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Abstract This paper summarizes the geochronological, geochemical and zircon Hf isotopic data for Mesozoic granitoids within
the Erguna Massif, NE China, and discusses the spatial-temporal variation of zircon Hf isotopic compositions, with the aim of
constraining the accretion and reworking processes of continental crust within the Erguna Massif, and shedding light on the crustal
evolution of the eastern segment of the Central Asian Orogenic Belt. Based on the zircon U-Pb dating results, the Mesozoic
granitic magmatisms within the Erguna Massif can be subdivided into five stages: Early-Middle Triassic (249-237 Ma), Late
Triassic (229-201 Ma), Early-Middle Jurassic (199-171 Ma), Late Jurassic (155-149 Ma), and Early Cretaceous (145-125 Ma).
The Triassic to Early-Middle Jurassic granitoids are mainly I-type granites and minor adakitic rocks, whereas the Late Jurassic to
Early Cretaceous granitoids are mainly A-type granites. This change in magmatism is consistent with the southward subduction of
the Mongol-Okhotsk oceanic plate and subsequent collision and crustal thickening, followed by post-collision extension. Zircon
Hf isotopic data indicate that crustal accretion of the Erguna Massif occurred in the Mesoproterozoic and Neoproterozoic. Zircon
eni(?) values increase gradually over time, whereas two-stage model (7pm2) ages decrease throughout the Mesozoic. The latter
result indicates a change in the source of granitic magmas from the melting of ancient crust to more juvenile crust. Zircon exe(f)
values also exhibit spatial variations, with values decreasing northwards, whereas Tpmz ages increase. This pattern suggests that,
moving from south to north, there is an increasing component of ancient crustal material within the lower continental crust of the
Erguna Massif. Even if at the same latitude, the zircon Hf isotopic compositions are also inconsistent. These results reveal lateral
and vertical heterogeneities in the lower continental crust of the Erguna Massif during the Mesozoic, which we use as the basis of
a structural and tectonic model for this region.

Keywords Orogenic belt, The Erguna Massif, Crustal accretion and reworking, Mesozoic, Granitoids, Hf isotope

Citation: Sun CY, Tang J, Xu W L, Li Y, Zhao S. 2017. Crustal accretion and reworking processes of micro-continental massifs within orogenic belt: A case
study of the Erguna Massif, NE China. Science China Earth Sciences, 60: 1256-1267, doi: 10.1007/s11430-016-9033-5
Introduction front of modern Earth Science research. Continents can be

Unlike the other terrestrial planets, the Earth has a chemi-
cally evolved crust, i.e., the felsic continental crust (Campbell
and Taylor, 1983; Rudnick, 1995; Jahn et al., 2000a, 2000b,
2000c). Questions about the structure, composition, accre-
tion, and reworking of the continental crust are at the fore-
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subdivided into two major tectonic units: cratons and oro-
genic belts. Although there is a large body of research on
continental cratons, and it has been widely accepted that the
continental cratons formed mainly during the Archean (Tay-
lor and Mclennan, 1985; Jacobsen, 1988; DePaolo et al.,
1991; Hawkesworth and Kemp, 2006; Belousova et al., 2010;
Dhuime et al., 2011, 2012), less attention has been devoted
to understand the evolution of orogenic belts. In particular,
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the crustal accretion and reworking processes of micro-conti-
nental massifs within orogenic belt are poorly known. Some
researches have shown that the crustal accretion within the
Central Asian Orogenic Belt (CAOB) mainly took place dur-
ing the Neoproterozoic and Phanerozoic, which is worthy to
make further studies and tests (Wu et al., 2000, 2003; Jahn et
al., 2000a, 2000b, 2000c, 2004; Liu et al., 2005; Windley et
al., 2007; Guo et al., 2010).

