like sediments contain
large amounts of plagioclase and, Sr and Ba are compatible in
plagioclase while Rb is incompatible (Sylvester, 1998; Harris
and Inger, 1992). This is consistent with the fact that the local
Silurian—Devonian granitoids have systematically higher Rb/Sr
and Rb/Ba ratios than their prospective sources, i.e., the Habahe
Group (Fig. 6b). Such a scenario is also supported by similar
isotopic compositions between the granitoids and the Habahe
Group (Huang et al., 2018; Jiang et al., 2016; Figs. 6¢, 6d).
Furthermore, recent studies demonstrated that zircons from the
Silurian-Devonian granitoids have high 380 values (from
+8.49%o to +13.82%o), much higher than the mantle value of
5.3%0%0.3%o0 (Zhang et al., 2019; Kong et al., 2018), suggesting
reworking of crustal material in the magma source.

Table 1 Nd isotope of the Habahe Group rocks and Silurian—Devonian granitoids in Chinese Altai (CA)

Sample Lithology Location Sm (ppm) Nd (ppm) 'YSm/'Nd *Nd/'*Nd +£2¢ ("®Nd/'"Nd), exa(®) Tom(Ga) Topm (Ga) fsmna
17CA90-1 Sandstone 48°2724.35"N, 87°10'9.61"E 4.2 249 0.101 6 0.512232 11 0511966 -3.1 1.2 1.4 -0.5
17CA90-2 Sandstone 48°27'24.35"N, 87°10'9.61"E 5.7 39.0 0.088 9 0512218 7 0.511985 -2.7 1.1 1.4 -0.5
17CA125-1 Siltstone 47°49'56.07"N, 88°3'3.96"E 5.6 27.0 0.1255 0.512238 7 0.511909 -4.2 1.6 L.5 -0.4
17CA125-2 Siltstone 47°49'56.07"N, 88°3'3.96"E 5.8 26.5 0.1329 0.512281 7 0.511933 -3.7 1.6 1.4 -0.3
17BC26 ~ Migmatite 48°3'44.30"N, 86°58'29.50"E 4.0 20.8 0.116 6 0.512258 8 0511953 -33 1.4 1.4 -0.4
16CA33  Migmatite 48°3'34.79"N, 87°0'18.45"E 5.1 26.2 0.1189 0512214 9 0.511903 -43 1.5 1.5 -0.4
16CA31 Migmatite 48°5'3.32"N, 87° 3'56.42"E 4.9 243 0.1212 0.512329 8 0.512012 -2.2 1.4 1.3 -0.4
16CA30  Grt-granites 48°528.70"N, 87° 5'2.39"E 4.0 19.7 0.124 0 0.512429 7 0512104 -04 1.2 1.2 -0.4
17BC29 Granites  48°6'5.40"N, 87° 2'36.60"E 2.1 11.6 0.1115 0512417 7 0512125 0.0 1.1 1.1 -0.4
17BC34 Granites  48°3'34.84"N, 87°4'7.60"E 11.1 51.3 0.1310 0.512367 6 0.512024 -1.9 1.4 1.3 -0.3
7Sm/'"*Nd ~ are  calculated  using  wholetock Sm  and Nd  contents;  (**Nd/'*¥Nd)=('*Nd/'*Nd)s—('"“’Sm/ “Nd)sx(e’S™*-1);

end@=[(**Nd/'*Nd)s/(1**Nd/"**Nd)cpur—1]%10 000; in the calculation, (**Nd/*Nd)cyur=0.512 638; (*’Sm/"*Nd)cyr=0.196 7; Asm=6.54x10"; where S,

CHUR are the sample and chondritic uniform reservoir; ¢ is using the age of 400 Ma, because the initial "*Nd/'*/Nd ratios, exa(?) values and model ages of the

Habahe rocks with those of magmatic rocks in the region, which have predominant ca. 400 Ma emplacement ages.
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In addition, lines of geological evidence support the mag-
matic recycling of the Habahe Group rocks: (1) metamorphic
petrological features indicated that these rocks were buried into
deep crustal levels and re-equilibrated during high-temperature
metamorphism (Jiang et al., 2019, 2016, 2015); and (2) partial
melting of Habahe Group rocks has shown gradual textural evo-
lution evolving from ophthalmitic gneiss, though stromatites,
nebulites to granitoid bodies (Fig. 4). Recent pseudosection
modelling shows that partial melting of the Habahe Group sedi-
ments at regional attainable P-T conditions could have produced
a large number of melts that show a good chemical match, in
terms of major element contents and trace element patterns, with
those of the local granitoids (see also Huang et al., 2018; Jiang
etal., 2016, Figs. 6¢c, 6d); All these features have provided strong
evidence that the Silurian—Devonian granitoids have originated
from the magmatic recycling of the young, immature and chem-
ically primitive Habahe rocks.

