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The mechanism for generation of Silurian-Devonian hornblende-bearing I-type granitoids in the Chinese
Altai still remains rather obscure. The possibility that they are derived from the regional anatexis of the
Ordovician accretionary wedge, i.e., the Habahe Group, is investigated. The Habahe Group contains a
large number of intermediate-to-basic components. These components occur mainly as interlayered
volcanogenic bands or admixtures and less commonly as blocks varying in size from several meters to
several hundreds of meters. Geochemically, this volcanogenic component is characterized by enrichment
of large-ion lithophile elements relative to many of the high-field strength elements and rather radio-
genic Nd isotopic signatures (εNd(t): þ4.1 to þ9.1). Phase equilibrium and trace element modelling
indicate that partial melting of the volcanogenic component at an attainable 900e1000 �C can produce
30e35 vol% silicic melts that show a good chemical match, in terms of major element contents and trace
element patterns, with those of the local I-type granitoids. Combined with regional available data, we
suggest that Silurian-Devonian hornblende-bearing I-type granitoids could be derived from the partial
melting of the volcanogenic components of the Habahe Group and previously inferred large input of
mantle-derived magma is un-necessary. Regional anatexis of the Ordovician accretionary wedge led to
the stabilization of the wedge, which may represent an important mechanism contributing to the for-
mation of vertically stratified continental crust in accretionary orogens in general.

© 2019 Published by Elsevier B.V. on behalf of International Association for Gondwana Research.
1. Introduction

The formation of large silicic batholiths, dominantly composed
of calc-alkalic granodioritic to tonalitic compositions (I-type gran-
itoid), is classically interpreted as the most conspicuous features of
arc magmatism on an active continental margin (Wyllie, 1977), as
best exemplified by Cordilleran-type granitoids (Condie, 1997;
Hawkesworth et al., 2010). On the one hand, the broadly metal-
uminous or weakly peraluminous features of this type of granitoids
were thought to chemically image their source rocks, and this has
led many to suggest that they are generally derived from (meta)
igneous rocks rather than sedimentary ones (Chappell et al., 2012;
Rutter and Wyllie, 1988; Wolf and Wyllie, 1994). One preferred
model invokes extensive fractionation of basaltic magma or partial
melting of meta-igneous rocks at deep crustal levels (Annen et al.,
lf of International Association for
2006; Lee and Bachmann, 2014). On the other hand, these I-type
granitoid batholiths usually have hybrid mantle-crust geochemical
signatures, as evidenced by their variable Sr and Nd isotopic com-
positions (All�egre and Othman, 1980; DePaolo, 1981; McCulloch
and Gamble, 1991), implying significant crust-mantle interaction
involved in their generation. Alternatively, numerous experimental
and numerical studies postulated that melting of a compositionally
heterogeneous source, such as subducted m�elanges, is another
process capable of generating I-type granitoid batholiths (Annen
et al., 2006; Castro et al., 2010; Gerya et al., 2006; Gorczyk et al.,
2007; Kruk, 2015). It seems a general consensus that the forma-
tion of I-type batholiths is a major contribution to the growth of
continental crust (Kemp et al., 2007). Therefore, to decipher the
petrogenesis of these rocks is crucial to our understanding of the
mechanism for generation and evolution of continental crust.

Pacific-type convergent margins are characterized by long-
lasting, continuous subduction of oceanic crust, and are respon-
sible for the sites of major growth of continental lithosphere in
areas known as accretionary orogenic belts (Cawood et al., 2009).
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On the one hand, continental crust could form via arc magmatism,
through which originally basaltic melts rise, fractionate, crystallize
and form mature continental crust (Rudnick, 1995; Solano et al.,
2012; Taylor, 1967). On the other hand, the volume of continental
crust can be enlarged via accretion of exotic crustal components
attached to the host continent, and stratified continental crust
could be generated via late magmatic and/or metamorphic
reworking (Jiang et al., 2016; Safonova, 2017). The Central Asian
Orogenic Belt (CAOB), the largest known crustal growth area during
the Phanerozoic on Earth, is composed of various lithological units
(Şeng€or et al., 1993; Wilhem et al., 2012). On the basis of the
primitive whole-rock Sr-Nd isotopic characteristics of numerous
granitoids, it has been suggested that half of the CAOB crust is ju-
venile (Jahn et al., 2000; Kr€oner et al., 2007; Şeng€or et al., 1993;
Xiao et al., 2004, 2009). Genetic models proposed for the formation
of juvenile crust in the CAOB varied from the extraction of mantle
melts via either arc magmatism (Şeng€or et al., 1993) or magmatic
underplating (e.g., Jahn et al., 2000) to recycling of originally
primitive crustal components (Kr€oner et al., 2017). Consequently,
the underlying mechanism by which the continental crust differ-
entiates still remains rather obscure.

In the present study, we focus on the magmatic evolution of the
hornblende-bearing I-type granitoids in the Chinese Altai Orogenic
Belt, a high-grade core of the CAOB. These granitoids are medium-
to high-K, calc-alkaline, sub-aluminous granitoids (Cai et al., 2011b;
Liu et al., 2012; Wang et al., 2006; Yu et al., 2018; Yuan et al., 2007).
They were first thought to be derived from arc-related magmatic
rocks (e.g., Wang et al., 2006), on account of their apparently
subduction-related geochemical characteristics. A petrogenic
model of magma mixing between mantle- and crustal-derived
magmas was proposed to explain their hybrid crust-mantle
geochemistry and variable initial Sr-Nd isotopic compositions
(e.g., Wang et al., 2009; Yu et al., 2017a). Their relatively primitive
Sr-Nd isotopic signatures have resulted in a tectonic model of large-
scale basaltic magma underplating beneath old continental crust
(Wang et al., 2009). However, this idea is not supported by recent
geochronological studies, which have proven that the previously
thought Precambrian continental basement, i.e., high-grade meta-
morphic rocks, is, in fact, Ordovician wedge sediments (Jiang et al.,
2011, 2016; Sun et al., 2008). The so-called “basement rocks” of the
Chinese Altai were reinterpreted as variably metamorphosed
accretionary wedge complex consisting of an Ordovician sedi-
mentary sequence without any pieces of continental basement
(Jiang et al., 2011, 2017; Long et al., 2008; Xiao et al., 2009). In
addition, recent structural, metamorphic and geochronological
studies indicated that anatexis of Ordovician wedge sediments in
the Chinese Altai was coeval with the overwhelming Silurian-
Devonian granitoids magmatism in the region (Broussolle et al.,
2018; Jiang et al., 2010, 2015, 2019). On the basis of the close
temporal and spatial relationship between the anatexis of the
Ordovician prism and the Silurian-Devonian peraluminous granit-
oids as well as their geochemical similarities, Jiang et al. (2016)
suggested that the peraluminous granitoids, the majority of
Silurian-Devonian granitoids in the region, had originated from
partial melting of the wedge sediments. Accordingly, the possibility
as to whether the subordinate hornblende-bearing I-type granit-
oids could have originated from a pre-existing primitive source in
the form of basic volcanic admixture or tuffitic layers of the wedge
sediments is worth further investigation.

In this study, geological, geochemical and Nd isotopic charac-
teristics of intermediate-to-basic volcanogenic admixtures from
the sedimentary rocks of the Ordovicianwedge of the Chinese Altai
are addressed. In addition, phase equilibrium modelling of melts
compositions frommelting the volcanogenic components has been
performed using the recently available melt model for metabasic
rocks of Green et al. (2016). Combined with the results of phase
equilibrium modelling, trace element compositions of melts as a
function of pressure, temperature and melt fraction were also
modelled. Results from this study combined with previously
available data, allow us to test the hypothesis that the I-type
granitoids in the Chinese Altai had an origin through partial
melting of the intermediate-to-basic volcanogenic components of
the Ordovician sediments. The results shed light on the differenti-
ation and stabilization of the accretionary wedge in general.

2. Geological setting

The CAOB, also known as the Altaids, 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 (Jahn
et al., 2000; Şeng€or et al., 1993; Windley et al., 2007). It is one of
the largest and most complex accretionary collages in the world,
the formation of which had contributed substantially to the
enlargement of the Asian continent by subduction and accretion of
juvenile materials from the Neoproterozoic to the late Paleozoic
(Şeng€or et al., 1993; Windley et al., 2007). This giant orogenic sys-
tem consists of magmatic arcs, ophiolites, accretionary wedges,
passive margins, and microcontinents (Şeng€or et al., 1993; Wilhem
et al., 2012). There are controversies surrounding its tectonic evo-
lution, and among which two major competing tectonic models
have been proposed, i.e., long-lived subduction and oroclinal
bending of a single arc (Şeng€or et al., 1993; Şeng€or and Natalin,
1996) versus amalgamation of multiple terranes, similar to the
geology of modern SW Pacific (e.g., Windley et al., 2002, 2007; Xiao
et al., 2004, 2009, 2010).

