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7516, Université de Strasbourg, Strasbourg, France, *Department of Earth Sciences, University of Hong Kong, Hong Kong

Abstract Granitoid magmatism and its role in differentiation and stabilization of the Paleozoic accretionary
wedge in the Chinese Altai are evaluated in this study. Voluminous Silurian-Devonian granitoids intruded a
greywacke-dominated Ordovician sedimentary succession (the Habahe Group) of the accretionary wedge. The
close temporal and spatial relationship between the regional anatexis and the formation of granitoids, as well
as their geochemical similarities including rather unevolved Nd isotopic signatures and the strong enrichment
of large-ion lithophile elements relative to many of the high field strength elements, may indicate that the
granitoids are product of partial melting of the accretionary wedge rocks. Whole-rock geochemistry and
pseudosection modeling show that regional anatexis of fertile sediments could have produced a large amount
of melts compositionally similar to the granitoids. Such process could have left a high-density garnet- and/or
garnet-pyroxene granulite residue in the deep crust, which can be the major reason for the gravity high over
the Chinese Altai. Our results show that melting and crustal differentiation can transform accretionary wedge
sediments into vertically stratified and stable continental crust. This may be a key mechanism contributing to
the peripheral continental growth worldwide.

1. Introduction

Average continental crust has subduction-related trace element signatures. It is therefore widely accepted
that continental crust is dominantly generated at convergent margins via arc magmatism [Taylor, 1967;
Rudnick, 1995; Jagoutz and Schmidt, 2012]. However, the primitive arc magma is predominantly of basaltic
bulk composition unlike the broadly andesitic continental crust, and this has become a problem known as
the “continental crust composition paradox” [Rollinson, 2008]. As a solution it has been suggested that primi-
tive basaltic melts or a possibly initially more basaltic bulk arc crust can be differentiated toward an evolved
continental crust through either fractional crystallization or remelting followed by the removal of ultramafic
cumulates from the lower crust back into the mantle [e.g., Anderson, 1982; Rudnick, 1995; Holbrook et al.,
1999]. The differentiation can eventually result in the formation of mature continental crust characterized
by a granitic upper portion and a residual, mafic lower portion [Ringwood, 1974; Solano et al., 2012]. The
occurrence of granitic rocks in arcs is therefore accepted as the most conspicuous feature indicating the
establishment of a mature continental crust [e.g., Baker, 1968; Rudnick and Gao, 2003].

Pacific-type convergent margins are characterized by giant accretionary wedges formed by scraping off
oceanic sediments from the subducting plate [Cawood et al., 2009]. It has been proposed that anatexis of
these fertile sediments could produce voluminous granitic magmas and stabilize the accretionary wedge
[Brown, 2010; Yakymchuk et al., 2013], but no details regarding the exact mechanism of crustal differentiation
and formation of mature continental crust were given. This gap can be filled by the study of magmatic evolu-
tion of the Altai Orogenic Belt, which represents a high-grade core of the Central Asian Orogenic Belt (CAOB),
the latter considered to be the Earth’s largest area of Phanerozoic crustal growth [Sengér et al., 1993; Windley
et al., 2007].

The Altai Orogenic Belt is mainly composed of variably metamorphosed Ordovician sedimentary sequence
and voluminous Silurian-Devonian granitoids (about 40% of the map surface) [Zou et al., 1988]. Geophysical
surveys have shown that this region is characterized by high seismic P wave velocities (6.9-7.0km/s) of the
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Figure 1. Competing views on the orogenic crustal architectures of the Chinese Altai based (a) on geochemical studies
[e.g., Wang et al., 2009] and (b) on structural and petrological studies [e.g., Jiang et al., 2015].

lower crust consistent with the presence of either mafic granulite or metaperidotite with some granulitic meta-
pelite and by middle and upper crustal layers (P wave velocities 6.6 and 6.1 km/s) indicative of an intermediate
and a quartz-rich granitic crustal compositions, respectively [Wang et al., 2003]. These characteristics indicate
that the deep structure of the Altai Orogenic Belt shows a three-layer stratification of the crust typical of stable
continents, perhaps a result of partial melting and crustal differentiation after Paleozoic terrane accretion.

The apparently subduction-related geochemical characteristics of the Chinese Altai granitoids were classi-
cally interpreted as a product of arc magmatism established on an old Precambrian basement and its
Paleozoic sedimentary cover [Wang et al., 2006]. Their relatively primitive Sr-Nd isotopic signatures have
led to the interpretation that they were generated by massive influx of depleted mantle-derived components
[Jahn et al., 2000, 2004; Wang et al., 2009]. This resulted in a tectonic model of large-scale basaltic magma
underplating beneath an old continental crust and intrusion of mixed mantle and crustal magmas into mid-
dle and upper crustal metasedimentary cover (Figure 1a). However, such a model is at odds with the recent
geochronological studies, which have proven that the previously thought Precambrian continental base-
ment, i.e,, high-grade metamorphic rocks, is, in fact, Ordovician [e.g., Sun et al., 2008]. The presence of
Precambrian continental basement and hence the whole petrogenetic model of magmatic reworking of
an old continental crust are therefore highly speculative. Consequently, the Chinese Altai rocks were reinter-
preted as variably metamorphosed accretionary wedge consisting of Ordovician sedimentary sequence with-
out any continental basement [Long et al., 2008; Xiao et al., 2009; Jiang et al., 2011]. In addition, structural,
metamorphic petrology, and geochronology studies indicate that anatexis of Ordovician metasediments
was coeval with the main Devonian magmatic pulse [Jiang et al., 2010, 2015]. Based on these findings, we
discuss a possibility that this giant accretionary complex was partially molten at deep crustal levels, produ-
cing Devonian granitoids intruding low- to medium-grade sedimentary rocks in the upper crust and leaving
behind a lower crustal granulitic residue (Figure 1b).

We focus on the magmatic evolution of the Chinese Altai aiming to address the issues of (1) the sources of
granitoid magmatism and (2) the role of crustal melting in formation of vertically stratified crust in
accretionary orogens. The first question is answered by reevaluation of geochemical and petrological data
of the Altai Silurian-Devonian granitoids and by thermodynamic modeling of various aspects of melting the
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greywacke-dominated Ordovician sedimentary sequence. This approach shows that young accreted
metasediments can also be a source of the “arc-like” granitoid magmatism. Subsequently, the densities
of both molten and unmolten accreted Ordovician metasediments are thermodynamically modeled and
interpreted in the frame of gravity and seismic data from the Altai Mountains. Finally, we discuss the two
petrogenetic models of the Altai granitoids as well as results of gravity modeling in light of geological
observations from critical Chinese Altai crustal sections. The Altai crustal architecture and isotopic signature
of its granitoids are compared with European Variscan (Pyrenees) section that represents a type region of
basaltic underplating of continental basement. Based on this comparison, we propose a model of crustal
differentiation and formation of mature continental crust in accretionary orogens.

2. Geological Framework of the Chinese Altai

The CAOB consists of magmatic arcs, ophiolites, accretionary wedges, passive margins, and microcontinents,
which have been assembled from Neoproterozoic to Late Paleozoic [Sengdr et al., 1993; Wilhem et al., 2012].
Sengor et al. [1993] proposed that the entire Paleozoic domain of central Asia evolved from one single giant
island arc (the Kipchak-Tuva-Mongol arc) and that most Paleozoic magmatic rocks were primitive in origin,
implying that nearly half of the CAOB crust is juvenile as well. Such a Pacific-type subduction model was
advocated also by Jahn et al. [2004] who, based on Sr-Nd isotopic data of numerous granitoids, considered
the CAOB crust to be formed mainly by net crustal growth mechanism. On the other hand, several authors
proposed an alternative subduction-collision mechanism involving multiple subduction of linear elements,
microcontinent amalgamation, and oroclinal bending [Windley et al., 2007; Xiao et al., 2009; Lehmann et al.,
2010] with strong component of magmatic recycling [Kovalenko et al., 2004; Kovach et al.,, 2011; Kréner
et al., 2014].