The CAOB is a typical example of an accretionary oro-
genic belt (Windley et al., 1990, 2007; Jahn et al., 2000a,
2000b, 2000c¢; Yakubchuk, 2002, 2004; Xiao et al., 2003,
2004), which makes it a good region in which to study the
mechanisms of accretion and reworking of the continental
crust. The eastern segment of the CAOB passes through NE
China, where it comprises a series of micro-continental mas-
sifs and orogenic belts, and contains numerous granitic intru-
sions. These granitoids are the tracers to reveal the accre-
tion and reworking processes of the continental crust (De-
Paolo et al., 1991; Rudnick, 1995; Wu et al., 2011). Re-
cent geochemical studies of granitoids in NE China have in-
dicated that crustal accretion in this region occurred mainly
in the Phanerozoic (Wu et al., 1999, 2011). However, addi-
tional evidence suggests that this phase of accretion mainly
affected the Paleozoic orogenic belt, and not the micro-con-
tinental massifs (Wang et al., 2015; Tang et al., 2015). The
mechanisms and accretion and reworking processes of mi-
cro-continental massifs within the CAOB are unclear. There-
fore, we report geochemical and zircon Hf isotopic data for
Mesozoic granitoids within the Erguna Massif in order to re-
solve these questions, and help constrain the tectonic history
of the massifs in NE China. Our observations provide an in-
sight into the processes that affect micro-continental massifs
within orogenic belt, and are important for studies of the de-
velopment of the continental crust elsewhere.

2. Geological background

The Paleozoic tectonic evolution of NE China was dominated
by the closure of the Paleo-Asian ocean and the amalgama-
tion of micro-continental massifs (including, from west to
east, the Erguna, Xing’an, Songnen-Zhangguangcai Range,
Jiamusi and Khanka massifs) (Figure 1a) (Li et al., 1999; Wu
etal.,2002,2007,2011; Li, 2006; Xu et al., 2009; Meng et al.,
2010; Wang F et al., 2012a, 2012b; Cao et al., 2013; Li et al.,
2014), whereas the Mesozoic tectonic evolution of NE China
was characterized by the overprinting of the circum-Pacific
and Mongol-Okhotsk tectonic regimes (Ge et al., 2001; Meng
etal, 2011; Yuetal., 2012; Xu W L etal., 2013; Xu M J et
al.,2013; Sun D Y etal., 2013; Dong et al., 2014; Tang et al.,
2014).

The Erguna Massif is bounded by the Mongol-Okhotsk
suture belt to the northwest and by the Xiguitu-Tayuan

Fault to the southeast (Figure la). Proterozoic, Paleo-
zoic, and Mesozoic strata crop out in this study area. The
Proterozoic strata comprise the Xinghuadukou Group, a
suite of metamorphosed volcanic and sedimentary rocks,
including granitic gneiss, and both basic and acid volcanics;
the Jiageda Formation, which includes schist, leptite, and
quartzite; and the Ergunahe Formation, which is composed
of marble, granulite, leptite, mica-quartz schist, silty slate,
crystalline limestone, and meta-arkose (Zhao et al., 2016a).
The Paleozoic formations are the Ordovician Duobaoshan
and Wubinaobao formations, the Silurian Woduhe Forma-
tion, and the Carboniferous Hongshuiquan, Moergenhe, and
Yigenhe formations. The Duobaoshan Formation is a suite of
intermediate-acid volcanic rocks intercalated with shale and
slate; the Wubinaobao Formation includes various slates with
minor siltstone and limestone lenses; the Woduhe Formation
consists of slate and sandstone; the Hongshuiquan Formation
comprises a set of typical marine-facies clastics, limestone,
and intercalated tuff; the Moergenhe Formation comprises
marine intermediate-acidic volcanic rocks; and the Yigenhe
Formation is a series of oceanic-continental facies clastic
sediments. The Mesozoic deposits are continental volcanics
and clastics. The Jurassic formations are the Nanping For-
mation, a set of conglomerates, sandstones, thin-bedded
mudstones, and intercalated rhyolitic volcanic rocks; and
the Tamulangou Formation, which includes basic and inter-
mediate-basic volcanic rocks with minor pyroclastics. The
Cretaceous stratigraphy includes the Jixiangfeng Formation,
with Na-rich rhyolite and volcaniclastics; the Shangkuli
Formation, which consists of rhyolitic and dacitic lavas and
volcaniclastic rocks; and the Yiliekede Formation, which
contains basalt, trachyandesite, trachyte, and intercalated
rhyolitic volcanic (IMBGMR, 1996; Meng et al., 2011).

In the Erguna Massif, major NE-oriented faults (e.g., the
Derbugan, Erguna River, and Genhe faults) dissect the massif
and seem to control the Mesozoic volcanism and mineraliza-
tion. There are also many NW- and NE-oriented extensional
and torsional faults affiliated to these major faults IMBGMR,
1996).