The Altai Orogenic Belt is located in the south-central part of the
CAOB. It consists mainly of a greenschist- to amphibolite-facies Late
CambroeOrdovician meta-volcano-sedimentary succession
(Badarch et al., 2002; Safonova et al., 2009). Thewhole succession is
irregularly covered by Silurian basalt, tuff, and siliciclastic sedi-
ments. This thick succession, extending into Mongolia, China,
Kazakhstan, and Russia for about 2000 km, was interpreted as a
giant accretionary wedge riming the active margin of the north-
western Mongolian Blocks (Jiang et al., 2017; Xiao et al., 2009). It
has been suggested that the Cambro-Ordovician geodynamic evo-
lution of the western Mongolian and southern Siberian continental
margin was governed by an early compressional and a late exten-
sional event (e.g., Jiang et al., 2017). The first event was responsible
for the obduction of Neoproterozoic marginal oceanic basins
associated with high-pressure metapelites and eclogites at 540Ma
(�Stípsk�a et al., 2010). This occurred almost simultaneously with the
emplacement of island arc fragments over the Siberian passive
margin (e.g., Glorie et al., 2014; Priyatkina et al., 2016). Turbidite
basins located in western Mongolian (e.g., Kuzmichev, 2015) and in
the Russian Gorny Altai (e.g., Kruk et al., 2018) were thought to be
connected with this event. The second event is attributed to the
rollback of the subduction system (Soejono et al., 2016; Jiang et al.,
2017), which gave rise to the generation of widespread arc mag-
matism cumulating at ca. 510Ma (Janou�sek et al., 2018) and high-
temperature/low-pressure granulite-facies metamorphism peak-
ing at around 500Ma (e.g., Gladkochub et al., 2008; Buri�anek et al.,
2017) in the region. This event may also account for the develop-
ment of the giant turbidite basin that eventually evolved into a
giant accretionary wedge constituting the bulk of the Mongolian
and Chinese Altai (Jiang et al., 2017), as investigated in this study.
The Chinese segment of the Altai accretionary wedge, namely the
Chinese Altai, is characterized by a greywacke-dominated Ordovi-
cian metasedimentary sequence and Devonian turbiditic to clastic
sedimentary sequences, alternating with NW-SE trending elon-
gated magmatite-migmatite domes (Fig. 1, Broussolle et al., 2019;
Xiao et al., 2009). The Chinese Altai is separated from the southerly
folded and weakly metamorphosed Silurian-Carboniferous ocean



Fig. 1. 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).
(After Jiang et al., 2016).
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floor sediments and volcanic rocks of the Junggar arc domain by the
Erqis fault (Li et al., 2015; Xiao et al., 2009; Zhang et al., 2012). The
local geology of the Chinese Altai has been the subject of many
studies (e.g., Laurent-Charvet et al., 2003; Li et al., 2017;Wang et al.,
2006; Windley et al., 2002; Xiao et al., 2009). Here we summarize
available petrological, geochronological and geochemical aspects
on the Ordovician sedimentary sequences and Devonian granitoids
of the region in the following text.
2.1. Ordovician sedimentary sequence of the Habahe Group

Ordovician sedimentary sequence constitutes the basement of
the Chinese Altai, and represents the oldest and most extensive
lithological unit, namely the Habahe Group, in the region. It con-
sists of dominant terrigenous-clastic and subordinate volcano-
clastic rocks, tuffaceous sediments, and volcanic rocks (Windley
et al., 2002; Xiao et al., 2009). The terrigenous sedimentary com-
ponents are chemically immature and compositionally similar to
greywacke (Fig. 2a, see also Jiang et al., 2016; Long et al., 2008). The
trace element characteristics of these terrigenous sediments,
resemble immature Pacific trench sediments but show lower con-
centrations of large-ion lithophile elements (LILEs) (e.g., Rb, Sr, Th,
U and Pb) and high field strength elements (HFSEs) (e.g., Zr, Hf, Nb,
and Ta) than the mature post-Archean Australian shale (PAAS)
(Jiang et al., 2016). The terrigenous sedimentary components have
active continental margin geochemical affinities (Long et al., 2008).
The provenance of the Habahe Group metasedimentary rocks has
become the subject of several studies in the past 10 years (e.g., Long
et al., 2007, 2008, 2010; Sun et al., 2009; Windley et al., 2002). On
the basis of its evolved whole-rock Nd-Sr isotopic compositions as
well as Proterozoic Ndmodel ages (TDM: 1.8e1.5 Ga), Chen and Jahn
(2002) suggested that the Habahe Group was composed mostly of
evolved continental crustal materials withminor Paleozoic juvenile
materials. In contrast, detrital zircons from this sedimentary
sequence are characterized by prominent ca. 540e460Ma grains
with subordinate Neoproterozoic and rare pre-Neoproterozoic ones
(Broussolle et al., 2019; Jiang et al., 2011; Long et al., 2007). It has
also been documented that >70% of the detrital zircons from the
Habahe Group have positive zircon εHf(t) values, suggesting that the
metasediments contained abundant young and geochemically
primitive components (Cai et al., 2011b). It has also been revealed
that the main early Paleozoic zircons populations are euhedral and
display oscillatory zoning, in contrast to the Precambrian zircons
which are generally rounded with complicated magmatic-
metamorphic internal structures (Jiang et al., 2011; Long et al.,
2007; Sun et al., 2008). Taken together, these features suggest
that the detritus for the Habahe Group was mainly derived from
both the nearby early Paleozoic arc-proximal sources and perhaps
more distant, but certainly more mature, Precambrian continental
sources. All these information have led to 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 noteworthy that an about 1800 km
long Cambro-Ordovician Ikh-Mongol arc system was recently
defined to the northeast of the Altai Orogenic Belt (Janou�sek et al.,
2018), and the arc magmatism reworked the accreted Neo-
proterozoic island arc Lake Zone and Precambrian blocks inwestern
Mongolia (Janou�sek et al., 2018). Further comparisons show that
the published detrital zircon age patterns of the Habahe Group fit
the Neoproterozoic-early Paleozoic arc-related rocks in the Lake
Zone and its adjacent Precambrian blocks to the west (Jiang et al.,
2011, 2017). This may suggest that the neighboring Lake Zone and
its adjacent Precambrian blocks may have significantly contributed
to the related Ordovician sedimentary basins in the Chinese Altai.
This is also in line with the view that the Habahe Group and its
equivalents, stretching from Russia to central Mongolia, represent a
huge accretionary wedge riming the active margin of the Precam-
brian blocks (Jiang et al., 2017; Xiao et al., 2009).

The Altai wedgewas transformed into a mature orogenic system
during the Devonian Altai orogeny associated with extensive
magmatism and synchronous metamorphism (Broussolle et al.,
2018; Jiang et al., 2010, 2019; Wang et al., 2006). Petrological ob-
servations and thermodynamic modelling suggested that the
Habahe Group probably experienced an early Paleozoic Barrovian-



Fig. 2. Geochemical characteristics of the Ordovician Habahe Group terrigenous sedimentary rocks and Silurian-Devonian granitoids from the Chinese Altai. (a) Classification
diagram of terrigenous components of the Habahe Group rocks (after Pettijohn et al., 1987), showing their greywacke-dominated nature. (b) La/Sc versus Ti/Zr diagram of the
Habahe Group terrigenous components (after Bhatia and Crook, 1986), suggesting a continental arc/active continental margin setting. (c) B-A diagram of Villaseca et al. (1998)
modified from Debon (1983) showing that majority of the Silurian-Devonian granitoids from the Chinese Altai are peraluminous compositions (unfilled grey squares), and
some “I-type” hornblende-bearing granodiorites and tonalites (filled pink squares) are less peraluminous to metaluminous. (d) Primitive mantle normalized trace element patterns
for granitoids (peraluminous granitoids in grey and “I-type” hornblende-bearing granodiorites and tonalites in pink). Primitive mantle normalizing values are from Sun and
Mcdonough (1989). Details on data sources are available and presented in Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Geochemical characteristics of the Ordovician Habahe Group terrigenous sedimentary rocks and Silurian-Devonian granitoids from the Chinese Altai. (a) Classification diagram of
terrigenous components of the Habahe Group rocks (after Pettijohn et al., 1987), showing their greywacke-dominated nature. (b) La/Sc versus Ti/Zr diagram of the Habahe Group
terrigenous components (after Bhatia and Crook, 1986), suggesting a continental arc/active continental margin setting. (c) B-A diagram of Villaseca et al. (1998) modified from
Debon (1983) showing that majority of the Silurian-Devonian granitoids from the Chinese Altai are peraluminous compositions (unfilled grey squares), and some “I-type”
hornblende-bearing granodiorites and tonalites (filled pink squares) are less peraluminous to metaluminous. (d) Primitive mantle normalized trace element patterns for granitoids
(peraluminous granitoids in grey and “I-type” hornblende-bearing granodiorites and tonalites in pink). Primitive mantle normalizing values are from Sun and Mcdonough (1989).
Details on data sources are available and presented in Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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type metamorphism associated with a maximum burial to a depth
of 30 km andmore (Jiang et al., 2016;Wei et al., 2007). The resulting
Barrovian-facies metamorphic rocks were subsequently reworked
by regional-scale anatexis at 700e1000 �C with a high field
geothermal gradient about 30 �C/km (see also Jiang et al., 2015; Li
et al., 2014; Wei et al., 2007). This regional anatexis event was
dated at Middle Devonian (390e380Ma), as revealed by U-Pb
dating of metamorphic zircons of migmatitic gneisses (Broussolle
et al., 2018; Jiang et al., 2010; Long et al., 2007). These researchers
further proposed that the anatexis gave rise to the formation of
vertically stratified crust in the Chinese Altai represented by 1)
molten or even granulitized Habahe Group forming the orogenic
lower crust; 2) greenschist- to amphibolite-facies Habahe Group
forming the orogenic middle crust, and 3) low-grade to un-
metamorphosed Devonian volcanoclastic succession with surface
volcanism representing the orogenic upper crust (see details in
Jiang et al., 2019).
2.2. Silurian-Devonian granitoids