4.2 Nd-Hf Decoupling of the Habahe Group Rocks and
Silurian—Devonian Granitoids

As mentioned above, decoupling between Nd and Hf iso-
topic systems of the Silurian-Devonian granitoids has resulted
in hot debates on the nature of the lower crust. This has also led
to different views on the tectonic setting of the Chinese Altai in
the Early to Middle Paleozoic. To address this issue, Yu et al.
(2017a, b) suggested that the Nd-Hf isotopic decoupling ob-
served in the granitoids of the Chinese Altai were most likely
inherited from the lithospheric mantle beneath the Chinese Altai.
These authors suggested that the prolonged subduction and sig-
nificant crust-mantle interaction caused the Nd-Hf isotopic de-
coupling in the mantle wedge where Nd was selectively enriched
over Hf due to their distinctive behaviors during metasomatism
(Yu et al., 2017b). This interpretation is quite similar to those
exemplified in some modern island arcs (Hermann and Rubatto,
2009; Pearce et al., 1999). Alternatively, other authors suggested
the Nd-Hf decoupling occurred as a consequence of disequilib-
rium between zircon and whole-rock during melting of the
source (Kong et al., 2018). During such a process, they believed
that residual zircons preferred to preserve and retain large
amounts of Hf, whereas the resultant melts were Hf-depleted
(Kong et al., 2018). The model of Yu et al. (2017b) may satis-
factorily explain the Nd-Hf isotopic decoupling in the subordi-
nate “I-type” granitoids in the region, which was possibly de-
rived from arc magmas extracted from the mantle wedge. How-
ever, this may be not the case for the dominant biotite granidio-
rites and granites of the Chinese Altai. Moreover, recent findings
of Huang et al. (2018) indicated that the so-called “I-type” gran-
itoids could also be derived from the volcanogenic components
of the Habahe Group rocks, a petrogenesis similar to that of the
predominant biotite granodiorites to granites (see details in Jiang
et al., 2016). The model of Kong et al. (2018) is possible but
needs further mineralogical and petrological constraints. More
importantly, the possibility that the Nd and Hf isotopic systems
were already decoupled in the source rocks has never been con-
sidered yet in the region. The isotopic decoupling features of the
granitoids could be due to the “zircon effect” during the mag-
matic process, but also could be inherited from the source.

As discussed above, our data supports that the bulk

Silurian-Devonian granitoids in the Chinese Altai were derived
from magmatic recycling of the Habahe Group rocks. The hy-
pothesis of Nd-Hf isotopic signatures of the granitoids could be
inherited from the Habahe Group rocks could hence be evalu-
ated. For such a purpose, regional avaliable Nd-Hf isotopic data
of the terrigenous and volcanogenic components were integrated
(Tables S3, S5). It should be noted that zircon Hf isotopes some-
times may not represent those of their host rocks because of pos-
sible disequilibrium between zircon and whole-rock (Farina et
al., 2014). In the Chinese Altai, whole-rock Hf isotope data for
the Habahe Group rocks are not available. As a result, we could
only gather a large number of zircon Hf isotopic data. However,
given that hafnium was predominantly held in zircons in sedi-
ments, we tentatively propose that the zircon Hf isotopic data
could broadly represent the isotopic compositions of the whole-
rock, i.e., the Habahe Group.

It is shown that the terrigenous components of the Habahe
Group have e¢uf(400 Ma) values ranging from -21.3 to +13.5,
with more than 70% falling between -8.1 to +6.8, and end(400
Ma) values ranging from -5.9 to -0.3, with ~90% varying from
-5.5 to -2.5, and averaging in -4.0 (Fig. 7). Apparently, more
than 80% of those data plot above the Terrestrial Array (Fig. 7).
On the other hand, the volcanogenic components have ena(?)
values ranging from +4.1 to +9.1, mostly varying from +4.1 to
+6.5, with an average of +4.8. Hf-in-zircon isotopic data for the
volcanogenic components in the Chinese Altai are currently un-
available, and data from their potential source, i.e., gabbros to
diorites from the Lake Zone, western Mongolia (Janousek et al.,
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Figure 7. Diagram of end(?) vs. eng(f) showing Nd-Hf decoupling of Silurian—
Devonian granitoids. ¢ is calculated using 400 Ma, the age peak of the Altai
granitoids. The Hf isotope data of volcanogenic components were collected
from gabbros and diorites of the Lake Zone after Janousek et al. (2018) and
data of granitoids after Yu et al. (2017b). See detailed explanations in the text.
Data are presented in Table S5. Mixing hyperbolae for in source magma mix-
ing is shown and proportions of the terrigenous components are indicated (see
further explanations in text). The partition coefficients are from Bédard (2006),
Irving and Frey (1978) and Dudas et al. (1971). Details on the calculation are
presented in Table S6, data of melting fraction and mineral proportion are from