Multiple detailed studies have investigated the magmatic
history of the Erguna Massif, and there is a large amount of
published geochronological and geochemical data for this
area. Tang et al. (2013) identified intrusions from four major
Neoproterozoic magmatic events: (1) 851 Ma syenogranites
in Shanghulin and southeast of Enhe; (2) a 792 Ma bimodal
igneous assemblage of gabbro and syenogranite in southeast
of Shiwe; (3) 762 Ma granodiorite intrusions located east
of Shiwei; and (4) 737 Ma syenogranites found northeast of
Enhe. Early Paleozoic magmatism occurred at 500450 Ma.
Representative plutons include the Alongshan (456 Ma),
Guanhuzhan (464 Ma), Chalaban River (481456 Ma),

Mangui (482-480 Ma), Tahe (494480 Ma), Halabaqi (500—
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Figure 1 Distribution map of Mesozoic granitoids in the Erguna Massif. (a) Regional tectonic framework (modified after Wu et al., 2007). (b) Outcrops of

granitoids and sampling locations.

461 Ma), Shibazhan (499 Ma), Ximenduli River (502 Ma),
and Luogu River (517-504 Ma) plutons (Wu et al., 2005;
Sui et al., 2006; Qin et al., 2007; Ge et al., 2007; Wu et al.,
2011; Zhao et al., 2014). Late Paleozoic magmatisms can
be subdivided into four stages (Zhao, 2011): (1) Late Devo-
nian (383-372 Ma) calc-alkaline andesites, dacites, and rhy-
olites; (2) early Carboniferous (355-330 Ma) calc-alkaline
gabbro, quartz diorite, and granodiorite (Zhou et al., 2005;
Zhao et al., 2010); (3) late Carboniferous (320-300 Ma) gra-
nodiorites and monzogranites, most of which belong to the
high-K calc-alkaline series (Wu et al., 2011), though a few are
shoshonitic (Sui et al., 2009); and (4) Early-Middle Permian
(290260 Ma) alkaline granitoids (Hong et al., 1994; Sun et
al., 2001; Wu et al., 2002). In the Mesozoic, the magmatism
is dominated by granites and rhyolites, and can be subdivided
into five stages: Early-Middle Triassic (247-241 Ma), Late
Triassic (229-202 Ma), Early-Middle Jurassic (197-171 Ma),
Late Jurassic (155-150 Ma), and Early Cretaceous (145-125

Ma) (Tang et al., 2014, 2015). In this study, we examined the
Mesozoic granitoids in detail.

3. The episodes and distribution of Mesozoic
granitoids in the Erguna Massif

Most of the granitoids in the Erguna Massif lie to the north-
west of the Derbugan Fault (Figure 1b), especially to the
north of Mangui and Qiqian. In the southwest Manzhouli
area, granitoids crop out on Wunugetu and Bayang moun-
tains, and in the central Erguna region they are located near
Badaguan and within the Shanghulin and Enhe basins. In re-
cent years, there is a wealth of published zircon U-Pb age data
for Mesozoic granitoids of the Erguna Massif. Our research
team’s achievements are shown in Appendix 1 (available at
http://earth.scichina.com), and those of other studies in Ap-
pendix 2.

The zircon U-Pb ages indicate nine episodes of granitic
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magmatism in the Erguna Massif (245, 225, 205, 195, 182,
174,153, 145, and 124 Ma; Figure 2), which we have grouped
into five main stages detailed below.

3.1 Early-Middle Triassic

Our zircon U-Pb dating results, together with previously pub-
lished data, indicate that the earliest episode of Mesozoic
granitic magmatism occurred in the Early-Middle Triassic
(249-237 Ma) (Appendixes 1 and 2), with a peak age of 245
Ma (Figure 2). Granitoids of this age are found in the Enhe,
Shiwei, Jiuka, West Niu’er River, Moerdaoga, Badaoka and
Guanhuzhan areas in the Erguna Massif (Wu et al., 2011;
She et al., 2012; Sun D Y et al., 2013; Tang et al., 2014,
2016). Granitic plutons with this peak age are also wide-
spread throughout the Central Mongolia in the region to the
southeast of the Mongol-Okhotsk suture belt. For example,
there are Late Permian to Early-Middle Triassic granitic in-
trusions in the Hangayn area (Orolmaa et al., 2008). SHRIMP
zircon U-Pb dating gives ages of 24143 Ma for granites in the
Tumurtin Ovoo zinc skarn deposit (Jiang et al., 2010b), and
SHRIMP and LA-ICP-MS zircon U-Pb ages are in the range
247-240 Ma for quartz diorite and granodiorite from the Er-
denet Cu-Mo porphyry deposit (Jiang et al., 2010a).