Abundant granitoids intruded the Ordovician Habahe sequence
and occupy at least 40% of the map surface of the Chinese Altai
(Fig. 1, Zou et al., 1989). More than 90% of these granitoids have
been emplaced during Late Silurian to Middle Devonian with
crystallization U-Pb zircon ages ranging from 420 to 370Ma and the
remaining volumetrically small Late Paleozoic granitoids with
emplacement U-Pb zircon ages ranging from 300 to 270Ma (Tong
et al., 2007; Wang et al., 2009). The Silurian-Devonian granitoids
form isolated circular or elongate bodies whereas the Late Paleozoic
granitoids are spatially concentrated along the southern flank of
the Chinese Altai. In the following text, published geological,
geochronological and geochemical features of the Silurian-
Devonian granitoids are summarized.

Most Silurian-Devonian granitoids were syntectonic, coeval
with the formation of the migmatite-magmatite domes. These
granitoids are generally surrounded by high-grade gneisses which
show progressive textural evolution of migmatite types from
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ophthalmitic gneiss, through stromatites to nebulites (Huang et al.,
2019; Jiang et al., 2015, 2019). The migmatites are characterized by
the mineral assemblage of sillimanite, K-feldspar, garnet and
cordierite, attesting to equilibration under granulite-facies condi-
tions (Jiang et al., 2015, 2019; Wei et al., 2007). Relics of Barrovian-
series minerals (staurolite and kyanite) were also found in the
migmatites (Jiang et al., 2015, 2016), evidencing deep burial of the
protolith before the anatectic reworking. Recent U-Pb zircon
geochronological studies indicated that emplacement of Silurian-
Devonian granitoids culminated at around 400e390Ma (Cai
et al., 2011a), coeval with the high-temperature anatexis of
~390Ma in the region (Broussolle et al., 2019; Jiang et al., 2010;
Long et al., 2007). Abundant early Paleozoic (540e440Ma)
inherited zircons were reported from the granitoids (Cai et al.,
2011b; Sun et al., 2008), supporting a widespread
Neoproterozoic-Ordovician source component (Jiang et al., 2016).
The high proportion of ~500Ma inherited zircons is comparable
with detrital zircon age patterns of the Ordovician Habahe Group
metasediments that are characterized by predominantly early
Paleozoic ages, peaked at 500Ma (Broussolle et al., 2019; Jiang
et al., 2011, 2017; Sun et al., 2008). This feature obviates the pos-
sibility that production of the granitoids from a Proterozoic
basement.

Silurian-Devonian granitoids in the region are mainly granodi-
orites to granites. More than 85% of them are granites to biotite-
bearing granodiorites (Bi-granodiorites) and have predominantly
peraluminous compositions (Fig. 2c, Jiang et al., 2016). These per-
aluminous granitoids are characterized by moderate to high SiO2
contents (65.20e81.60wt%), moderate total alkalis (Na2Oþ K2O,
4.27e8.60wt%), and high Al2O3 contents (10.0e16.7wt%). The
remaining subordinate granitoids are hornblende-bearing grano-
diorites (Hb-granodiorites) as well as minor tonalites (Fig. S1, Jiang
et al., 2016; Liu et al., 2012). They have middle-high SiO2
(56.80e76.08wt%), moderate total alkalis (3.65e7.84wt%), and
high Al2O3 (11.25e17.10wt%). The hornblende-bearing granodio-
rites and tonalites are generally low peraluminous and metal-
uminous and considered as “I-type” granitoids (e.g., Yu et al., 2017b
and reference therein). Despite differences between major element
oxides, the peraluminous and “I-type” (metaluminous) granitoids
exhibit close trace element chemistry. They have enriched light rare
earth elements (LREEs) and flat heavy rare earth elements (HREEs)
in chondrite-normalized REE patterns, with moderate to strong
negative Eu anomalies (Fig. 2d, see also Jiang et al., 2016).
Geologically, the “I-type” granitoids occur always associated with
peraluminous granitoids and form peraluminous to metaluminous
granitic complexes (e.g., the Hanasi and the Habahe batholiths, see
alsoWang et al., 2009; Yu et al., 2017b). All of these granitoids show
large variations in their zircon εHf(t) values (�7.0 to þ9.0), and
generally whole-rock negative εNd(t) values (�4.2 to þ4.8), which
may suggest the addition of juvenile material combined with
reworking of old material in the magma source, implying an
environment similar to that of an active continental margin, as
discussed in many previous studies (Chen and Jahn, 2002; Wang
et al., 2009; Yuan et al., 2007; Zhang et al., 2017).

3. Sample descriptions

The dominant phase of the Habahe Group sedimentary suc-
cession is a terrigenous clastic sedimentary component, but a
subordinate volcanogenic component is also present. This study
focuses on the intermediate-to-basic volcanogenic components of
the Habahe Group and their roles in the granitoid magmatism in
the Chinese Altai. These components occur as either ferromagne-
sian minerals-enriched admixtures in greenschist-facies rocks or
amphibolite layers and/or boudins in amphibolite-facies rocks
(Fig. 3a, b). Locally, these volcanic components are preserved as
several-meters- to several-hundred-meters-scale massive am-
phibolites (Fig. 3c). A total of 14 volcanogenic samples were
collected for geochemical analysis, 10 of which are interbedded
admixture blocks and the other 4 samples are massive amphibo-
lites (see details in Table 1). These samples display more or less
similar mineral assemblages, composed mainly of amphibole, bio-
tite, plagioclase and quartz (see Fig. 3d).

4. Analytical methods

Major elements were measured on fused glass disks using a
Rigaku ZSX100e X-ray fluorescence spectrometer in the State Key
Laboratory of Isotope Geochemistry (SKLIG), Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences. Calibration lines
used in quantification were produced by bivariant regression of
data from 36 reference materials encompassing a wide range of
silicate compositions (Li et al., 2005). Analytical precision ranged
from 1% to 5%. Trace elements and rare earth elements (REE) were
performed using a PerkinElmer Sciex ELAN 6000 ICPeMS in the
SKLIG. Powdered samples (~40mg) were digested using HNO3þHF
acid mixtures in steel-bomb coated Teflon beakers for two days for
complete dissolution of the refractoryminerals. The signal drift was
monitored by the internal standard solution containing the single
element Rh. Sample preparation techniques and other details of
procedures are described in Li et al. (2002) and Li et al. (2007).
Analytical precision was generally better than 5%. The geochemical
data are presented in Table 1.

Nd isotopic analyses were performed on a Micromass Isoprobe
multi-collector mass spectrometer (MC-ICP-MS) in SKLIG,
following the procedures described by Li et al. (2004a). Measured
143Nd/144Nd ratios were normalized to 146Nd/144Nd¼ 0.7219. The
143Nd/144Nd ratio of the BCR-2 standardmeasured during this study
was 0.512628± 15 (2s). The Nd isotopes results are presented in
Table 1.