The SW Mongolian and NW Chinese tracts of the CAOB comprise the following tectonostratigraphic units
from NE to SW (Figure 2): the Precambrian Tuva-Mongolian ribbon continent, a Neoproterozoic ophiolitic belt
intruded by Early Cambrian arc magmas [Soejono et al., 2016]—the Lake Zone, a giant and variably metamor-
phosed Early Paleozoic sedimentary succession intruded by Silurian-Devonian granitoids forming the Hovd-
Altai Zone (Figure 2) [Kréner et al., 2010]. In the south unmetamorphosed Devonian and Carboniferous ocean
floor sequences called the Trans-Altai Zone in Mongolia and the Junggar Terrane in China occur. The detailed
lithostratigraphic, geochronological, and structural features of these units were summarized by Badarch et al.
[2002], Windley et al. [2002], and Wilhem et al. [2012].

The Altai Orogenic Belt (including the Chinese and the Mongolian Altai) is characterized by low- to medium-
grade Ordovician and Devonian sedimentary sequences alternating with NW-SE trending elongated domes
cored by migmatites and granitoids. These rocks are separated in the south from unmetamorphosed
Paleozoic ocean floor sediments and volcanic rocks of the eastern Junggar Terrane (Chinese equivalent of
the Trans-Altai Zone) by the Erqis Fault [Xiao et al., 2009]. The Chinese segment of the Altai Orogen, namely,
the Chinese Altai, represents an important high-grade core of the whole Hovd-Altai Zone. In the following
text, we mainly summarize available petrological, geochronological, and geochemical aspects on the
Ordovician sedimentary sequences and Silurian-Devonian granitoids of the Chinese Altai.

2.1. Ordovician Metasedimentary Sequence of the Habahe Group

The Habahe Group is the oldest and most extensive lithological unit in the studied region, and it extends
for ~2500km from the Chinese and Mongolian Altai in the southeast to Russian and Kazakh Altai in the
northwest. It consists of dominant terrigenous-clastic and subordinate volcanoclastic rocks, tuffaceous
sediments, and volcanic rocks [Windley et al, 2002; Xiao et al, 2009]. The geochemistry of terrigenous
sedimentary components suggests that they are chemically immature and compositionally similar to grey-
wacke (Figure 3a) and could be interpreted as detritus deposited in an active margin setting with signifi-
cant volcanic input (Figure 3b) [see also Long et al., 2008]. This is further supported by the trace element
characteristics of these terrigenous sediments, which have patterns resembling immature Pacific trench
sediments but showing lower concentrations of large-ion lithophile element (LILE) (e.g., Rb, Sr, Ba, Th, U,
and Pb) and high field strength element (HFSE) (e.g., Zr, Hf, Nb, and Ta) than the mature post-Archean
Australian shale (PAAS; see Figure 3c). Such tectonic environment is also manifested by the La/Sc versus
Ti/Zr tectonic discrimination diagrams of Bhatia and Crook [1986], which indicates that the sediments of
the Habahe Group were deposited in continental arc/active continental margin settings (Figure 3d).
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Figure 2. Geological map of the NW Chinese and western Mongolian tract of the CAOB (upper right) and the geological map of the Chinese Altai (lower left), showing
localities of samples collected for Nd isotopic analysis in this study. Emplacement ages (Ma) and Nd model ages (Ga) for granitoids from literature [Wang et al., 2009;

Cai et al., 2012] are also indicated.

Recent studies suggested that the detrital zircon age patterns of the Habahe Group can be explained by the
contribution of arc-related rocks in the Lake Zone and Precambrian basement of the Tuva-Mongolian block to
the sedimentary basin [e.g., Jiang et al., 2011], consistent with the notion of fairly significant input of volcanic
components to the sedimentary basin. In addition, it has been documented that more than 70% of the detrital
zircons from the Habahe Group have positive zircon g(t) values, suggesting that the metasediments con-
tained an abundant young and geochemically primitive component [Cai et al.,, 2011a]. An Early Paleozoic
Barrovian-type metamorphic zonation is developed in the Habahe Group as well as in its southern
Mongolian equivalent (Tugrug Formation), indicating maximum burial to depth of >30km (Figure 4) [see also
Wei et al., 2007; Broussolle et al., 2015; Jiang et al., 2015]. Based on available petrographic data (Figure 4), it is
suggested that the deeply buried Habahe Group experienced subsequent high-temperature reequilibration
under high geothermal gradient (~30°C/km). The ensuing deep crustal anatexis at 700—1000°C (Figure 4)
[see also Wei et al., 2007; Li et al., 2014; Jiang et al., 2015] has been dated as Middle Devonian (zircon U-Pb ages
of 390—-380Ma) [Kozakov et al., 2002; Jiang et al., 2010]. Then vertical extrusion of partially molten lower crustal
rocks resulted in elongated large migmatite-magmatite domes alternating with metasedimentary synforms
(Figure 5a) [see also Jiang et al., 2015].

2.2, Granitoids and Their Eruptive Equivalents

Abundant granitoids intruded the Ordovician Habahe sequence mainly in the southern Altai (Figure 2). They
form isolated circular or elongate bodies, locally associated with subordinate gabbroic intrusions. Many gran-
itoids were syntectonic, coeval with the formation of the migmatite-magmatite domes (Figure 5a, modified
after Jiang et al. [2015]). These intrusions are surrounded by high-grade gneisses which developed pervasive
subvertical S2 foliation defined by the preferred orientation of sillimanite and biotite (Figure 5b). Toward the
granitoids, the gneisses show progressive textural evolution of migmatite types, from ophtalmitic gneisses,
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Figure 3. Geochemical characteristics of the Ordovician Habahe Group terrigenous sedimentary rocks from the Chinese Altai. (a) Classification diagram after
Pettijohn et al. [1987], showing their greywacke-dominated nature. (b) Hf versus La/Th diagram after Floyd and Leveridge [1987], suggesting significant input of
acidic arc sources. (c) Upper continental crust (UCC) normalized trace element patterns for the Habahe Group terrigenous sediments. The normalizing values are from
Taylor and McLennan [1985]. Literature chemical data from Pacific-type trench sediments of Plank and Langmuir [1998] and Post-Archean Average Shale (PAAS) of
Taylor and McLennan [1985] are shown for comparisons. (d) La/Sc versus Ti/Zr diagram [after Bhatia and Crook, 1986], suggesting a continental arc/active continental
margin setting. Outlined fields: OlA=oceanic island arc; CIA=continental arc; ACM=active continental margin; and PM=passive margin. Details on data sources are
available in the supporting information S1 and presented in Table S1.

through stromatites to nebulites (Figure 5) and are associated with garnet- and/or muscovite-bearing leuco-
granite bodies (Figure 5b). Rare kyanite relics are locally present in the migmatite (Figure 5b), evidencing
deep burial of the protolith before the main generally sillimanite-grade anatectic reworking [Jiang et al.,
2015]. Granitoids in the central parts of the domes generally show a strong linear fabric (L2) defined by
subvertically oriented amphibole and biotite (Figure 5b). Most granitoids have emplacement zircon U-Pb
ages ranging from 440 to 370Ma with a peak at around 400-390Ma (Figure 5b) [Cai et al., 2011a], coeval with
the high-temperature anatexis in the region (Figure 5b) [Jiang et al., 2010]. Inherited zircons in many
granitoids are dominantly Early Paleozoic in age (540-440Ma) [Sun et al., 2008; Cai et al, 2011b],
supporting a widespread Neoproterozoic-Ordovician source component. Such zircon inheritance patterns,
particularly the high proportion of ~500Ma zircons, are in accord with the most common age of the detrital
zircons from the Ordovician Habahe Group metasediments [Sun et al., 2008; Cai et al., 2011b] and provide a
strong evidence that precludes production of the granitoids from a Proterozoic basement.