3.2 Late Triassic

The second episode of granitic magmatism occurred in the
Late Triassic (229-201 Ma) (Appendixes 1 and 2), with
peak ages at 225 and 205 Ma (Figure 2). The 225 Ma gran-
itoids (granodiorites and syenogranites) are limited to the
Manzhouli and Badaguan areas in the southwest part of the
Erguna Massif (Tang et al., 2016); syenogranites with ages
of 220+3 Ma occur northwest of Mangui and Tayuan (Wu et
al., 2011). This episode of granitic magmatism also affected
Central Mongolia; e.g., granitoids with ages of 228-230
Ma in the Nariyn Teel pluton and the Kharkhorin Massif
(Yarmolyuk et al., 2002; Jahn et al., 2004). Granitoids with
peak ages of 205 Ma are widespread throughout the Erguna
Massif, at Mangui (Tang et al., 2016), Wunugetu Mountain
(She et al., 2011), Moerdaoga (She et al., 2012; Tang et al.,
2016), Alongshan (Wu et al., 2011), Qigian (Sun D Y et al,,
2013), the Taipingchuan Cu-Mo deposit (Chen et al., 2010),
and the Kadajiling Pb-Zn deposit (She et al., 2011).

3.3 Early-Middle Jurassic

The third magmatic event that we identified occurred in the
Early-Middle Jurassic (199-171 Ma) (Appendixes 1 and 2),
with peak ages at 195, 182 and 174 Ma (Figure 2). Granitoids
with peak ages of 195 Ma are found at Jinhe (Wu et al., 2011;
Tang et al., 2016), western part of Mangui (Sun D Y et al.,
2013), Xilinji (Wu et al., 2011), Moerdaoga (Wu et al., 2011;
Tang et al., 2016) and Fukeshan (Wu et al., 2011) areas, etc;
those with a peak age of 182 Ma are found at Lvlin (Wu et al.,
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2011), Pangu (Wu et al., 2011), Wunugetu Mountain (Wang
Wetal., 2012; Sheetal., 2012; Wang etal., 2014), Mohe (Sun
D Y et al, 2013), Mangui (Wu et al., 2011), and Fukeshan
(Sun D Y et al., 2013) areas, etc; and granitoids with a peak
age of 174 Ma crop out at Mangui, Amuer, Chagantaolegai
Mountain (Wang W et al., 2012), Wunugetu Mountain (She
et al., 2012), and Dashimo (Wang et al., 2014) areas, etc.

3.4 Late Jurassic

The fourth magmatic episode occurred in the Late Jurassic
(155-149 Ma) (Appendixes 1 and 2), with the peak age of 153
Ma (Figure 2). These granitoids occur mainly near Badaguan
(Tangetal., 2015), Shiwei (Tang et al., 2016), Mangui (Sun D
Y etal., 2013; Tang et al., 2015, 2016), Baogedewula (Wang
W et al., 2012; Wang et al., 2014), and Arihashate (Wang et
al., 2014) areas.

3.5 Early Cretaceous

The fifth episode of Mesozoic granitic magmatism occurred
in the Early Cretaceous (145—125 Ma) (Appendixes 1 and 2).
We subdivide this episode into two periods, with peak ages at
145 and 125 Ma (Figure 2). The 145 Ma period was the more
intense of the two, and granitoids of this age are located in
the areas near Qika (Tang et al., 2015), Wunugetu Mountain
(She et al., 2012), Baogedewula (Wang W et al., 2012; Wang
et al., 2014), and Arihashate (Wang et al., 2014). The 125
Ma granitoids consist of alkali-feldspar granite and monzo-
granite, and are only found at Niuer River (Wu et al., 2011)
and Jiuka (Tang et al., 2015) areas. This Early Cretaceous
magmatic event was different to the preceding episodes as it
also involved the eruption of rhyolites, which occur mainly
around Manzhouli. The published age data for these rhyo-
lites (Appendix 1) indicate two stages of rhyolitic volcanism
(dotted line in Figure 2): the first has a peak age of ~143 Ma
and corresponds to the Jixiangfeng Formation, and the second
has a peak age of ~125 Ma and corresponds to the Shangkuli
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Formation.