In order to test the hypothesis that the “I-type” granitoids could
have been derived from the Habahe Group volcanogenic compo-
nents, partial melting equilibrium for the average Habahe
intermediate-to-basic volcanogenic components was thermody-
namically modelled (Fig. 6a). The thermodynamic modelling was
performed using the THERMOCALC 3.45 software package (Powell
and Holland, 1988) and the PyPsbuilder front-end (Collett et al.,
2018; Lexa, 2017) at P-T conditions of 8e12 kbar, 600e1100 �C
(Fig. 6a). Calculations were carried out in the Na2O-CaO-K2O-FeO-
MgO-Al2O3-SiO2-H2O-TiO2-O2 (NCKFMASHTO) system, using the
internally consistent thermodynamic dataset of Holland and Powell
(2011, update ds62, 6 February, 2012), and the following a-x
models: silicate melt, augite, hornblende (Green et al., 2016);
garnet, orthopyroxene, biotite, chlorite, muscovite-paragonite
(White et al., 2014); olivine, epidote (Holland and Powell, 2011);
magnetite-spinel (White et al., 2002); ilmenite-hematite (White
et al., 2000); plagioclase, K-feldspar (Holland and Powell, 2003).
A bulk-rock compositionwas taken from an average composition of
14 intermediate-to-basic volcanogenic samples (Table 1). This
composition was then corrected for the presence of unmodelled
elements (e.g., all P2O5 is assumed to be bound in apatite and is
extracted along with an equivalent amount of CaO). As only
ilmenite is observed in the samples and because unaltered basic
igneous rocks typically show low oxidation state (Schilling et al.,
1983), the bulk rock XFe

3þ¼ Fe3þ/(Fe2þþ Fe3þ) ratios were fixed at
a low value (0.12, see Rebay et al., 2010). The amount of H2Owas set
to allow for minimally saturated melting at 10 kbar, which allows
for the modelling of the partial melting process in a H2O-closed
system. Following the procedure in Jiang et al. (2016) representa-
tive compositions of melts (normalized to 100% on an anhydrous
basis) were investigated at 8, 10 and 11.5 kbar. The compositions of
modelled melts are presented in Table 2 and plotted in Fig. 6.



Fig. 3. (a) Amphibolite boudins preserved in the metamorphosed Habahe Group succession. (b) Intermediate-to-basic layer (dark horizons, upper) and admixture (lower) inter-
layered with terrigenous components of the Habahe Group. (c) Partially molten massive amphibolite of the Habahe Group. (d) Photomicrographs of amphibolite within the Habahe
Group. Mineral abbreviations are amp-amphibole, pl-plagioclase, qtz-quartz.
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The above phase equilibrium modelling could allow calculation
of the abundance and composition of partial melt and residual
minerals. Representative melts that are compositionally compara-
ble with the investigated I-type granitoids are selected for further
trace element modelling. For such modelling, the abundance and
composition of residual minerals were computed directly via
THERMOCALC software, and published mineral/melt partition co-
efficients from previous studies were applied (Table S4). The
calculated processes and results are presented in Table S4 and Fig. 7.
5. Results

5.1. Major and trace elements

Geochemical compositions of intermediate-to-basic volcano-
genic samples are presented in Table 1. These samples have com-
positions varied from basalt to basaltic andesite in terms of their
SiO2 concentrations (46.30e52.56wt%, Fig. 4a). They have rela-
tively high MgO (5.32e8.18wt%) and Na2Oþ K2O (3.13e5.35wt%)
contents, low K2O/Na2O (0.03e0.54wt%) ratios, and middle-to-
high FeOT (7.18e13.73wt%), TiO2 (1.17e2.84wt%) and Al2O3
(13.69e17.15wt%) contents. These features make them mostly
falling into the calc-alkaline field in the FeOT-Na2Oþ K2O-SiO2
discrimination diagram (Fig. 4b). They display sub-parallel REE
patterns with enrichment in LREE (LaN/YbN¼ 2.06e6.99), flat HREE
(GdN/YbN¼ 1.66e2.09) and weak negative Eu anomalies (Fig. 4c).
On a primitive mantle (PM)-normalized variation diagram, most
samples show enrichment in LILEs (e.g., Rb, Sr, Th and U) and
pronounced negative Nb, Ta, and Ti anomalies (Fig. 4d), compatible
with a subduction-related environment. Broadly, the massive
amphibolite samples have relatively lower SiO2 and higher FeOT

contents compared to those of volcanogenic admixture samples.
The relatively less differentiated REE patterns and higher Ti/Zr and
Co/Th ratios of the former imply that they are probably derived
from less evolved mantle source (Fig. 4e, f).
5.2. Nd isotopic composition

The Nd isotopic data of 14 volcanogenic samples are presented
in Table 1 and plotted in Fig. 5, alongside with 8 previously pub-
lished data. For further comparison, Nd isotopic data of the 59
Silurian-Devonian granitoids and 31 Habahe terrigenous samples of
the Chinese Altai are also plotted (data in Table S2). The
εNd(400Ma) values of the analyzed samples vary fromþ4.1 toþ9.1,
similar to or slightly more positive than the previously published
data of volcanogenic samples (Fig. 5a). It is notable that the massive
amphibolite samples are more radiogenic than the volcanogenic
admixture samples, advocating the notion that the amphibolite
samples are chemically more primitive as cited above (Fig. 5a). The
Nd isotopic signatures of the bulk volcanogenic samples are
generally more radiogenic than most local granitoids. The two-
stage depleted mantle Nd model ages of the investigated volca-
nogenic samples are 0.4e0.9 Ga, younger than those of most
granitoids (0.6e1.5 Ga, Wang et al., 2009). This is consistent with
the widely accepted view that the Habahe Group contains abun-
dant geochemically primitive components (Cai et al., 2011a; Jiang
et al., 2016; Liu et al., 2012; Long et al., 2012). It is noteworthy
that the εNd(400Ma) values of bulk Habahe terrigenous compo-
nents vary from �6.1 to þ2.6 (mostly negative, see also Jiang et al.,
2016), a range somewhat less radiogenic than most local granitoids



Table 1
Major (wt%) and trace (ppm) element and Nd isotopic compositions of volcanogenic components of the Habahe Group in the Chinese Altai.

Sample BC01 BC02 BC03 BC04 BC05 BC06 CA01 CA02 CA03 CA04 ALT01 ALT02 ALT03 ALT04

Location 48�2052.3000N, 86�5805.4000E 47�49027.9900N, 88�1025.7900E 47�48046.9800N, 88�2047.6400E

SiO2 52.15 52.56 51.88 51.63 51.69 52.00 46.67 46.30 46.75 47.08 50.97 51.05 51.58 48.94
TiO2 1.25 1.22 1.20 1.17 1.26 1.26 2.83 2.78 2.84 2.54 1.16 1.37 1.36 2.05
Al2O3 17.01 16.90 16.93 16.94 16.76 17.15 13.74 13.69 13.86 14.02 16.17 16.26 16.22 16.08
FeOT 7.18 7.86 8.46 8.04 8.29 8.36 13.73 13.62 13.64 13.01 7.36 8.00 8.06 9.65
MnO 0.13 0.14 0.15 0.14 0.15 0.14 0.26 0.27 0.27 0.27 0.16 0.17 0.16 0.17
MgO 5.32 6.10 6.21 5.60 6.14 6.00 6.68 6.61 6.56 6.77 7.61 7.29 8.18 7.33
CaO 9.61 8.32 8.19 8.73 8.40 8.71 11.20 11.10 11.10 11.10 8.10 7.03 7.70 7.85
Na2O 4.14 4.79 4.85 4.43 4.65 4.68 2.59 2.53 2.61 2.63 3.18 3.68 2.97 3.16
K2O 0.20 0.17 0.18 0.16 0.19 0.16 0.61 0.60 0.60 0.63 1.71 1.67 0.74 1.43
P2O5 0.31 0.28 0.31 0.29 0.31 0.32 0.33 0.33 0.34 0.27 0.24 0.28 0.27 0.27
LOI 0.83 0.90 0.83 1.01 0.91 0.82 0.40 0.55 0.44 0.52 1.78 2.05 1.60 2.17
Total 98.13 99.24 99.19 98.14 98.75 99.60 99.04 98.38 99.01 98.84 98.44 98.85 98.84 99.10
Mg# 60.84 61.93 60.62 59.35 60.84 60.08 50.50 50.43 50.21 52.18 68.44 65.65 68.03 61.42
Na2Oþ K2O 4.34 4.96 5.03 4.59 4.84 4.84 3.20 3.13 3.21 3.26 4.89 5.35 3.71 4.59
Sc 32.3 34.4 34.0 30.6 33.9 32.8 44.6 46.5 46.2 45.5 28.7 23.7 26.1 27.7
V 264 257 267 239 258 267 475 493 483 480 171 169 165 233
Cr 120 120 130 120 130 130 180 190 180 190 340 270 310 230
Co 17.8 24.0 27.2 23.8 26.8 27.1 41.5 45.4 45.6 42.6 34.3 36.9 37.3 42.6
Ni 30.4 34.2 36.0 30.3 34.6 33.6 51.0 53.8 53.7 54.5 134.0 132.0 134.5 128.5
Ga 19.95 19.70 18.85 19.20 18.65 18.80 21.1 21.9 21.5 21.0 16.60 16.65 17.20 17.65
Cs 0.24 0.16 0.12 0.13 0.15 0.07 0.05 0.02 0.03 0.09 0.86 0.69 0.71 0.76
Rb 5.4 3.1 2.7 2.6 2.8 1.8 6.6 6.5 6.5 9.5 88.9 99.1 31.1 80.5
Ba 13.6 29.8 14.9 13.7 12.5 8.7 30.3 28.4 30.2 30.2 150.0 149.5 117.0 163.5
Th 2.15 1.96 1.94 1.91 2.08 2.00 0.30 0.38 0.32 0.46 1.97 2.47 2.50 2.14
U 0.61 0.67 0.78 0.72 0.76 0.78 0.46 0.38 0.38 0.44 0.84 0.91 0.89 0.73
Pb 3.7 4.4 3.7 4.0 3.7 3.5 3.0 2.4 2.2 2.9 10.3 12.6 7.6 8.4
Nb 5.3 5.2 5.1 5.3 5.2 5.2 7.8 8.1 8.0 6.6 6.4 7.8 7.5 8.3
Ta 0.43 0.24 0.25 0.46 0.36 0.36 0.49 0.50 0.51 0.40 0.20 0.47 0.45 0.49
Sr 710 400 381 518 405 444 220 230 238 222 428 359 462 475
Y 30.3 29.2 29.1 28.7 29.3 29.7 50.8 51.3 51.7 44.3 23.2 24.4 23.5 26.5
Zr 153 136 141 143 146 152 230 228 239 184 147 166 162 151
Hf 3.5 3.3 3.6 3.4 3.7 3.4 5.4 5.6 5.5 4.3 3.3 3.7 3.5 3.3
La 17.5 15.9 16.8 14.8 15.6 15.7 10.1 10.5 10.3 9.3 12.8 15.8 14.7 15.3
Ce 41.6 39.0 41.9 36.4 39.6 38.7 28.2 29.2 29.0 24.6 29.5 35.5 33.6 34.5
Pr 5.54 5.20 5.46 5.12 5.22 5.15 4.50 4.72 4.62 3.93 3.96 4.71 4.52 4.65
Nd 24.1 23.7 23.9 22.8 23.4 22.9 22.7 23.9 23.4 19.8 17.2 20.1 19.1 20.1
Sm 5.59 5.36 5.33 5.15 5.33 5.24 6.69 7.02 6.87 5.81 4.02 4.40 4.30 4.71
Eu 1.80 1.63 1.63 1.57 1.60 1.59 2.23 2.26 2.23 1.96 1.33 1.41 1.40 1.49
Gd 5.48 5.43 5.18 5.12 5.25 5.25 8.14 8.51 8.29 7.12 4.04 4.55 4.47 4.98
Tb 0.87 0.85 0.82 0.80 0.83 0.83 1.39 1.44 1.43 1.22 0.64 0.72 0.72 0.81
Dy 5.22 5.11 5.04 4.91 5.06 4.90 8.87 9.27 9.01 7.76 4.05 4.46 4.32 4.84
Ho 1.11 1.07 1.05 1.01 1.08 1.04 1.90 1.98 1.94 1.68 0.84 0.91 0.88 1.00
Er 3.06 2.98 2.97 2.89 3.00 2.92 5.37 5.60 5.50 4.76 2.31 2.54 2.53 2.74
Tm 0.45 0.44 0.42 0.41 0.42 0.43 0.79 0.81 0.79 0.68 0.33 0.36 0.37 0.39
Yb 2.83 2.67 2.64 2.57 2.64 2.63 4.90 5.00 4.94 4.25 2.09 2.26 2.24 2.38
Lu 0.41 0.40 0.40 0.38 0.40 0.40 0.74 0.76 0.73 0.63 0.32 0.35 0.34 0.36