Granitoids are mainly granodiorites to granites with calc-alkaline, predominantly peraluminous compositions
(Figures 6a and 6b). They display light rare earth element (LREE)-rich chondrite-normalized REE patterns, with
relatively flat heavy REE segments and moderate to strong negative Eu anomalies (Figure 6c). Such REE
patterns are very similar to those of the Habahe Group metasediments, even though the granitoids have
commonly higher REE abundances than the metasediments (Figure 6c). Most granitoids are enriched in
LILE and depleted in HFSE (especially Ta, Nb, and Ti) in N-MORB (mid-ocean ridge basalt) normalized
spidergrams, closely mimicking the patterns of the Habahe Group metasediments (Figure 6d) [see also
Wang et al., 2006; Yuan et al., 2007; Cai et al., 2011Db].

Most granitoids (~85%) are biotite granodiorites to granites, which are compositionally comparable to partial
melts derived from immature sediments dominated by metagreywacke, with only limited contribution from
mature pelitic source [Liu et al., 2012] (Figure 6e). Besides, a few granitoids (<15%) are hornblende bearing,
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information Table S3) from both the Habahe Group metasediments and the granitoids. Subsequently, com-

positions of the modeled melts are compared with those of the granitoids.

3.1. Nd Isotopic Signature of the Habahe Group Rocks and Devonian Granitoids

The eyg(400Ma) values of 12 Habahe terrigenous samples from this study and 19 previously published vary
from —6.1 to +2.6 (mostly negative, Table S3), a range overlapping with, or somewhat less radiogenic than,
most local granitoids and felsic volcanic rocks. The two-stage depleted mantle Nd model ages are 0.8-1.9
Ga (mostly 1.3-1.5Ga, Table S3), again overlapping with those values for many granitoids and felsic volcanic
rocks (0.6-1.5Ga) [Wang et al., 2009]. Such features support the view that the Habahe Group metasediments
could be potentially the source of the granitoids.

It is traditionally considered that granitoids in the Chinese Altai originated by magma mixing of depleted
mantle-derived and old crustally derived melts [e.g., Wang et al., 2009]. Regardless of the exact mixing
mechanism (magma mixing versus mixing of two components in the source), the proportion of the depleted
mantle component can be evaluated using the binary mixing equation as follows:

€m = [fom X Cpm X epm + (1-fpm) X Cee X Ecc]/[fom % Com + (1-fom) x Cec]

where €, epm, and ecc refer to the epsilon Nd values of modeled magma, depleted mantle, and old conti-
nental crust, Cpy and Ccc to Nd concentrations in the depleted mantle-derived melt and the continental
crust, and fpp to the mass fraction of the depleted mantle in the magma source.

In previous works, a MORB-like basalt (eyg(400Ma)=+8 and Nd=15ppm [Xu et al., 2003]) from the southeast
Chinese Altai was taken as the equivalent of the depleted mantle-derived end-member and a paragneiss
(eng(400Ma)=—17, Nd=36 ppm, depleted mantle Nd model age of 2.6 Ga [Hu et al., 2000]) as the old continen-
tal end-member (hyperbola A-B in Figure 7a). In order to obtain the observed granitoid Nd isotopic charac-
teristics (initial eyg mostly ranging from —5 to +1), the required involvement of primitive basic components
ranges mostly from 70% to 90% (Figure 7a) [see also Jahn et al., 2004; Wang et al., 2009]. However, MORB-like
basalts often have lower Nd abundances. Thus, the shape of the mixing curve with the basalt poorest in Nd
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Figure 5. (a) Schematic cross section showing migmatite-magmatite domes in the Chinese Altai, including metamorphicisograds and structural relationships between
the Devonian sediments, metamorphosed Habahe Group metasediments, migmatites, and the granitoids [after Jiang et al., 2015]. Vertical axis not to scale. (b) Field

photographs illustrating progressive increase in melting degree toward the granitoid. Localities of representative samples are shown on the profile above. (1) Garnet-
sillimanite paragneiss. Metamorphic zircons from this unit have ages of ~389Ma [Jiang et al., 2010]. (2-4) Progressive textural evolution of migmatite types toward the
granitoid, from ophtalmitic gneiss, through stromatites, to nebulites. The insert shows a rare kyanite relic preserved in the migmatite. (5) Garnet- and muscovite-bearing
leucogranite. (6) Oriented biotite and hornblende define a strong L fabric in granitoid batholith. The indicated formation age of the granitoid from Yuan et al. [2007].
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Figure 6. Geochemical characteristics of Silurian-Devonian granitoids and felsic volcanic rocks (SiO,>65wt %) from the Chinese Altai. (a) Classification of
granitoids and related rocks after Debon and Le Fort [1983]. (b) B-A diagram of Villaseca et al. [1998] modified from Debon and Le Fort [1983] showing that
granitoids from the Chinese Altai are characterized by predominantly peraluminous compositions. (c) Chondrite-normalized REE and (d) N-MORB normalized
trace element patterns for granitoids and felsic volcanic rocks. Field of the Habahe Group terrigenous component is also shown for comparison. Chondrite and
N-MORB normalizing values are from Sun and McDonough [1989]. (e) Binary plot (CaO/(MgO+FeOt) versus Al,03/(MgO+FeOy) (mol %) after Gerdes et al. [2002] to
distinguish granitic melts derived from various crustal sources. (f) Plots of Rb/Sr versus Rb/Ba after Sylvester [1998] to constrain the possible origin of the Altai
granitoids. Fields of the Habahe Group rocks (including volcanogenic and terrigenous components) and the Himalayan peraluminous granites (Himalayan PG) are
also shown for comparisons. Details on data sources are available in the supporting information S1, and related data are presented in Table S1. Plotting was done
by the GCDkit package of Janousek et al. [2006].

(eng(400Ma)=+10 and Nd=3.6ppm) was also tested (hyperbola A"-B in Figure 7a). For such a mixing model,
the required proportions of the basic components are unrealistically high (>80%, Figure 7a). If the average
composition of the Habahe Group terrigenous rocks (enyg(400Ma)=-3.7, Nd=28.4ppm, point C in
Figure 7a) is used as the crustal end-member in the calculation, then much less proportion of the primitive
basaltic component would be needed (0-60wt %, Figure 7a). Nevertheless, compared with the terrigenous
components of the Habahe Group, a minor group of granitoids (~15%) tend to have less evolved Nd isotopic
characteristics with the initial eyg values ranging from +1 to +6 (Figure 7a), implying an involvement of a
primitive component with a rather radiogenic Nd isotopic character.
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Figure 7. Nd isotopic diagrams for (a) felsic igneous (including granitoids and their eruptive equivalents) and mafic rocks
from the Chinese Altai and (b) the Habahe Group terrigenous and volcanogenic rocks in the Chinese Altai and the
volcanogenic complexes from the Lake Zone in western Mongolia. (a) Mixing hyperbolae from the previous studies, i.e.,
magma mixing (invoking the hypothetical Precambrian basement: curve A-B [after Jahn et al., 2004; Wang et al., 2009])
and with the lowest Nd basalt as the mantle end-member (A'-B) were superimposed using the R code of Janousek et al.
[2016]. Proportions of the juvenile depleted mantle-derived end-member are indicated (tick marks interval is 10%).