4. Geochemistry and petrogenesis of Mesozoic
granitoids in the Erguna Massif

The Mesozoic granitoids in the Erguna Massif in this
study comprise a suite of granodiorite, monzogranite, and
syenogranite (Appendix 1). In the TAS diagram, they fall in
the fields of granodiorite and granite, and they belong to the
subalkaline series (Figure 3). Zircon saturation temperatures
of these granitoids were calculated using an equation for
zircon solubility derived by Watson and Harrison (1983,
2005) from high-temperature (700-1300°C) experiments.
The distribution coefficient of Zr (Dz“™"™!") is a function of
the temperature and composition of the melt at the time that
zircon is crystallizing from the granitic magma. When the
activity coefficient is assumed to be 1, the zircon saturation
temperature (77%) can be calculated as follows:

T,,(°C) = {12900/ [InD,,(496000 / Melt)
+0.85 x M+ 2.95]} —273.15, 1

where Dz is the ratio of the concentration of Zr in
zircon to that in the melt, and M is the cation ratio
(2CatK+Na)/(SixAl) defined by Watson and Harrison (1983,
2005), calculated using host-rock-normalized concentrations.
Without Zr and Hf correction, the Zr content in the pure
zircon is 496000x107¢ ppm, and in general the Zr content of
the melt is similar to that of the whole rock.

The zircon saturation temperatures of the Mesozoic gran-
itoids can be subdivided into two series: an Early-Middle
Triassic to Early-Middle Jurassic low-temperature series ( <
825°C) and a Late Jurassic to Early Cretaceous high-temper-
ature series (> 825°C) (Figure 4). This is consistent with the
geochemical classification of the granitoids (Tang et al., 2014,
2015, 2016), with the low-temperature series being I-type
granites and the high-temperature series being A-type gran-
ites.

The Mesozoic granitoids have similar major element com-
positions to each other (Figure 5). In contrast, some trace ele-
ment concentrations and ratios vary with age (Figure 6), e.g.,
Sr/Y ratios, Eu/Eu” ratios, and Sr concentrations decrease
with time, whereas Zr and Y concentrations increase. It is
important to consider whether these patterns are a result of
magmatic differentiation. Granitic magma has a high viscos-
ity and can be described as crystal porridge (Pitcher, 1997).
In addition, the time from magma formation to zircon U-Pb
isotope system closure for a single pluton is usually less than
1 Myr (Petford et al., 2000; Glazner et al., 2004). This indi-
cates that it may be difficult for fractional crystallization to
take place (Zhang et al., 2007). We therefore assume that the
Mesozoic granitoids in this study are representative of the pri-
mary magmas. Based on this assumption, we infer that geo-
chemical differences between the coeval granitoids at differ-
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ent locations reflect lateral changes in the magma source re-
gion, and that the differences between granitoids emplaced in
the same area but at different ages reveal vertical heterogene-
ity in the magma source region.

There is a linear correlation between the Sr/Y ratios of gran-
itoids and crustal thickness (Girardi et al., 2012; Chapman et
al., 2015; Chiaradia, 2015; Paterson and Ducea, 2015). The
Sr/Y ratios of the Mesozoic granitoids in the Erguna Massif
decrease with time (i.e., the youngest samples have the low-
est ratios) (Figure 6a), suggesting continuous thinning of the
continental crustal during the Mesozoic. There is further sup-
port for this inference as follows. (1) The Erguna Massif was
affected by the southward subduction of the Mongol-Okhotsk
oceanic plate during the early Mesozoic (Triassic-Early Juras-
sic), which resulted in crustal thickening in the Erguna Massif
at that time (i.e., through the emplacement of adakitic rocks in
an active continental margin setting) (Chen et al., 2010; Tang
et al., 2016). (2) The presence of Middle Jurassic muscovite
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Figure 5 Plots of major element concentration against age for Mesozoic granitoids from the Erguna Massif.