(continued on next page)
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Table 1 (continued )

Sample BC01 BC02 BC03 BC04 BC05 BC06 CA01 CA02 CA03 CA04 ALT01 ALT02 ALT03 ALT04

Location 48�2052.3000N, 86�5805.4000E 47�49027.9900N, 88�1025.7900E 47�48046.9800N, 88�2047.6400E

143Nd/144Nde 0.512713 0.512727 0.512723 0.512726 0.512724 0.512740 0.513057 0.513050 0.513046 0.513054 0.512810 0.512757 0.512734 0.512768
2s 0.000007 0.000009 0.000008 0.000011 0.000008 0.000008 0.000007 0.000008 0.000008 0.000009 0.000007 0.000010 0.000010 0.000009
147Sm/144Nda 0.1404 0.1369 0.1350 0.1365 0.1379 0.1383 0.1781 0.1778 0.1778 0.1777 0.1412 0.1323 0.1364 0.1416
(143Nd/144Nd)t 0.512345 0.512368 0.512369 0.512369 0.512363 0.512378 0.512591 0.512584 0.512580 0.512588 0.512440 0.512411 0.512377 0.512397
εNd(t)b 4.3 4.8 4.8 4.8 4.7 5.0 9.1 9.0 8.9 9.1 6.2 5.6 5.0 5.4
TDM(Ga)c 0.9 0.8 0.8 0.8 0.9 0.8 0.4 0.4 0.4 0.4 0.7 0.7 0.8 0.8
T2DM(Ga)f 0.8 0.8 0.8 0.8 0.8 0.7 0.4 0.4 0.4 0.4 0.6 0.7 0.7 0.7
fSm/Nd

d �0.29 �0.30 �0.31 �0.31 �0.30 �0.30
0.30

�0.09 �0.10 �0.10 �0.10 �0.28 �0.33 �0.31 �0.28

a 147Sm/144Nd are calculated using whole-rock Sm and Nd contents.
b
εNd(t)¼ [(143Nd/144Nd)S/(143Nd/144Nd)CHUR� 1]� 10,000.

c TDM¼ 1/lsm� ln[1þ ((143Nd/144Nd)S� 0.51315)/((147Sm/144Nd)S� 0.2137)]� 1000.
d fSm/Nd¼ [(147Sm/144Nd)S/(147Sm/144Nd)CHUR]� 1.
e In the calculation, (143Nd/144Nd)CHUR¼ 0.512638; (147Sm/144Nd)CHUR¼ 0.1967; lsm¼ 6.54� 10�6 where S, CHUR are the sample and Chondritic Uniform Reservoir.
f t is using the age of 400Ma, because the present study wants to compare the initial 143Nd/144Nd ratios, εNd(t) values and model ages of the Habahe rocks with those of magmatic rocks in the region, which have predominant ca.
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Table 2
Compositions of modelled melts from partial melting of the Habahe Group volcanogenic components (normalized to 100wt% anhydrous).

Melt P-T (kbar/�C) Residue assemblage SiO2 Al2O3 FeO MgO CaO Na2O K2O

1 8/650 Cam Pl Cpx Bt Ttn Qtz 73.99 15.39 0.03 0.01 1.41 5.50 3.68
2 8/700 Cam Pl Cpx Bt Ttn Qtz 73.95 15.33 0.09 0.03 1.55 5.29 3.75
3 8/750 Cam Pl Cpx Bt Ttn Qtz 73.74 15.27 0.29 0.09 1.73 4.99 3.89
4 8/800 Cam Pl Cpx Bt Rt Qtz 73.09 15.21 0.79 0.23 2.03 4.38 4.27
5 8/850 Cam Pl Cpx Opx Rt 71.94 15.24 1.64 0.51 2.34 4.07 4.24
6 8/900 Cam Pl Cpx Opx Rt 68.07 16.31 3.26 1.17 2.50 5.18 3.50
7 8/950 Cam Pl Cpx Opx Rt 64.52 16.63 5.36 2.23 2.73 5.76 2.77
8 8/1000 Cam Pl Cpx Opx Rt 61.75 16.67 6.91 3.49 3.06 5.97 2.15
9 8/1050 Cam Pl Cpx Opx Rt 59.82 16.87 7.36 4.73 3.55 5.95 1.71
10 8/1100 Pl Cpx Opx Rt 58.75 17.24 7.05 5.56 4.28 5.69 1.42
11 10/650 Cam Pl Cpx Bt Ttn Qtz 72.67 16.11 0.02 0.01 1.52 5.27 4.41
12 10/700 Cam Pl Cpx Bt Ttn Qtz 72.77 16.03 0.07 0.02 1.66 5.15 4.30
13 10/750 Cam Pl Cpx Bt Ttn Qtz 72.72 15.94 0.21 0.06 1.84 4.88 4.34
14 10/800 Cam Pl Cpx Bt Rt Qtz 72.31 15.84 0.58 0.16 2.18 4.19 4.74
15 10/850 Cam Pl Cpx Rt Qtz 71.40 15.72 1.45 0.40 2.46 3.74 4.83
16 10/900 Cam Pl Cpx Opx Rt 69.62 16.12 2.60 0.82 2.74 4.46 3.65
17 10/950 Cam Pl Cpx Opx Rt 65.81 16.78 4.60 1.66 2.93 5.27 2.95
18 10/1000 Cam Pl Cpx Opx Rt 62.60 16.96 6.45 2.80 3.20 5.67 2.31
19 10/1050 Cam Pl Cpx Opx Rt 60.36 17.17 7.25 3.98 3.61 5.80 1.83
20 10/1100 Cam Pl Cpx Opx Rt 58.74 17.61 7.14 5.08 4.22 5.72 1.48
21 11.5/700 Cam Pl Cpx Bt Ttn Qtz 71.84 16.50 0.05 0.02 1.79 4.71 5.10
22 11.5/750 Cam Pl Cpx Bt Ttn Qtz 71.91 16.40 0.16 0.05 1.97 4.52 4.99
23 11.5/800 Cam Pl Cpx Bt Rt Qtz 71.58 16.32 0.45 0.12 2.34 3.80 5.39
24 11.5/850 Cam Pl Cpx Rt Qtz 71.01 16.20 1.17 0.31 2.61 3.61 5.10
25 11.5/900 Cam Pl Cpx Opx Rt Qtz 69.84 16.10 2.53 0.70 2.85 3.92 4.06
26 11.5/950 Cam Pl Cpx Opx Rt 66.81 16.83 4.04 1.32 3.12 4.81 3.07
27 11.5/1000 Cam Pl Cpx Opx Rt 63.32 17.17 6.03 2.34 3.35 5.37 2.42
28 11.5/1050 Cam Pl Cpx Opx Rt 60.79 17.41 7.10 3.47 3.70 5.62 1.91
29 11.5/1100 Cam Pl Cpx Opx Rt 59.05 17.84 7.14 4.54 4.24 5.65 1.54
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(Fig. 5a). In the same way, the Nd model ages (T2DM) of the bulk
granitoids in the Chinese Altai vary broadly between 1.0 and 1.4 Ga,
falling in the gap between those ages of the Habahe Group terrig-
enous and volcanogenic components (Fig. 5b, see also Huang et al.,
2019). Clearly, the Nd isotopic signatures of nearly all granitoids can
be attained by mixing in the source of the terrigenous and volca-
nogenic components in various proportions. It is therefore possible
to envisage that the Habehe Group metasediments could poten-
tially be the source of the local granitoids, including the hornblende
I-type granitoids.
5.3. Thermodynamic modelling