(b) Two possible hyperbolae for binary mixing in the Ordovician Habahe Group (i.e., in source mixing) between the average
terrigenous component (“C,” Figure 7b) and two volcanogenic end-members with contrasting Nd concentrations (i.e., “D": Nd
(eng(400Ma)=+6.8 and Nd=12.4ppm and “E": Nd (enq(400Ma)=+5.4 and Nd=40.9 ppm, Figure 7b). Proportions of the
volcanogenic components are indicated (tick marks interval is 30%). Further explanations in text. Details on data sources are
available in the supporting information S1, and related data are presented in Table S3.

In any case, the results of the simple binary mixing model should be taken only as a guide in evaluation of
approximate amount of the basaltic component, since the nature of the real depleted mantle end-member
could be different. However, we can tentatively conclude that the required proportion of the basaltic compo-
nent may have been previously overestimated, especially if the Habahe Group rocks replace the hypothetical
Precambrian basement in the calculations.

In reality, two scenarios can be envisaged. The required primitive component could have been added by
magma mixing with depleted mantle-derived basaltic melts, as suggested in previous studies [e.g., Wang
et al., 2009]. However, such a simplistic model may be at odds with the strikingly different physical properties
of basic and acid liquids (e.g., their great viscosity contrast) and the available geological data as will be dis-
cussed in more detail later. Alternatively, the primitive component could have been already present in the
crustal magma source in the form of basic volcanic admixture or tuffitic layers (in source mixing). It is note-
worthy that the Habahe Group indeed does contain a significant amount of intermediate to mafic volcano-
genic components [Windley et al., 2002], which were considered to be derived from Neoproterozoic oceanic
arc-related complexes in western Mongolia, particularly from the Lake Zone (Figure 2) [see also Long et al.,
2008; Jiang et al., 2011].

Neodymium isotopic data of volcanogenic components from six amphibolite layers of the Habahe Group and
20 volcanic-volcanoclastic rocks of the Lake Zone were collected from previously published work [Hu et al.,
2000; Kovach et al., 2011], in order to evaluate the possible contribution of Early Paleozoic volcanogenic com-
ponent on the isotopic signature of the Habahe Group. Their eng (400Ma) values vary in a range of +4—+6.3
and +4.3-+9.0, respectively, broadly falling into two groups in terms of their Nd abundances (Figure 7b), and
are thus hard to distinguish from the variably depleted mantle-derived magmas (Figure 7b and Table S3). This
is consistent with the widely accepted view that the Habahe Group contains abundant geochemically primi-
tive components [Cai et al., 2011a; Liu et al., 2012; Long et al., 2012]. Cleary, the Nd isotopic signatures of
nearly all granitoids can be attained by mixing in the source of these two components in various proportions
(Figure 7b). It is therefore possible to envisage that the presence of basic volcanic admixture or tuffitic layers
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in the magma source would significantly lower the required contribution of the mantle-derived magmas,
often perhaps down to nil.

Such a model can be tested by the Rb-Sr-Ba variations in the Habahe Group rocks and the studied granitoids.
It has been suggested that partial melting of greywacke-like immature sediments, i.e., the Habahe Group in
our case, would leave behind large amounts of plagioclase [e.g., Montel and Vielzeuf, 1997]. Because Sr and Ba
are compatible in plagioclase, whereas Rb is incompatible [e.g., Harris and Inger, 1992], melts derived from
such sources will tend to have higher Rb/Sr and Rb/Ba than their sources [Sylvester, 1998]. This is in good
agreement with the fact that the studied granitoids have systematically higher Rb/Sr and Rb/Ba ratios than
their prospective sources, i.e., the Habahe Group (Figure 6f).

Taken together, the partial melting of the Habahe Group rocks could have produced the bulk of the parental
magma to the studied Silurian-Devonian granitoids, while the required depleted mantle contribution could
have been considerably less than that proposed by other authors [e.g., Wang et al., 2009].

3.2. Thermodynamic Modeling of Partial Melting of the Habahe Group Terrigenous Metasediments

It has been shown that the Habahe metasediments were buried to deep crustal levels (>30km) where they
underwent extensive anatexis (Figure 4) [Jiang et al., 2015]. Based on available petrological observations, a
remarkably high metamorphic gradient of ~30°C/km (Figure 4) can be inferred from the Devonian meta-
morphic fabrics. Such a high gradient has been equally inferred by lines of geological evidence as will be dis-
cussed in more detail later. It is therefore feasible to envisage that the anatexis reworking the deep orogenic
crust (30-40km) could attain temperature close to 1000°C. In order to investigate the partial melt compositions,
the composition of the dominant Habahe Group terrigenous metasediments was used to model at P-T
conditions of 8-12kbar, 800-1100°C (Figure 8a) using the Perple_X software [Connolly, 2005]. The amount of
H,0 was set to just allow a H,0O-saturated solidus which allows the modeling of partial melting process in a
H,0-closed system. Details on thermodynamic modeling are available in the supporting information S1.
Representative compositions of melts that are in equilibrium with garnet- and/or orthopyroxene-bearing
assemblage in a P-T range corresponding to anatectic conditions are computed directly via the Perple_X
software. Values of oxides have been normalized to 100% on an anhydrous basis and then plotted in
Figures 8b-8d and presented in Table 1.

Major features of the pseudosection are biotite dehydration melting around 830°C and stabilization of garnet
and garnet pyroxene-bearing assemblages at higher temperature conditions. The result shows that the
Habahe terrigenous metasediments are sufficiently fertile to produce large volumes of melt, for example,
from 5vol % melt at 800°C to >50vol % melt at 1000°C (Figure 8a). Predicted is progressive disappearance
of biotite, K-feldspar, garnet, and plagioclase, contemporaneous with systematic decrease of K,O and
increase of CaO and MgO contents in the melt with increasing temperature (Figure 8b). It is shown that
the major element composition of the resultant melt mainly depends on the temperature. The calculated
melt compositions are comparable to those of experimental metagreywackes-derived melts under similar
P-T conditions (Figure S1). In general, the modeled melts have granite to granodiorite compositions, similar
to most granitoids and felsic volcanic rocks in the region (Figure 8c).