thermodynamic modelling of Huang et al. (2018) and Jiang et al. (2016).
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2018; Jiang et al., 2017) were collected. They have enr(400 Ma)
ranging from +1.5 to +12.1, ~90% of which vary from +5.4 to
+9.3 with an average value of +8.1, slightly below the Terrestrial
Array (Fig. 7). It is notable that the Nd and Hf isotopic data of
all the Silurian—Devonian granitoids fall within the gap between
terrigenous and volcanogenic components (Fig. 7).

This advocates the notion, again, that the Nd-Hf decoupling
isotopic signatures of nearly all granitoids can be attained by
mixing in the source of these two components in various propor-
tions. The proportions of the volcanogenic and terrigenous com-
ponents in the in-source mixing model cited above were further
evaluated. A binary mixing mode between the terrigenous com-
ponents and the volcanogenic component was applied using the
equation as follow

em=[faxCaxeatfxCpxeB]/(fax CatfxCs)

where em, £ and ¢ refer to the epsilon isotopic values of mixing
melts, melts of Habahe terrigenous and volcanogenic compo-
nents, and, Ca and Cs refer to the related element concentrations
in partial melts of Habahe terrigenous and volcanogenic compo-
nents. The compositions of melts and residue were inferred from
thermodynamic modelling of Huang et al. (2018) and Jiang et al.
(2016) for terrigenous and volcanogenic components, respec-
tively.

Given that the anatexis of the Habahe Group in the deep
crust was thought to have a thermal condition of 10 kbar and
900 °C (Jiang et al., 2016), melts from such reference point in
the phase diagrams of Jiang et al. (2016) and Huang et al.
(2018) were selected for further Nd and Hf isotopic modelling.
It was shown by Jiang et al. (2016) that the terrigenous com-
ponents under such conditions would have 25 vol.% of melts
in equilibrium with a granulite-facies residual assemblage
mainly consisting of garnet, plagioclase, K-feldspar and quartz
(Table S6). Similarly, with the same metamorphic condition,
the volcanogenic components would have 20 vol.% of melts in
equilibrium with the residual assemblage mainly with amphi-
bole, plagioclase and clinopyroxene (Huang et al., 2018, Table
S6). According to the modelled results, the mineral proportions
could be adjusted to plagioclase: K-feldspar: garnet (0.3 : 0.3 :
0.4) for the terrigenous components, and amphibole: plagio-
clase: clinopyroxene (0.3 : 0.4 : 0.3) for the volcanogenic com-
ponents, respectively. Two possible hyperbolae were consid-
ered for the binary mixing between the most primitive volcano-
genic component (end(£)=+6.5, eur(£)=19.3, “B” in Fig. 7) and
two terrigenous end-members with contrasting eur(f) values
(i.e., “A”: end()=-4.0, eur(£)=16.8 and “A”: enda(¢) =-4.0 and
enr(f)=-8.1, Fig. 7). Details about the calculation were pre-
sented in Table S6.

It shows that the granitoids could be generated by magma
mixing in the source of 50 vol.%—-90 vol.% terrigenous compo-
nents with 50 vol.%—10 vol.% volcanogenic components (Fig.
7). In any cases, the results of this simple binary mixing model
should be taken only as a guide in the evaluation of an approxi-
mate amount of these two components, since the nature of the
real magmatic process could be different. However, we can ten-
tatively conclude that the decoupled Nd-Hf isotopic signatures
may have been inherited from their magma source, i.e., the
Habahe Group rocks.

5 CONCLUSIONS

Geological and geochemical data are combined to decipher
the nature of the Nd-Hf decoupling of the Silurian—Devonian
granitoids in the Chinese Altai. The principal conclusions are as
follows.

(1) The Silurian—Devonian granitoids in the region was
possibly originated from the partial melting of the immature,
young, and chemically primitive Ordovician Altai wedge sedi-
ments, i.e., the Habahe Group rocks.

(2) The dominant terrigenous components of the Habahe
Group have relatively high enr(f) and low ena(¢) values whereas
the subordinate volcanogenic components of the Habahe Group
are characterized by relatively high ena(#) and low enf(f) values.
Both of them show significant Nd-Hf isotopic decoupling.

(3) The Nd-Hf isotopic decoupling for the Silurian—
Devonian granitoids in the Chinese Altai can be ultimately in-
herited from their source rocks, i.e., the Habahe Group.
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