granites, which have the geochemical signature of S-type
granites, in the northern Great Xing’an Range provides evi-
dence for the final closure of the Mongol-Okhotsk Ocean, a
continent-continent collisional setting, and further thickening
of the continental crust (Li et al., 2015). (3) The presence
of the Late Jurassic to Early Cretaceous A-type granites and
alkaline rhyolites indicates an extensional tectonic setting,
and therefore thinning of the Erguna Massif. It should be
noted that the (La/YDb)x ratios do not show the same pattern
as the Sr/Y ratios (Figure 6¢). However, previous studies
indicate that high (La/Yb)x ratios may be affected by a
number of other factors in addition to crustal thickness, in-
cluding melting of thickened/delaminated lower continental
crust (Atherton and Petford, 1993), fractional crystallization
(Richards and Kerrich, 2007), magma mixing (Guo et al.,
2007), as well as partial melting of granulite or enriched
mantle (Jiang et al., 2007; Martin et al., 2005). These studies
show that the (La/Yb)y ratios might be controlled by many
factors rather than just related to the crustal thickness (Zhao,
2016). The Mesozoic granitoids also show an increasing
concentration of Y with time (Figure 6e), reflecting the de-
pletion of garnet in the magma source region and indicating
a continuous thinning of the continental crust. Therefore, the
variations of both St/Y ratios and Y concentrations with time
reflect changes in crustal thickness, consistent with the re-
gional tectonic history (Figure 2). Additionally, the decrease

in both the Eu/Eu” ratio and Sr concentration with time
(Figure 6b and f) could be attributed to the crystallization
of plagioclase, as both elements substitute into this mineral
(Girardi et al., 2012).

The Mesozoic granitoids have high concentrations of SiO,
(> 65%) and Al,Os, and low concentrations of Mg*, TFe,0s,
Cr, Co and Ni, this precludes any mixing of the granitic melts
with mantle-derived magma (Lu and Xu, 2011). This obser-
vation, together with the enrichment in light rare-earth ele-
ments (LREEs) and large ion lithophile elements (LILEs), de-
pletion in heavy rare-earth elements (HREEs) and high field-
strength elements (HFSEs), as well as high (La/Yb)x values
(average at 23.0), indicates that the primary magmas for the
Mesozoic granitoids were derived from partial melting of the
lower continental crust (Xu et al., 2009; Tang et al., 2014,
2015, 2016).

5. Zircon Hf isotopic compositions of Mesozoic
granitoids in the Erguna Massif

This paper summarizes the results of several years of zircon
Hf isotopic analysis, and data references are shown in Ap-
pendix 1. Additional zircon Hf isotopic data, measured from
samples of Middle Jurassic age and younger, are presented in
Appendix 3. Due to the uncertainties of Hf isotopic measure-
ments of captured zircons, we only discuss the Hf isotopic
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Figure 6 Plots of the concentration of trace elements against age for Mesozoic granitoids in the Erguna Massif.

compositions of zircons for which we also obtained crystal-
lization ages.

5.1 Hf isotope analysis

Using zircon LA-ICP-MS U-Pb dating results, together with
zircon CL images, we analyzed the Hf isotopic compositions
of zircons sampled from granitoids of Middle Jurassic age
and younger. In situ zircon Lu-Hf isotope analyses were con-
ducted using a Neptune multi-collector ICP-MS (MC-LA-
ICPMS) in combination with a Geolas 2005 excimer ArF
laser ablation system (193 nm) that was hosted at the Institute
of Geology and Geophysics, Chinese Academy of Sciences.
All data were acquired on zircon in single spot ablation mode
with a spot size of 44 pum, pulse width of 15 ns, laser pulse
frequency of 8—10 Hz, and laser pulse energy of 100 mJ. The
ablated aerosol was carried by helium, and 91500 served as
the external standard. For details of the operating conditions
for the laser ablation systemand the MC-ICP-MS instrument,
as well as the analytical method, see Xu et al. (2004) and

Wu et al. (2006). The results are presented in Appendix 3.
It should be noted that the average crustal value (—0.5482) is
used as the standard data to analyze the zircon Lu-Hf results
in this paper.

5.2 Zircon Hf isotopic compositions of Mesozoic grani-
toids in the Erguna Massif

Nearly all zircon Hf isotopic data from different stages of
Mesozoic granitoids in different areas fall in the field of the
eastern segment of CAOB in Figure 7a, similar to those of zir-
cons from the Phanerozoic igneous rocks in the Xing-Meng
Orogenic Belt (XMOB), obviously different from those of
zircons from Paleozoic-Mesozoic units within the Yanshan
Fold and Thrust Belt (YFTB) (Xiao et al., 2004; Yang et al.,
2000).