However, there remains a minor group (~15%) of granitoids that have tonalitic compositions, characterized
by lower SiO,, and higher CaO and MgO contents, compared to the modeled melts (e.g., Figure 8d). This
suggests that a certain addition of more basic component must have been also involved in the petrogenesis
of the granitoids. As we discussed above, this could have been realized either via magma mixing with mantle-
derived mafic magmas or via partial melting of a mafic protolith, such as the volcanogenic components of the
Habahe Group. Due to lack of an appropriate melt model for basic rocks in the Perple_X software, melt
compositions from partial melting of these volcanogenic components cannot be currently modeled.
However, as demonstrated by experimental studies, tonalitic melts can be produced by partial melting of
metabasic rocks [Rapp and Watson, 1995; Skjerlie and Patifio Douce, 1995; Green et al., 2016]. Data from melt-
ing experiments at 850-1000°C/10kbar, of a quartz amphibolite [Patifio Douce and Beard, 1995] and a calcic
amphibolite [Wolf and Wyllie, 1994], were plotted in Figures 8b and 8¢, and they show high CaO and MgO
contents. It is therefore possible to envisage that partial melting of the Habahe Group volcanogenic compo-
nents at these P-T conditions may have produced compositionally similar melts and thus may be responsible
for the origin of the subordinate CaO and MgO rich granitoids.
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Figure 8. (a) P-T pseudosection for the average Habahe Group metasediments with calculated melt proportion isopleths.
P-T conditions of the modeled melts are indicated by filled squares. (b) Contents of representative oxides plotted versus
temperature. (c) Multicationic diagram Rq-R, [De La Roche et al., 1980] with modeled melts and Silurian-Devonian felsic
magmatic rocks of the Chinese Altai. The average Habahe composition is indicated by a star. (d) Whole-rock chemical
projection for modeled melts and felsic and mafic rocks of the Chinese Altai. Compositions of partial melts from melting
experiments of a quartz amphibolite [Patifio Douce and Beard, 1995] and of a calcic amphibolite [Wolf and Wyllie, 1994] are
shown for comparison and presented in Table S4.

It should be noted that modeled melt compositions provide only constraints on the nature of the liquids.
However, most granitoids are not simple partial melts but rather complex solid-liquid suspensions. For
instance, from their source region they may bring entrained mafic and felsic restite phases [e.g., Clemens
and Stevens, 2012] and on the way to the surface they undergo a variety of physical and chemical processes
and interactions, including assimilation, fractional crystallization, and crystal accumulation. This may
alternatively explain larger variation in chemistry of the granitoids compared to the modeled partial
melt compositions.
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Table 1. Compositions of Modeled Melts From Partial Melting of the Habahe Group Terrigenous Component (Normalized to 100wt % Anhydrous)

Melt P-T (kbar/°C) Residue Assemblage SiOy Al,03 Cao MgO FeO K,0 Na,O
1 11.5/800 g ky bi ksp pl g 7278 15.71 0.84 0.14 0.47 5.98 4.08
2 11.5/900 gsill ksp pl g 72.09 16.45 1.21 0.23 0.57 6.14 3.30
3 11.5/1000 gkspplq 71.24 16.55 1.46 0.52 1.45 5.82 2.96
4 11.5/1100 gopxplq 68.80 17.53 2.29 117 3.29 3.69 3.23
5 10/800 g ky bi ksp pl g 7337 15.52 0.69 0.15 0.48 5.89 3.90
6 10/900 gsill ksp pl g 7247 16.33 1.04 0.27 0.66 6.11 3.13
7 10/1000 gopxplq 7147 16.24 132 0.65 1.80 5.59 293
8 10/1100 gopxplq 67.68 18.72 2.34 1.25 3.94 3.15 2.92
9 8/800 g bisill ksp pl q 74.05 15.22 0.51 0.16 0.58 5.73 3.74
10 8/900 g opx ksp pl q 72.97 16.03 0.84 0.34 0.85 6.06 291
1 8/1000 gopxplq 70.63 17.69 1.28 0.68 2.20 4.61 291
12 8/1100 opx pl 68.85 17.92 233 1.35 3.96 2.86 2.74

4. Partial Melting of the Habahe Group Rocks and Its Effect on the Composition and
the Density of the Chinese Altai Lower Crust

In this part, the densities of both molten and unmolten Habahe Group terrigenous metasediments are
thermodynamically modeled and discussed in the frame of a gravity model of the Altai Mountains.

4.1. Thermodynamic Modeling of Lower Crustal Composition and Density

The extensive partial melting of the Habahe Group metasediments would lead to large-scale differentiation
of the crust through extraction and ascent of felsic melt to middle and upper crustal levels, leaving a dense
and refractory lower crust. The mineral assemblages and corresponding density of such residue can be mod-
eled using a pseudosection approach.

To estimate physical characteristics of the lower crust with such a thermal gradient, a reference point of 9kbar
(approximately 35km depth) and 950°C is used (Figure 8a), on the basis of the calculated metamorphic field
gradient of ~30°C/km (Figure 4). At these conditions, calculated equilibria for average Habahe Group terrige-
nous metasediment show granulite-facies mineral assemblage g-opx-ksp-pl-q in equilibrium with ~35vol %
of melt (Figure 8a). It is supposed that in the crust most melt would migrate up and would be lost from the
granulite. Therefore, 90% of melt was extracted from the modeled system and the bulk chemical composition
of the residue was used to calculate a new pseudosection contoured for density (Figure 9).

The resulting pseudosection has a high solidus temperature (~850°C) due to limited melt and hence H,O con-
tents. Garnet is stable throughout the whole calculated range, and orthopyroxene occurs mainly in superso-
lidus conditions. In general, the densities of the residue increase from melt-bearing to melt-absent
assemblages varying from about 2840kg/m? at 1000°C to about 2890kg/m? at 750°C (Figure 9a). The residue
at 9kbar and 950°C would have garnet-orthopyroxene-bearing granulite-facies assemblage, characterized by
a high garnet fraction (22.3vol %) with density of 2858kg/m> (“a” in Figure 9a). Cooling of such a residue
would cause approximately 1% increase of the rock density for a temperature interval of ~200°C
(Figure 9a). Partial melting of subordinate volcanogenic components with presumably andesitic-basaltic
compositions in deep crust would also leave behind a dense residue rich in garnet and pyroxene [eg.,
Patifio Douce and Beard, 1995; Hartel and Pattison, 1996; Guy et al., 2015; Green et al., 2016]. In conclusion, a
high-density residue would be left after anatexis of the Habahe Group metasediments in the lower crust,
and the resulting density would be very different from that of the metasediments that did not
experience anatexis.

Ordovician metasediments similar to the Habahe Group also occur in the neighboring Hovd-Mongolian Altai
Zone and are metamorphosed at greenschist to amphibolite-facies conditions [Badarch et al., 2002]. The
metamorphic assemblages and densities of such rocks can be inferred from modeling of the Habahe
Group rocks in subsolidus conditions (Figure 9b). The pseudosection shows classical metapelite greenschist
and amphibolite-facies assemblages with density variation mainly between 2680 and 2830kg/m? in a
pressure range of 3-10kbar, corresponding to depths of 10-40km. Considering a moderate metamorphic
gradient of ~20°C/km as inferred from the regional amphibolite-facies assemblages from the Chinese Altai
[Wei et al., 2007; Jiang et al., 2015], the rocks in the lower crust at ~35km could reach ~700°C. At these
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Figure 9. (a) P-T diagram showing residue assemblages and resulting densities after melt extraction for the molten Habahe
Group rocks. (b) P-T diagram for the average Habahe Group metasediments showing mineral assemblages and density for
subsolidus conditions.

conditions, the Habahe Group rocks would have garnet-kyanite-staurolite-bearing metamorphic assemblages
with density around 2780kg/m? (Figure 9b), i.e., a density significantly lower than the modeled granulite-facies
assemblage in the lower crust of the Chinese Altai.

4.2, Residual Gravity High Over the Chinese Altai: A Consequence of Crustal Anatexis?