Within the modelled P-T range (6e12 kbar and 600e1100 �C)
the onset of partial melting is predicted to occur at between 620
and 680 �C (Fig. 6a). At the H2O-saturated solidus, the predicted
assemblage consists of hornblende, clinopyroxene, plagioclase,
biotite, quartz, and titanite at lower pressures. Epidote and
muscovite are additionally stable above 9 kbar and above 11 kbar,
respectively. Biotite dehydration takes place between 815 and
840 �C, while hornblende is progressively destabilized with
increasing temperature and eventually disappears above 1050 �C.
Growth of orthopyroxene associated with destabilization of quartz,
occurs at 810 �C at 6 kbar increasing to 920 �C at 12 kbar. Broadly,
only a small amount of melt (<10 vol%) is generated prior to the
biotite dehydration reaction, however, melt production increases
significantly associated with destabilization of hornblende, which
could generate >50 vol% of melts by the hornblende dehydration
reaction at >1050 �C.

Compositions of 29 representative modelled melts are further
studied. The detailed composition of these melts can be seen in
Table 2 and Fig. 6. The initial melt produced at the solidus is
enriched in SiO2, Na2O, and K2O and poor in both FeO and MgO
(Fig. 6b). In general, the melt is slightly SiO2-poorer and the K2O/
Na2O ratios increase significantly with increasing pressure. On the
other hand, SiO2 contents of the melts decrease slowly in the
presence of quartz before decreasing rapidly beyond the quartz
stability field, from low to high temperature conditions. FeO, MgO
and, to a lesser extent, CaO contents all increase with increasing
temperature and the XFe decreases from initially around 75% at
650 �C to 56e61% at 1100 �C. The K2O/Na2O ratio initially increases
with increasing temperature before decreasing rapidly after the
biotite dehydration reaction. Therefore, it can be concluded that the
major element compositions of the resultant melts mainly depend
on temperature. Predicted is progressive destabilization of biotite,
quartz and hornblende, contemporaneous with systematic
decrease of SiO2 and K2O and increase of CaO, MgO and FeO con-
tents in the melts with increasing temperature (Figs. 6, S2, S3 and
S4). In general, the modelled melts evolved from granite, via
granodiorite, to tonalite compositions, with increasing tempera-
ture. Melts at lower temperatures (<850 �C) are compositionally
similar to those modelled from partial melting of terrigenous
components of the Habahe Group, both of which are overlapping
with most local granites to biotite-granodiorites of the Chinese
Altai (Fig. 6c, d). In contrast, melts at higher temperatures, which
are in equilibrium with hornblende-orthopyroxene-bearing
assemblage, have granodioritic to tonalitic compositions, which
are comparable to those of experimental melts derived from quartz
amphibolites (Fig. 6c, d, Pati~no Douce and Beard, 1995). In general,
these modelled melts broadly cover the whole range of the
hornblende-granodiorites and tonalites in the region (Fig. 6c, d).

As pointed out by Jiang et al. (2016), the modelled melts com-
positions provide only constraints on the nature of the liquids.
However, most granitoids are rather complex solid-liquid suspen-
sions than simple partial melts. In addition, it is most likely that
partial melts would undergo a variety of physical and chemical
processes and interactions, including assimilation, fractional crys-
tallization, and crystal accumulation from their source region on
the way to the surface. Besides, partial melts generated from vol-
canogenic components would virtually mix with those from
terrigenous components in some stage, which might generate vast
complexity of melt composition. These may alternatively explain



Fig. 4. Geochemical characteristic of intermediate-to-basic volcanogenic components of the Habahe Group in the Chinese Altai. (a) TAS diagram of volcanogenic components shows
compositions varied from basalt to basaltic andesite (after Le Maitre et al., 1989). (b) FeOT-Na2Oþ K2O-MgO diagram shows calc-alkaline affinities (after Irvine and Baragar, 1971). (c)
Chondrite-normalized REE pattern and (d) PM-normalized spider diagram of volcanogenic components. Chondrite and Primitive mantle normalizing values are from Sun and
Mcdonough (1989). (e) La/Sc versus Ti/Zr diagram of volcanogenic components (after Bhatia and Crook, 1986), suggesting compositionally comparable with oceanic island arc
rocks. Data of Habahe terrigenous components is also shown for comparison. Outlined fields: OIA¼ oceanic island arc; CIA¼ continental arc; ACM¼ active continental margin; and
PM¼ passive margin. (f) La/Sc versus Co/Th diagram (after McLennan et al., 1984; Condie et al., 1992; Gu et al., 2002), showing derivation mainly from mixed intermediate-basic
volcanic source. Related data are presented in Tables 1 and S1.
Geochemical characteristic of intermediate-to-basic volcanogenic components of the Habahe Group in the Chinese Altai. (a) TAS diagram of volcanogenic components shows
compositions varied from basalt to basaltic andesite (after Le Maitre et al., 1989). (b) FeOT-Na2Oþ K2O-MgO diagram shows calc-alkaline affinities (after Irvine and Baragar, 1971). (c)
Chondrite-normalized REE pattern and (d) PM-normalized spider diagram of volcanogenic components. Chondrite and Primitive mantle normalizing values are from Sun and
Mcdonough (1989). (e) La/Sc versus Ti/Zr diagram of volcanogenic components (after Bhatia and Crook, 1986), suggesting compositionally comparable with oceanic island arc
rocks. Data of Habahe terrigenous components is also shown for comparison. Outlined fields: OIA¼ oceanic island arc; CIA¼ continental arc; ACM¼ active continental margin; and
PM¼ passive margin. (f) La/Sc versus Co/Th diagram (after McLennan et al., 1984; Condie et al., 1992; Gu et al., 2002), showing derivation mainly from mixed intermediate-basic
volcanic source. Related data are presented in Tables 1 and S1.
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Fig. 5. (a) Diagram of εNd(400Ma) versus Nd (ppm) for sedimentary rocks of the Habahe Group rocks, and Silurian-Devonian igneous rocks; (b) two stage Nd model ages of the
Habahe Group rocks and the granitoids. Details are available in Tables 1 and S2.
(a) Diagram of εNd(400Ma) versus Nd (ppm) for sedimentary rocks of the Habahe Group rocks, and Silurian-Devonian igneous rocks; (b) two stage Nd model ages of the Habahe
Group rocks and the granitoids. Details are available in Tables 1 and S2.
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larger variation in chemistry of the granitoids compared to the
compositions of modelled partial melts (Fig. 6c, d).