(1) Early-Middle Triassic granitoids. The Early-Middle
Triassic granitiods mainly formed at ~241, ~242, ~246 and
~247 Ma. Two dispersed data from the 247 Ma granitoids
were discarded because we obtained a wide range of Hf
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isotopic data. The dispersed data may arise because the zir-
cons contained inclusions, or because they had experienced
magma mixing. The initial ""*Hf/'”Hf ratios for 32 zircons
vary from 0.282570 to 0.282817. Their eng(f) values and Tom
ages range from —2.0 to 6.6 (Figure 7b) and from 849 to 1395
Ma (Figure 7c), respectively. The average Tpm age is 1231
Ma.

(2) Late Triassic granitoids. The Late Triassic granitiods
mainly formed at ~202, ~203, ~205, ~206, ~224, ~228 and
~229 Ma. The initial "*Hf/'"Hf ratios for 86 zircons vary
from 0.282597 to 0.282821. Their eus(#) values and Tpmz ages
range from —1.8 to +6.6 (Figure 7b) and from 838 to 1357 Ma

(Figure 7c), respectively. The average Tpom2 age is 1124 Ma.

(3) Early-Middle Jurassic granitoids. The Early-Middle
Jurassic granitiods mainly formed at~171, ~173, ~180, ~185,
~186, ~195, ~196 and ~197 Ma. Seven dispersed zircon Hf
isotopic data among these granitoids were discarded. The ini-
tial "Hf/'"Hf ratios for 73 zircons vary from 0.282541 to
0.282940. Their eudf) values and Tpm. ages range from —4.4
to 9.6 (Figure 7b) and from 613 to 1501 Ma (Figure 7c), re-
spectively. The average Tom: age is 971 Ma.

(4) Late Jurassic granitoids. The Late Jurassic granitiods
mainly formed at ~150, ~152, and ~153 Ma. Two dispersed
zircon Hf isotopic data from 153 Ma granitoids were dis-
carded. The initial "Hf/'"’Hf ratios for 24 zircons vary from
0.282701 to 0.282877. Their eng(f) values and Tpwm» ages range
from 0.7 to 6.9 (Figure 7b) and from 761 to 1154 Ma (Figure
7c¢), respectively. The average Tom: age is 919 Ma.

(5) Early Cretaceous granitoids. The Early Cretaceous gra-
nitiods mainly formed at ~134, ~140, and ~145 Ma. The ini-
tial ""SHf/'""Hf ratios for 24 zircons vary from 0.282847 to
0.282952. Their eud(?) values and Tpwm» ages range from 5.6 to
9.2 (Figure 7b) and from 604 to 834 Ma (Figure 7c), respec-
tively. The average Tpmz age is 750 Ma.

6. Spatial-temporal variations of zircon Hf iso-
topic compositions and crustal accretion and re-
working processes

6.1 Temporal variation in zircon Hf isotopic composi-
tions

Based on the statistics of zircon Hf isotopic data of the Meso-
zoic granitioids in the Erguna Massif, it is found that their zir-
con eur(?) values gradually increase (Figure 7b), whereas the
Tomz ages gradually decrease (from Mesoproterozoic to Neo-
proterozoic) (Figure 7c) with decreasing of their ages. The
correlation between zircon Hf isotopic data and the formation
time of granitoids suggests a change in the source of magmas
from the melting of ancient crust to juvenile crust, during the
Mesozoic. However, some zircon Hf isotopic data (white cir-
cles and squares in Figure 7b and c) deviate from this overall
trend, possibly because of lateral heterogeneity in the source
region of granitic magma (Figure 8).

6.2 Spatial variation in zircon Hf isotopic compositions

The zircon enq(f) values of the Mesozoic granitoids in the Er-
guna Massif gradually decrease northward, indicating that,
moving from south to north, there is an increasing compo-
nent of ancient crustal material within the lower continental
crust. This interpretation is supported by the presence of out-
crops of Neoproterozoic and Paleoproterozoic plutons in the
northeast of the Erguna Massif (She et al., 2012; Tang et al.,
2013; Sun L X et al., 2013; Shao et al., 2015; Zhao et al.,



1264 Sun CY, et al.

2016a, 2016c). Additionally, at same latitude there is a wide
range in zircon Hf isotopic compositions (grey texture region
in Figure 8). Taken together, these observations suggest both
lateral and vertical heterogeneities in the lower continental
crust of the Erguna Massif during the Mesozoic.