After the Devonian period, the Chinese and Mongolian Altai did not experience any prominent magmatism
and further crustal differentiation. Therefore, the lateral differences in their lower crustal densities resulting
from contrasting Devonian metamorphic conditions should be preserved. To test it, the analysis of gravity
signal of the crust was performed. The Complete Bouguer anomalies range from —216mGal to —6mGal
and reveal two principal domains (Figure 10a): (1) a large-scale gravity low corresponding to the
Mongolian Altai and Hovd (MA-HVD) regions in the NE half segment and (2) a large-scale gravity high corre-
sponding to the Chinese Altai and the Junggar Basin in the SW half segment. The Bouguer anomaly map still
contains the long-wavelength signals of the crust-mantle boundary and the upper mantle, which tend to
conceal the shorter-wavelength signals. Consequently, the isostatic residual Bouguer gravity anomaly map
has been computed from the Complete Bouguer gravity anomalies from the World Gravity Map 2012 model
[Balmino et al., 2012] using the Airy-Heiskanen compensation model [Heiskanen and Moritz, 1967] with the
depth of the compensating root of 30km at sea level in areas of no topography, a density contrast across
the Moho of 330kg/m> [Hinze et al, 2013], and a density of the crustal topography of 2670kg/m?
(Figure 10b). Thus, the long-wavelength anomalies are removed from the gravity signal and the variation
of the densities in the crust can be analyzed for the Chinese Altai, its neighboring MA-HVD region, and the
northern Junggar Basin. The resultant residual gravity anomalies are different among these three regions, still
marked by gravity low for the Mongolian Altai to the north (MA-HVD in Figure 10), but the Chinese Altai
reveals gravity anomaly high, whereas the Junggar displays an intermediate gravity signal (Figure 10b).
Therefore, the pronounced long-wavelength residual gravity high in the Chinese Altai suggests a relatively
denser lower crust compared to the adjacent MA-HVD and Junggar Basin regions.

The question of whether the gravity anomalies across the Altai Orogenic Belt can be linked with the meta-
morphic evolution is further investigated by conducting a forward gravity modeling of the Complete
Bouguer anomalies along a selected profile (Figure 10c). In the absence of any seismic profile across the
Chinese Altai and MA-HVD regions, the modeling of the crust-mantle boundary is constrained by the
CRUST 1.0 model [Laske et al., 2013] combined with the seismic profiles of Zhao et al. [2003] and Wang
et al. [2003] for the Junggar Basin. In addition, the gravity modeling is constrained by surface geological
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observations and the boundaries of the major lithological units. In this profile, the crustal architecture of the
Junggar portion was constrained by available geological and seismic data of Zhao et al. [2003] and Bian et al.
[2010]. The Chinese Altai architecture featured by doming of dense lower crustal rocks was inferred from
Jiang et al. [2015], and the MA-HVD structure was characterized by Mongolian Altai Ordovician metasedi-
ments thrust over the Early Cambrian gabbroic rocks of the Lake Zone based on the study of Lehmann
et al. [2010]. The density (2890kg/m?) of the modeled residue from a depth of approximately 35km (9kbar)
was taken as the best estimation for the average density of the lower crust of the Chinese Altai. Given the
widely exposed amphibolite-facies rocks in the Chinese Altai, the density of 2780kg/m?>, corresponding to
the Habahe Group metasediments under the ampbhibolite-facies condition (Figure 9b), was assigned as the
average density estimation for the middle crust of the Chinese Altai. The densities of the lower and middle
crust of the MA-HVD region were taken from the modeling of the Habahe Group terrigenous metasediments
under amphibolite- and greenschist-facies, with densities of approximately 2780 kg/m?® (9kbar/700°C,
Figure 9b) and 2740kg/m? (5kbar/450°C, Figure 9b), respectively. The densities of other lithological units
come from general rock densities of Telford et al. [1990] based on their respective petrological features
and keeping the most realistic density contrasts between the different units.

During the modeling, the intermediate- to short-wavelength gravity anomalies corresponding to the isostatic
residual Bouguer anomalies were first modeled, in order to constrain the geometry of the density units. The
Complete Bouguer anomalies that contain signals of the long wavelength were appended thereafter, in order
to adjust the densities of the lower crustal signal. Following these steps, the modeled long-wavelength Bouguer
gravity anomalies provide a good match with the observed one (Figure 10c). It therefore proves that the empla-
cement of a dense granulite residue under the Chinese Altai can provide the observed high gravity signal. The
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presence of a dense lower crust under the Chinese Altai was previously determined from a density model
inferred from seismic data [Zhao et al., 2003], and it was thought to be caused by mafic-ultramafic cumulates
crystallized from the ascending arc magma. However, the density values used in their model for the lower crust
of the Chinese Altai range from 2970 to 2990kg/m?, significantly higher compared to our model. Alternatively,
the results from this work provide a yet not considered explanation for contrasting gravity features across the
Altai Orogenic Belt which links with different metamorphic evolution of the Chinese Altai and MA-HVD.

It should be emphasized that the forward gravity modeling is a quantitative method and thus the modeling
results are nonunique. However, the ambiguities about the nature of the dense lower crust could be reduced
significantly when the modeling is constrained using geological observations (Figure 5), combined with
metamorphic petrology (Figure 4), geochemistry (Figures 6 and 7), and geophysical data (Figure 10).

5. Discussion
5.1. Crustal Architecture of the Chinese Altai

The Chinese Altai has been classically considered as a continental unit represented by a Precambrian
basement covered by Ordovician to Carboniferous sediments [Windley et al., 2002]. Based on such assump-
tion, the calc-alkaline granitoids with hybrid crust-mantle geochemistry (Figures 6a-6e) were exclusively
interpreted as the products of a Cordilleran-type continental arc magmatism [Wang et al., 2006, 2009]. This
assumption seems to fit with the presence of a high seismic P wave velocity layer (6.9-7.0km/s, P wave
velocity) in the lower crust that was interpreted as composed mainly of amphibolite, mafic granulite, and
subordinate metadiorite and metatonalite [Wang et al., 2003]. Such a mafic to ultramafic lower crustal com-
position can be a vestige of massive basic magma underplating [e.g., Artemieva and Meissner, 2012]. However,
the isotopic signal of the “enigmatic” basement can be only a reflection of a “ghost” signal from inherited det-
rital sediments derived from the Tuva-Mongolian Continent which contributed to Precambrian detritus to the
Ordovician accretionary wedge [Sun et al., 2008; Jiang et al.,, 2011]. Moreover, the Chinese Altai granitoids
form isolated circular or elongated bodies, spatially disconnected from subordinate gabbroic intrusions,
which is not compatible with typical Cordilleran-type continental arcs typified by continuous diorite-tona-
lite-granodiorite coastal batholiths rich in variously hybrid mafic components [e.g., Ducea et al., 2003].
Indeed, some recent studies suggested that the Chinese Altai can be regarded as a segment of a giant
Early Paleozoic accretionary system extending from western Mongolia to Chinese Altai consisting exclusively
of greywacke-dominated Ordovician sediments [Xiao et al., 2009; Long et al., 2010]. Such an interpretation
suggests a crustal architecture distinctly different from the traditional geotectonic model of the Chinese
Altai and calls also for a reevaluation of the current ideas on the granitoid petrogenesis.

The exhumed orogenic lower crustal sections are well exposed in cores of high-grade migmatite-magmatite
domes in both the Chinese and Mongolian Altai [Jiang et al., 2012, 2015; Broussolle et al., 2015; Zhang et al.,
2015]. These crustal sections are exclusively composed of metamorphosed Habahe-type metasedimentary
sequence without any fragments of old continental basement and gabbroic intrusions (Figure 11a). The rocks
resembling a melt-stripped residue modeled in the current study were so far retrieved from rare orthopyrox-
ene-bearing granulite lenses in migmatites [Kozakov et al., 2002; Wei et al., 2007] and two-pyroxene granulite
xenoliths sampled by Mesozoic volcanic rocks in Mongolian Altai [Barry et al., 2003]. These xenoliths show
predominantly crust-like evolved Sr-Nd isotopic characteristics similar to the Habahe Group (Figure 11)
and (garnet)-pyroxene-bearing assemblages, which are comparable to the modeled granulitic residue result-
ing from the partial melting of the Habahe Group metasediments. It is noteworthy that the high-grade domes
are cored by felsic granitoids that are compositionally and isotopically comparable to the hosting Habahe
Group metasedimentary rocks (Figure 11a).