5.4. Trace element modelling

As shown above that melts modelled at 900e1000 �C, irrespective
of pressure, with melt fractions ranging from 15 to 35 vol%, are
compositionallymatchedwith the investigated hornblende-bearing I-
type granitoids. Using the calculated abundance of residual minerals
formed in equilibrium with melts at different temperatures (i.e.,
different melt fractions, Table S4), and appropriate mineral/melt
partition coefficients, we further model the trace element composi-
tion of melts that are in equilibrium with amphiboliteþ two-pyrox-
eneþ rutileþ plagioclase at the P-T range of 8e11.5 kbar and
900e1000 �C (see Table S4). Despite the differences in abundance of
residual minerals and melt fractions, it is shown that almost all melts
have very similar trace element composition (Fig. 7). They are char-
acterized by fractionated REE patterns with weakly negative Eu
anomalies (Fig. 7a). On the primitive mantle normalized diagram,
thesemelts are significantly depleted in Nb, Ta, Sr and Ti and enriched
in LILE, such as Th and U (Fig. 7b). More importantly, the modelled
melts show excellent match, in terms of REE abundances and distri-
bution patterns, with the hornblende-granodiorites and tonalites in
the Chinese Altai (Fig. 7b). It should be noted that the calculated HREE
concentrations are slightly higher than those of hornblende-bearing
granitoids in the region (Fig. 7). This may due to that the accessory
minerals, such as zircon and apatite, whichwere not considered in the
trace elemental modelling, since these accessory phases could not be
modelled during the phase equilibriummodelling as shown in Fig. 6a.

6. Discussion

6.1. A new perspective on magma source of the Altai granitoids

The Silurian-Devonian granitoids in the Chinese Altai were
classically interpreted as a product of arc magmatism, on the basis
of their arc-like geochemical characteristics (Cai et al., 2010; Wang
et al., 2006; Yuan et al., 2007). The related magmatic arc was
thought to be a continental-type arc since an old Precambrian
basement was believed to exist in the region (e.g., Tong et al., 2007;
Wang et al., 2006). However, this idea is not compatible with recent
findings which have proven that Precambrian continental base-
ment does not exist (e.g., Jiang et al., 2011; Sun et al., 2008). It is
therefore highly speculative regarding the proposed whole petro-
genetic model of the granitoids. In contrast, Jiang et al. (2016)
illustrated that the Devonian partial melting of fertile Ordovician
terrigenous metasediments of the Habahe Group could be suffi-
cient enough to produce large volumes of granitic to granodioritic
melts, compositionally resembling most local granitoids. Hence,
those authors reinterpreted that, at least, the predominant
(~85 vol%) peraluminous granitoids (granites to biotite-granodiorites)
could have originated by anatexis of the Habahe metasedimentary
rocks. The question of as whether the remaining subordinate rela-
tively Ca-Mg rich hornblende-bearing “I-type” granodiorites to
tonalites could have also derived from partial melting of the Habahe
Group rocks thus calls for further investigation.

Partial melting of the intermediate-to-basic volcanogenic com-
ponents in the Habahe Group could probably provide a viable
source for these hornblende-granodiorites to tonalites. Previous
petrological observations and metamorphic modelling suggested
that the crustal anatexis reworking of the Habahe Group at deep
orogenic crustal levels (30e40 km) could attain temperature close
to almost 1000 �C (e.g., Broussolle et al., 2018; Jiang et al., 2016;Wei
et al., 2007 and references therein). Phase equilibriummodelling in
this work shows that partial melting of the volcanogenic compo-
nents could produce a large amount of melt at attainable pressure-
temperature conditions (Fig. 6a). Progressive decomposition of
biotite, quartz and hornblende has resulted in the generated melts
evolving from granitic to granodioritic compositions (Fig. 6b, c and
d), the latter is comparable with most hornblende-granodiorites to
tonalites in the region (Fig. 6c, d).

Trace element geochemical characteristics of the investigated
samples displayed apparent arc-related geochemical affinities,
including fractionated REE patterns, enrichment in LILE, and



Fig. 6. (a) P-T pseudosection for the average Habahe Group volcanogenic components with calculated melt proportion isopleths. P-T conditions and compositions of the modelled
melts are presented in Table 2. (b) Contents of representative oxides plotted versus pressure and temperature (see also Figs. S2, S3 and S4). (c) Whole-rock chemical projection for
modelled melts from this study, partial melts modelled from terrigenous components of Jiang et al. (2016) and granitoids of the Chinese Altai are shown for comparison. (d)
Multicationic A-B diagram after (Castro et al., 2010). Compositions of partial melts from melting experiments of quartz amphibolites (Pati~no Douce and Beard, 1995), and meta-
greywackes (Conrad et al., 1988; Montel and Vielzeuf, 1997) are shown for comparison. Related data are presented in Table S3.
(a) P-T pseudosection for the average Habahe Group volcanogenic components with calculated melt proportion isopleths. P-T conditions and compositions of the modelled melts are
presented in Table 2. (b) Contents of representative oxides plotted versus pressure and temperature (see also Figs. S2, S3 and S4). (c) Whole-rock chemical projection for modelled
melts from this study, partial melts modelled from terrigenous components of Jiang et al. (2016) and granitoids of the Chinese Altai are shown for comparison. (d) Multicationic A-B
diagram after (Castro et al., 2010). Compositions of partial melts from melting experiments of quartz amphibolites (Pati~no Douce and Beard, 1995), and metagreywackes (Conrad
et al., 1988; Montel and Vielzeuf, 1997) are shown for comparison. Related data are presented in Table S3.
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depleted in Nb, Ta and Ti (Fig. 7). Moreover, the generally positive
εNd(400Ma) values of these studied intermediate-to-basic com-
ponents, which are hard to distinguish from the variably depleted
mantle-derived magmas in the region, further suggest that they are
geochemically rather primitive. These findings advocate the view
that the Habahe Group indeed does contain a significant amount of
arc-related and geochemically primitive components as revealed in
many previous studies (Cai et al., 2011a; Long et al., 2008; Sun et al.,
2008; Windley et al., 2002). It is possible to envisage that partial
melts originated from these components could inherit arc-like



Fig. 7. Trace element modelling. (a) modelled chondrite normalized REE and (b) primitive mantle normalized trace element compositions of modelled melts equilibrated with
amphiboleþ two-pyroxeneþ rutileþ plagioclase at 900e1000 �C with melt fractions ranging from 15 to 35 vol%. For details see Analytical methods and Table S4.
Trace element modelling. (a) modelled chondrite normalized REE and (b) primitive mantle normalized trace element compositions of modelled melts equilibrated with amphi-
boleþ two-pyroxeneþ rutileþ plagioclase at 900e1000 �C with melt fractions ranging from 15 to 35 vol%. For details see Analytical methods and Table S4.

Fig. 8. A tentative model for the formation of the granitoids in the Chinese Altai
(modified after Jiang et al., 2016). Horizontal axis is not to scale. “A”: partial melts
derived mainly from the terrigenous components of the Habahe Group; “B”: partial
melts derived predominantly from volcanogenic components of the Habahe Group;
“C”: in-source mixed partial melts from both terrigenous and volcanogenic compo-
nents of the Habahe Group. It is shown that the dominant peraluminous granites to Bi-
granodiorites are primarily originated from crustal magma from the anatexis of the
Habahe Group rocks, the minor metaluminous Hb-granodiorites and tonalites are
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trace element signatures as well as primitive geochemical charac-
teristics. This idea is supported by the trace element modelling of
melts that shows an excellent match with the published trace
element compositions of the hornblende-granodiorites and tona-
lites in the region (Fig. 7). More interestingly, compared to most
granitoids in the Chinese Altai, the volcanogenic components of the
Habahe Group are chemically more radiogenic, while the terrige-
nous components of the Habahe Group are chemically less radio-
genic, in terms of their Nd isotopic compositions (Fig. 5a). This is
also advocated by the Ndmodel age as illustrated in Fig. 5b. As such,
magma mixing in the source of these two components in various
proportions could account for the Nd isotopic signatures of nearly
all granitoids in the Chinese Altai. Such amodel ofmagma in-source
mixing could also explain the diversity of geochemical character-
istics of the bulk Silurian-Devonian granitoids in the Chinese Altai
which vary from peraluminous to metaluminous (Fig. 2c). We
propose that the partial melts mainly derived from terrigenous
components could potentially form typical “S-type” peraluminous
granitoids whereas those originated predominantly from the
investigated volcanogenic components could form typical “I-type”
metaluminous granitoids (Fig. 8). This model is advocated also by
the fact that most local granitoids formed rather peraluminous-to-
metaluminous complexes in a short time period than a continuous
diorite-tonalite-granodiorite-granitoid series exemplified by
Cordilleran continental arcs (e.g., Ducea et al., 2003) or magmatic
activities in the northerly Russian Gorny Altai (e.g., Kruk et al., 2011;
Kruk, 2015). Indeed, the compositions of granitoids as well as their
origin proposed in this work match well the typical S-type granites
in circum-Pacific orogens, as described in Collins and Richards
(2008). In conclusion, our findings therefore favor the idea that
the volcanogenic components could potentially represent a
chemically primitive source contributing to the formation of the
granitoids in region. This model obviates the required significant
contribution (70e90%) of the mantle-derived magmas envisaged in
previous models (e.g., Wang et al., 2009).
derived from the partial melts of the volcanogenic components of the Habahe Group.
See text for detailed explanations.
6.2. Toward a better understanding of generation of hornblende-
bearing I-type granitoids

Hornblende-bearing I-type granitoids dominate convergent
margin batholiths. In many models, its emplacement reflects the
transformation of juvenile mantle-derived mafic precursors into
new felsic continental crust (Annen et al., 2008; Sisson et al., 2005).
It has been proposed that primitive basaltic melts or a possibly
initially more basaltic bulk arc crust can be differentiated toward
evolved felsic continental crust through either extensive fractional
crystallization or remelting (e.g., Anderson Jr, 1982; Annen et al.,
2006; Holbrook et al., 1999; Lee and Bachmann, 2014; Rudnick,
1995). However, this is at odds with the substantial hybrid crust-
mantle isotopic characteristics that are often found in I-type
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granitoids (Bryant et al., 1997; Kemp et al., 2007; McCulloch and
Chappell, 1982), suggesting derivation by remelting of supra-
crustal sedimentary or volcanogenic component. The question of
whether the supracrustal component has been incorporated at
depth, by interaction between crystallizing mantle-derived
magmas and metasedimentary materials (e.g., Kemp et al., 2007)
or via wholesale assimilation of metasedimentary wallrocks in the
mid-crust by ascending I-type magmas (e.g., Collins, 1996) is still a
subject of heated debate.

