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Abstract: Voluminous granitoids are widely distributed in the Langshan region, northeast of the Alxa block, and record the
evolutionary processes of the southern Central Asian Orogenic Belt. The Dabashan pluton was emplaced into the
Paleoproterozoic Diebusige complex. Early Carboniferous zircon LA-ICP MS U-Pb ages were from 327 Ma to 346 Ma.
The Dabashan pluton can be classified as monzogranite and syenogranite, and exhibits high K,O contents and K,0/Na,O
ratios, which reveal a high-K calc-alkaline nature. The samples display strongly fractionated REE patterns, and are enriched
in large ion lithophile elements (LILE) relative to high field strength elements (HFSE). The Dabashan plutons display
unusually high Ba (823-2817 ppm) and Sr (166520 ppm) contents and K/Rb ratios (315-627), but low Rb/Ba ratios (0.02—
0.14), and exhibit fertile zircon Hf isotopic compositions [endt)=—14 to —20], which are comparable to those of typical high
Ba—Sr granitoids. Based on the geochemical compositions of the samples, we suggest that subducted sediments and ancient
crustal materials both played important roles in their generation. Basaltic melts were derived from partial melting of
subcontinental lithophile mantle metasomatized by subducted sediment-related melts with residual garnet in the source,
which caused partial melting of ancient lower crust. Magmas derived from underplating ascended and emplaced in the
middle—upper crust at different depths. The resultant magmas experienced some degree of fractional crystallization during
their ascent. Given these geochemical characteristics, together with regional tectonic, magmatic, and structure analysis data,
an active continental margin environment is proposed for the generation of these rocks .
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1 Introduction

Granitoids, as a main component of the continental
crust, carry important clues to better understand the
tectonics and geological evolution of the continental crust
(Zhang et al., 2016; Zhang et al., 2017). Probing the
origins and emplacement processes of granitoids is crucial
for understanding continental crustal growth and crustal
evolution. A great deal of geological and geophysical
evidence has demonstrated that crustal sediments may be
transported by subducted channels into the mantle (Su et
al., 2017); large amounts of sediments could thus be
brought into subduction zones. Partial melting of
subducted oceanic sediments could generate felsic
magmas that intrude the overlying crustal material as

* Corresponding author. E-mail: rgzheng@163.com

granitoid plutons (Ishizuka et al., 2003; Spandler and
Pirard, 2013; Zhang et al., 2016). Such subduction-related
granitoids exhibit crust-like major- and trace-elemental
compositions and radiogenic isotope ratios because large
components are derived from continental sediments (Sun
et al., 2014; Conticelli et al., 2015; Malyshev et al., 2016;
Zhang et al., 2016; Zhang et al., 2017).

The term ‘‘high Ba—Sr granite’” was first proposed by
Tarney and Jones (1994) based on the unique geochemical
characteristics of these rocks. In contrast with low Ba—Sr
granites, high Ba—Sr granites are characterized by high Ba
and Sr contents, low Y and heavy rare earth element
(HREE) abundances, and depletion of Nb in their trace
element spidergrams (Tarney and Jones, 1994; Fowler et
al., 2001, 2008; Qian et al., 2003; Peng et al., 2013).
Because of their unique geochemical characteristics, high
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Ba—Sr granites have drawn considerable attention. Many
researchers have focused on the petrogenesis and tectonic
settings of these rocks, and their associations with
mineralization (e.g. Fowler et al., 2008; Ye et al., 2008;
Choi et al., 2009; Peng et al., 2013; Liu et al., 2017).

The Central Asian Orogenic Belt (CAOB) is one of the
largest and longest-lived accretionary orogenic collages in
the world, and is located between the Siberian and Baltica
cratons to the north and the Tarim and North China
cratons to the south (Fig. la; Sengor et al., 1993; Jahn et
al., 2000; Kovalenko et al., 2004; Windley et al., 2007,
Xiao et al., 2015, 2018). There is a general consensus that
the CAOB grew by successive lateral accretion of arcs,
accretionary complexes, and a few continental blocks
southward from Siberia and southern Mongolia during the
evolution of the Paleo-Asian Ocean (Windley et al., 2007,
Xiao et al., 2015, 2018). Thus, the CAOB was largely
formed by subduction and accretion of juvenile material
from the Neoproterozoic through the end of the Paleozoic
(Jahn et al., 2000; Windley et al., 2007; Xiao et al., 2015,
2018). Paleozoic granitoids are widely distributed in the
CAOB, and record the long-lived evolutionary history and

Phanerozoic crustal growth of this region.