Such a rock association is not compatible with the traditional petrogenetic model, which assumes partially
molten old basement intruded by basic magmas in the deeper crustal sections as reported from the
European Variscan Belt [e.g., Soula et al., 1986; Aguilar et al., 2015]. This orogenic belt is a classic example
of such a thermal and magmatic reworking of an old (Proterozoic) continental basement during Late
Carboniferous to Permian lithospheric thinning [e.g., Ziegler, 1986; Artemieva and Meissner, 2012]. This event
resulted in production of voluminous basaltic magmas triggering melting of the overlying basement and
production of mixed calc-alkaline magmas (e.g., in Corsica and Pyrenees [Rossi and Cocherie, 1991;
Roberts et al., 2000]). The resulting crustal structure is marked by mafic lower crust overlain by intermediate
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Figure 11. Granitoid petrogenesis and orogenic crustal architecture of (a) the Altai-type orogen (modified after Jiang et al.
[2015]) and (b) the Pyrenees-type orogen (modified after Aguilar et al. [2015]). Figure 11a shows anatectic melting of

thickened sedimentary sequences generates ascending granitoids. The contribution of juvenile mantle-derived magma is
limited. Figure 11b shows intense interaction between mantle-derived magmas and continental basement with important
input of mantle components. Isotopic data for the Chinese Altai orogen are after Hu et al. [2000] and Wang et al. [2009, and
references therein], data for crustal xenoliths are from the Mongolian Altai after Barry et al. [2003], and those of European
Variscides are after Bickle et al. [1988], Roberts et al. [2000], and Vila et al. [2005]. Summary of data are presented in Table S5.

to felsic granulites and by metasedimentary middle to upper crust [Downes, 1993; Rey et al., 1997; Artemieva
and Meissner, 2012]. Taken the Pyrenees as an example, the exposed deeper crust in the core of Late
Carboniferous gneiss domes features locally granulitic and partially molten Precambrian basement asso-
ciated with tonalite-granodiorite plutons and massive syntectonic gabbro-diorite injections [Druguet,
2001; Aguilar et al., 2015]. The mantle-derived magmas there generally show evolved Sr-Nd isotopic signa-
tures exemplified by their mostly negative gyg (t) values, a few of which are even less radiogenic than the
basement (Figure 11b). The isotopic signatures of the Pyrenean granodiorites are overlapping largely with
those of the basement and mantle-derived mafic rocks, and this can be explained by magma mixing
between mantle- and basement-derived magmas (Figure 11b).

In our view, the crustal architecture of the Altai Orogen is likely represented, from the bottom to the top,
by intermediate granulites, migmatites, and amphibolite- to greenschist-facies metasediments all derived
from the Habahe Group and such a package is intruded by granitoids mainly of granitic to granodioritic
composition. Contrary to the Pyrenees example, the absence of mafic intrusions in the exposed lower
crustal section in the Chinese Altai migmatite-magmatite domes precludes supposed large-scale mantle-
derived magma underplating.
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5.2. Habahe Group Rocks as a Source of Altai Granitoids

As shown above, the Silurian-Devonian calc-alkaline granitoids in the Chinese Altai are characterized by
hybrid crust-mantle geochemistry and variable initial Sr-Nd isotopic compositions (Figure 7) [see also Chen
and Jahn, 2002; Wang et al., 2009; Liu et al., 2012]. They are also depleted in HFSE and enriched in LILE on
the N-MORB normalized spidergrams (Figure 6d). Such geochemical features suggest that they either repre-
sent fractionation products of typical continental arc-derived magmas or they came from magmatic recycling
of young, geochemically immature arc-derived sediments [Arculus, 2003; Janousek et al., 2010]. The latter sce-
nario has rarely been considered until geochemical similarities were found between granitoids and the
Habahe Group rocks, implying that the latter may have contributed to the magma source in the Chinese
Altai [Liu et al., 2012].

The commonly positive zircon g(t) values and relatively primitive whole-rock Sr-Nd isotopic characteristics
of the granitoids were interpreted as due to the involvement of significant amount of primitive basic compo-
nent (70-90%) in the magma [e.g., Wang et al., 2009]. Such model requires a presence of an old continent and
large amount of basic and intermediate cumulates [Borg and Clynne, 1998]. However, such a scenario of
significant mantle-crust interaction is apparently at odds with the available petrological and geochemical
data: (1) most granitoids have high SiO, (65 to 78wt %) and low MgO (2% to<0.1wt %), high-K or normal
calc-alkaline, peraluminous compositions [Liu et al., 2012]; (2) the mafic microgranular enclaves in granitoids
as well as contemporaneous mafic intrusions are relatively rare in the exposed lower crustal section
(Figure 11a); and (3) the relatively high Nd abundances of the granitoids preclude a large participation of
depleted mantle-derived mafic magmas.

On the contrary, the following lines of evidence support magmatic recycling of the Habahe Group rocks: (1) the
reconstructed crustal profile shows that these rocks were buried into deep crustal levels where they underwent
extensive anatexis [Jiang et al., 2015]; (2) there is a temporal and spatial relationship between the anatexis of the
Habahe Group rocks and formation/emplacement of the granitoids (Figure 5); (3) thermodynamic modeling
shows that the Ordovician metasediments are fertile enough to produce large volumes of granitic to grano-
dioritic melts resembling most granitoids in the Chinese Altai (Figure 8); and (4) partial melting of both volca-
nogenic and terrigenous components of the Habahe Group could produce melts isotopically identical to the
granitoids (Figure 7). In fact, the compositions of granitoids as well as their origin proposed in this work match
well the classic S-type granites in circum-Pacific orogens, as exemplified by Collins and Richards [2008].

Based on these data, an updated petrogenetic model for the Altai granitoids is proposed. The predominant
(~85vol %) peraluminous granitoids (biotite granodiorites to granites) could have originated mainly by partial
melting of the greywacke-like Habahe Group metasediments (Figure 12). The remaining (~15vol %) relatively
Ca-Mg rich “I-type” hornblende tonalites to granodiorites could have resulted from partial melting of volca-
nogenic components of the Habahe Group (Figure 12). The resultant granitoids could share arc-like isotopic
and trace element signatures reflecting inheritance from the Habahe Group (Figure 12). Similar granitoids
derived from flyschoid sediments in accretionary prisms commonly show I-type geochemical characters
and arc-like affinities (e.g., in Alaska) [Barker et al., 1992]. However, like in the Altai, their geochemical features
only reflect the source rocks rather than the true tectonic environment of origin. Considering the contempor-
ary emplacement of minor mafic rocks, magma mixing with mantle-derived component could also be a fea-
sible possibility for the generation of these minor hornblende-bearing granodiorites. Taken together, the
primitive geochemical characteristics of the granitoids could be mostly inherited from isotopically unevolved
Habahe Group rocks and the contribution of primitive basic component could have been significantly less
than previously proposed.