Relamination of deeply recycled felsic crustal material at the
bottom of the arc crust has been introduced to explain the forma-
tion of granitoids with I-type chemical and isotopic signatures (e.g.,
Castro et al., 2013; Hacker et al., 2015). This view is advocated by the
experimental findings and numerical modelling of Castro et al.
(2010), who suggested that sub-lithospheric melting of
greywacke-MORB m�elanges could generate melts that are
geochemically (major and trace elements) comparable with those
of typical I-type granitoids at active continental margins. This may
imply that growth of continental crust at convergent margins may
take place by a net fluxof primary silicic magmaswith bulk tonalitic
to granodioritic compositions, however, the applicability and de-
tails of depositing the m�elanges at the base of the upper plate
continental lithosphere still largely remain to be investigated. On
the other hand, Hammerli et al. (2018) showed that open-system
melt-rock interaction between metasedimentary-derived partial
melt and heterogeneous lower crust could form magmas with I-
type whole-rock chemical and isotopic signatures. This model does
not require extensive melting of mafic protoliths, nor large input of
mantle-derived magmas for mixing. In the current work, we show
that the deeply buried intermediate-to-basic horizons or admix-
tures could be partially molten together with the interlayered
terrigenous components during regional anatexis. At the attainable
P-T conditions, these volcanogenic components could indeed pro-
duce a large amount of tonalitic to granodioritic magmas that
chemically resemble the typical I-type hornblende-bearing gran-
itoids (Fig. 6). In source magma mixing between the melts derived
from interlayered intermediate-to-basic volcanogenic and terrige-
nous components could also explain variously hybrid whole-rock
geochemical and isotopic variations commonly observed in I-type
granitoids. In other words, the I-type granitoids could be mixtures
of, rather than unique products from, different sources, and
therefore they do not necessarily directly chemically image their
source-rock compositions (Keay et al., 1997). Wedge sediments,
especially those bearing high proportions of quartzofeldspathic
components, are fertile in silicic melts and often of arc origin
(Barker et al., 1992). Partial melting of fertile, heterogeneous wedge
sediments can be an important mechanism contributing to the
formation of I-type hornblende-bearing granitoids at convergent
margins, by which direct infusion of mafic magma is un-necessary.

6.3. Implications for crustal growth in Altai accretionary system

The Chinese and Mongolian Altai represents a Cambrian to
Ordovician sedimentary accretionary wedge that formed during
the retreat of the Palaeo-Pacific subduction system (Jiang et al.,
2017). This accretionary wedge extends from Russia, Kazakhstan,
through China, to Mongolia, for >1500 km and is composed of
detritus, eroded from pre-existing geological units to the west,
together with accreted and imbricated ocean floor sediments and
mafic volcanic rocks (Jiang et al., 2017; Xiao et al., 2009). A vast
complexity of the crustal architecture is obvious. However, modern
geophysical studies show that the deep structure of the Altai
accretionary wedge featured a three-layer stratification of the crust
typical of stable continents, i.e., a mafic granulite-facies lower crust
and quartz-rich granitic middle and upper crust layers (Wang et al.,
2003). Moreover, Bouguer anomalies across the Altai accretionary
wedge also displayed horizontally heterogeneous signal marked by
high-density lower crust in the southerly Chinese segment and
low-density lower crust to the northerly Mongolian segment (Jiang
et al., 2016). These characteristics indicate that the finite architec-
ture of the Altai accretionary wedge is probably a result of crustal
differentiation.

It is worth mentioning that a number of notable geological
features, including regional-scale anatexis, emplacement of het-
erogeneousmafic rocks (Niu et al., 2006b;Wong et al., 2010) as well
as extensive hydrothermal mineralization (Li et al., 2004b; Niu
et al., 2006a) were coeval with the widespread intrusion of gran-
itoids in the Chinese Altai. Compositionally heterogeneous mafic
rocks, especially the association of adakiteþ high-Mg
andesiteþ boniniteþNb-enriched basalt were taken as proxies of
an abrupt change in the thermal regime attributed to upwelling of
hot asthenospheric mantle (Cai et al., 2010; Niu et al., 2006b; Wong
et al., 2010). Alternatively, asthenosphere upwelling associated
with subduction of an active spreading oceanic ridge were pro-
posed to explain the anomalous thermal conditions driving
extensive crustal anatexis and magmatism in the region (Cai et al.,
2010; Jiang et al., 2010; Sun et al., 2009). Crustal thinning above
Pacific-type subduction systems was considered as the cause for
massive melting of overriding fertile sediments in the Chinese Altai
(Jiang et al., 2016), similar to that proposed for the generation of
Circum-Pacific S-type granitoids by Collins and Richards (2008).
Even though details regarding the exact mechanism accounting for
the generation of these diagnostic geologic phenomena remain
hotly debated, there seems a consensus that Middle Devonian
anomalous thermal conditions associated with uncommonly
elevated heat flux underneath the Chinese Altai is obvious.

The Devonian switching of thermal conditions could therefore
account for the regional-scale anatexis in the Chinese Altai (Jiang
et al., 2010). The close temporal and spatial relationship between
the formation of granitoids and regional anatexis of the Habahe
Group, as well as their geochemical similarities, as exemplified in
this study and the previous work of Jiang et al. (2016), allow the
conclusion that the Silurian-Devonian granitoids originated from
the partial melting of the Habahe Group, an amplification of
regional-scale crustal anatexis in the Chinese Altai (Jiang et al.,
2010, 2015). As a result, the extensive partial melting of the
Habahe Group metasediments would lead to large-scale differen-
tiation of the crust through extraction and ascent of felsic melt to
middle and upper crustal levels, leaving a dense and refractory
lower crust. Such a process can well explain the three-layered
crustal architecture of the Chinese Altai. Recent structural and
geochronological database revealed that the Chinese Altai was
affected by horizontal flow of partially molten lower crust dated at
about 390Ma (Broussolle et al., 2019; Zhang et al., 2015). Formation
of sub-horizontal sheeted granites was also reported from the
neighboring Mongolian Altai, with Middle Devonian ages (Han�zl
et al., 2016; Lehmann et al., 2017). All those have been inter-
preted as the result of orogen-scale horizontal extension and ver-
tical shortening. Such a process probably represents a potentially
viable model for redistribution of accretionary mass and modified
geophysical signals in general. Collectively, our results suggest that
partial melting of the Altai accretionary wedge could promote the
further crustal differentiation and eventually can transform ho-
mogeneous crustal architecture into a vertically stratified one. This
process may be a key mechanism contributing to the stabilization
and peripheral growth of continental crust of accretionary system
worldwide.

7. Conclusions

Geological and geochemical data, phase equilibrium and trace
element modelling are combined to characterize the formation of
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hornblende-bearing I-type granitoids in the Chinese Altai. The
principal conclusions are as follows:

1. A large amount of intermediate-to-basic component is pre-
served in the Habahe Group sedimentary succession. This
component is characterized by arc-related geochemical affin-
ities and primitive isotopic signatures.

2. Partial melting of the volcanogenic component at 900e1000 �C
can produce about 30e35 vol% silicic melts that show a good
chemical match of major and trace element with those of the I-
type granitoids in the Chinese Altai. We suggest that Silurian-
Devonian hornblende-bearing I-type granitoids could be origi-
nated from the intermediate-to-basic volcanogenic components
and the requirement of significant input of mantle-derived
magma envisaged previously is un-necessary.

3. Peripheral growth of continental crust at convergent margins is
not necessary to be attained only by arc magmatism. Anatexis of
the accretionary wedge can serve as another viable mechanism
contributing to the transformation of accretionary wedges into
stabilized and vertically stratified continental crust in accre-
tionary orogens worldwide.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gr.2019.07.019.
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