6.3 Crustal accretion and reworking processes

Recent studies have identified some ancient basement rocks
within the Erguna Massif. For examples, Sun L X et al.
(2013) reported that the Paleoproterozoic granitic gneisses
in the north of Hanjiayuan town in the Erguna Massif with
zircon 2"Pb/**Pb ages of 1837+5, 1741+30, and 1854420
Ma, zircon euf(t) values of —3.9 to —8.5, and Tpm: ages of
2.78 to 3.01 Ga. The gneissic monzogranites with zircon
207Pb/2%Pb ages of 2606+17 Ma have been discovered from
Bilieya Pb-Zn deposit in the Erguna Massif (Shao et al.,
2015). Moreover, some Tpm ages of the Neoproterozoic
granites from Mangui area are older than 2000 Ma (Zhao
et al., 2016b). In summary, there is a Paleoproterozoic and
even Archaecozoic basement in the Erguna Massif, but these
basement rocks are of minor extent because the primary
continental crust has been reworked multiple times during
the complex tectonic history of the CAOB.

Based on the relative probability of zircon Tpwm: ages of the
Mesozoic granitoids within the Erguna massif (Figure 9), the
growth of continental crust in the eastern segment of CAOB
occurred in three stages: Mesoproterozoic, late Mesoprotero-
zoic-early Neoproterozoic, and Neoproterozoic, much earlier
than the Phanerozoic, as previously considered (Wu et al.,
1999, 2011).

The zircon Hf isotopic compositions of Mesozoic grani-
toids reveal that the accretion of lower continental crust in
the Erguna micro-continental Massif mainly occurred in the
Mesoproterozoic and Neoproterozoic. Then, it is important to
reveal the reworking processes of the lower continental crust
in this region, i.e., whether different generations of Meso-
zoic granitoids were derived from the same or different source
rocks. Considering the relationship between zircon ages and
Tom: ages (Figure 7¢), and the variation in euf(¢) values with
latitude (Figure 8), we suggest that in the northeast of the Er-
guna Massif, the Early-Middle Triassic granitoids were de-
rived from Mesoproterozoic source rocks, the Late Juras-
sic and Early Cretaceous granitoids in the southwest Erguna
Massif were derived from Neoproterozoic source rocks, and
the Late Jurassic granitoids of the central Erguna Massif were
derived from late Mesoproterozoic source rocks. Taken to-
gether, as the result of reworking process, the Mesozoic grani-
toids in the Erguna Massif were derived from the source rocks
with different ages in different parts of the lower continental
crust.

Based on the lateral and vertical heterogeneities of the
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lower continental crust within the Erguna Massif, as well as
the accretion and reworking processes, we present a structural
model of the lower continental crust of the Erguna Massif
in Figure 10. In the model, the continental crust of the Er-
guna Massif was mainly formed by the underplating of man-
tle-derived magma. During the Mesozoic, partial melting of
the lower crust generated granitic magmas at various depths,
which migrated upwards, intruding into the upper crust and
finally forming the widespread Mesozoic granitoids now ex-
posed within the Erguna Massif.

7. Conclusions

(1) There are nine episodes of Mesozoic granitic magma-
tism in the Erguna massif (245, 225, 205, 195, 182, 174, 153,
145, and 124 Ma), which could be subdivided into five main
stages: Early-Middle Triassic, Late Triassic, Early-Middle
Jurassic, Late Jurassic and Early Cretaceous.

(2) Sr/Y and Euw/Eu’" ratios and Sr concentrations decrease
with time (i.e., with decreasing age of granitoid), while Zr
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Figure 10  Structural model of lower continental crust within the Erguna
massif. Modified after Hawkesworth and Kemp (2006), Cawood et al.
(2013) and Roberts et al. (2015).

and Y concentrations increase. These patterns indicate that
the Erguna Massif experienced crustal thickening followed
by thinning, and that increasing amounts of plagioclase crys-
tallized from the magma during this time.

(3) The zircon Hf isotopic compositions indicate that the ac-
cretion of the lower continental crust within the Erguna Mas-
sif mainly happened in the Mesoproterozoic and Neoprotero-
zoic.

(4) The formation of Mesozoic granitoids in the Erguna
Massif reveals the reworking process of the lower continen-
tal crust, i.e., under the control of the southward subduc-
tion, collision, and post-collisional extension of the Mon-
gol-Okhotsk oceanic plate, there was a change in the source
of the granitic magmas from partial melting of ancient crust
to juvenile crust.
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