5.3. Implications for the Crustal Evolution of the CAOB and Peripheral Continental Growth in General

Accretionary processes in northern Mongolian CAOB are characterized by the general southwestward ocea-
nic evolution successively from Late Neoproterozoic to Early Paleozoic [Badarch et al., 2002; Kréner et al., 2010;
Lehmann et al., 2010]. Recent studies have suggested that this region was governed by a southwestward
subduction of the passive margin of the Tuva-Mongolian continental block during the Neoproterozoic to
Early Cambrian. This resulted in the obduction of high-pressure rocks and ophiolitic fragments onto the
continental basement at ~540Ma [Stipskd et al., 2010] and the formation of an Early Cambrian accretionary
system, i.e., the Lake Zone [Kréner et al., 2010; Lehmann et al.,, 2010]. A new NE dipping subduction probably
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Figure 12. A tentative model for the formation of the granitoids in the Chinese Altai. Felsic melts are generated at depth via
predominantly anatectic reworking of the Habahe Group metasediments. Intermediate, hornblende-bearing granodiorites
to tonalites are a result of partial melting of the volcanogenic components therein. Involvement of mantle-derived basaltic
melts is possible but less significant than in previous interpretations [e.g., Wang et al., 2009].

started since Early Cambrian and affected the SW margin of the Tuva-Mongolian block by widespread arc
magmatism culminating at 500Ma [Janousek et al., 2014; Soejono et al., 2016]. Continuous retreat of the
subducting plate resulted in the formation of a huge turbidite fan, which received the erosion products from
preexisting Late Proterozoic Lake Zone, Cambrian volcanic arcs, as well as Proterozoic basement rocks of the
Tuva-Mongolian block. This giant sedimentary fan, together with accreted and imbricated ocean floor
sediments and mafic volcanic rocks, constituted an Early Paleozoic accretionary wedge in the Hovd-Altai area
[Xiao et al., 2009].

As the youngest unit in the northern Mongolian CAOB, the southern Altai has been assigned as an active
margin in the Early-Middle Paleozoic [e.g., Xiao et al., 2009; Long et al., 2010]. The appearance of composi-
tionally heterogeneous mafic rocks and the association of Silurian to Middle Devonian adakite+high-Mg
andesite+boninite+Nb-enriched basalt were considered as proxies of an abrupt change in thermal regime
along the active margin due to upwelling of hot asthenospheric mantle [e.g., Niu et al., 2006; Cai et al., 2010;
Wong et al., 2010]. In order to explain anomalous thermal conditions of the Chinese Altai in the Devonian,
subduction of an active spreading oceanic ridge and associated asthenosphere upwelling were proposed
[e.g. Sun et al., 2009; Cai et al.,, 2010; Jiang et al., 2010]. Alternatively, the elevation of asthenosphere can
be attributed to back-arc spreading or large-scale lithosphere thinning above the Pacific-type subduction
systems [e.g., Collins, 2002; Currie et al., 2004; Hyndman et al., 2005]. Collins and Richards [2008] proposed
that such a tectonic process would result in a focused heat advection responsible for massive melting of
overriding fertile sedimentary back-arc sequences producing circum-Pacific S-type granitoids. In Cascadia,
rather constant surface heat flow (Qs) of 80-100mW/m? was reported in 400km wide region across the
back arc of the central Andean extensional suprasubduction zone, suggesting extremely hot mantle flow
[Currie et al., 2004]. For such heat flow values, the temperatures at 30km can attain 770°C-1100°C, matching
well with the proposed thermal conditions for the crustal anatexis in the Chinese Altai (Figure 4). It should
be stressed that analogous large-scale extensional event associated with extensive Devonian partial melt-
ing of metasediments and emplacement of various amounts of gabbroic sheets was recently reported from
the adjacent Mongolian Altai [HanZl et al., 2016]. Altogether, Silurian to Devonian granitoids in the Chinese
Altai were probably produced during the same crustal extensional event associated with the upwelling of
the asthenospheric mantle (Figure 13).

Although Collins [2002] and Collins and Richards [2008] envisaged remelting of previously thickened back arcs
during lithospheric suprasubduction extension, the melting of thick accretionary system is equally possible, if
not more likely, candidate to produce large quantities of granitoids. Pacific sedimentary prisms are several
hundred kilometers wide and thousands of kilometers long structures [e.g., Sengdr and Natal'in, 1996;
Kusky et al., 2013]. These wedge-like structures are composed of imbricated ocean plate stratigraphy
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Figure 13. Tectonic interpretation for the generation of voluminous Silurian-Devonian granitoids and the formation of dif-
ferentiated crust in the Chinese Altai due to lithosphere thinning and asthenosphere upwelling (modified after Collins
[2002] and Hyndman et al. [2005]). Idealized gravity profile on the Chinese Altai and Hovd-Mongolian Altai regions shows
nature of gravity anomalies related to deep structure of partially molten wedge.

sediments, basalts, and trench turbidites scrapped off from the subducting plate. The dominant component
is the greywacke-type sediments with chemistry resembling to magmatic arcs [Lisitzin, 1972]. Retreat of the
subduction zone is associated with trenchward migration of magmatic arcs and massive extension of the
upper plate including accretionary wedges and is commonly related with intrusion of abundant arc-type
granitoids [Sengor et al., 1993; Sengdr and Natal'in, 1996]. Anatectic reworking of wedge sediments has been
found to be an important process governing the magmatic evolution of the accretionary orogens, particularly
in the circum-Pacific accretionary system [e.g., Barker et al., 1992; Shinjoe, 19971.

Modern geophysical studies of accretionary orogens show that individual accreted terranes commonly pre-
serve a specific and strong geophysical signal (Bouguer and magnetic anomalies) distinctive for their origin
and geological history [Glen et al., 2007; Burton, 2010]. However, this is not the case of the Altai accretionary
wedge that features horizontally heterogeneous geophysical signal marked by high-density lower crust in
the south (Chinese Altai) and low-density lower crust to the north (Mongolian Altai, Figures 10a and 10b).
It can be theoretically assumed that the homogeneous gravity signal of the accretionary wedge was modified
by localized tectonic or magmatic process. Here it is proposed that partial melting of the fertile Habahe Group
metasediments is responsible for the origin of arc-like granitoids and heavy granulitic residue with density of
2890kg/m? in the deep crust. As a consequence, it can account for the low-frequency gravity high in the
Chinese Altai and the laterally heterogeneous gravity pattern across the Altai Orogen. In such a model, extrac-
tion and ascent of felsic melt to middle and upper crustal levels leave behind a dense and refractory lower
crustal residue, leading to a large-scale differentiation of the crust. As such, it seems to represent a fundamen-
tal mechanism transforming accretionary wedges into vertically differentiated and stratified continental crust
along Pacific-type continental margins.

6. Conclusions

Geological and geochemical data, thermodynamic modeling, and gravity analysis are combined to character-
ize the Silurian-Devonian magmatism and crustal evolution of the Chinese Altai Orogenic Belt. The principal
conclusions are as follows:

1. Partial melting of the young, geochemically primitive Habahe Group metasediments may be considered
as a viable source for the most (>85%) Silurian-Devonian granitoids in the Chinese Altai. The minor
(<15%) hornblende tonalities to granodiorites could come from the volcanogenic components of the
same unit or may be derived from the mantle. This model contrasts with previously proposed derivation
of the granitoids with significant contribution (>50%) from juvenile mantle-derived melts.
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2. Melting of the accretionary wedge could have led to formation of a heavy granulite residue, explaining
the gravity high over the Chinese Altai.

3. Massive magmatism due to anatectic reworking of the accretionary wedge can result in the formation of
differentiated and vertically stratified continental crust. Such a process may provide a key to the under-
standing of transformation of accretionary wedges into stabilized continents and the peripheral growth
of continental crust in accretionary orogens.
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