The Alxa block and its peripheral regions were involved
in Paleozoic orogeny during the evolution of the Paleo-
Asian Ocean (PAO), and are key to depicting the
architecture of the central segment of the southernmost of
CAOB. Late Paleozoic granitic plutons are widely
exposed in the Alxa block and its peripheral regions, and
clearly record important information on the evolution of
the PAO. For example, zircon U-Pb age data show that
late Paleozoic plutons with age peaks of 278 Ma, 270 Ma,
and 248 Ma (Zheng et al., 2016) are widely distributed at
the northern margin of the Alxa block. In the Alxa Youqi
region, west of the Alxa block, late Paleozoic to Mesozoic
magmatic rocks are predominant, including voluminous
418-239 Ma granitoids and minor 328-249 Ma gabbro-
diorites (e.g., Liu et al., 2016b and references therein).

The Langshan region, located in the northeast of the
Alxa block, is a junctional zone between the CAOB, the
Alxa block, and the North China Craton (NCC) (Fig. 1b).
Recent studies found various Paleozoic (mainly late
Paleozoic) plutons widely exposed in the Langshan region
(Wang et al., 2015; Dan et al., 2016; Liu et al., 2016a),
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Fig. 1. (a) Geological sketch map of Central Asian Orogenic Belt (modified from Sengor et al., 1993; Jahn et al., 2000); (b) Geo-
logical map of Alxa region (modified from Zheng et al., 2014; YTZ, Yagan tectonic zone; ZHTZ, Zhusileng-Hangwula tectonic
zone; ZSTZ, Zongnaishan-Shalazhashan tectonic zone; NLTZ, Nuoergong-Langshan tectonic zone).
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indicating long-lived and complex magmatic activities.
These Paleozoic plutons could help us to recognize the
Paleozoic tectonic history of the PAO in the northeast of
the Alxa region. However, the tectonic implications and
petrogenesis of these plutons are still debated because of a
lack of detailed geochronological and geochemical work.

In this study, we report new zircon U-Pb ages, bulk-
rock major and trace element, and zircon Hf isotopic data
for the Dabashan pluton in southern Langshan. Based on
our data, together with previously published data, we attempt
to track the petrogenesis of these plutons, provide important
constraints on the tectonic setting, and compare them with
coeval plutons in the northern margin of the NCC.

2 Geological Background

The Alxa block is located to the south of the CAOB
(Fig. 1a), and is traditionally regarded as one component
of the western block of the NCC, such as the extension of
the Yinshan Block (Zhao et al., 2005) or the Khondalite
Belt (Dong et al., 2007; Geng et al., 2010; Zhang et al.,
2013b). However, some researchers have proposed that
the Alxa block may be an independent Paleoproterozoic
terrane, and might have amalgamated to the NCC during
the Phanerozoic (Zhang et al., 2012; Li et al., 2012; Lin et
al., 2014; Yuan and Yang, 2015; Xiao et al., 2015, 2018;
Dan et al., 2016).

Paleozoic strata and magmatic deposits are widespread
in the Alxa block and its peripheral regions because of the
influence of the PAO. Two late Paleozoic ophiolitic
mélanges have been reported from the northern margin of
the Alxa block, and are considered fragments of the PAO
(Zheng et al., 2014). Based on the different sedimentary
sequences and magmatic events during the Paleozoic, the
Alxa block and its peripheral regions can be divided into
four Paleozoic tectonic subunits: the Yagan tectonic zone
(YTZ), the Zhusileng-Hangwulatectonic zone (ZHTZ),
the Zongnaishan—Shalazhashan tectonic zone (ZSTZ), and
the Nuru-Langshan tectonic zone (NLTZ) (Fig.1b, Wu
and He, 1993; Zheng et al., 2014).

The NLTZ is characterized by extensive outcrops of
Precambrian rocks and Paleozoic plutons (Wu and He,
1993; Zheng et al., 2014; Gong et al., 2017). Abundant
late Paleozoic plutons emplaced into the Precambrian
strata in the NLTZ imply that those Precambrian rocks
were strongly reworked in the orogenic processes of the
CAORB in the late Paleozoic (Geng and Zhou, 2012).

The Langshan region is located in the eastern segment
of the NLTZ. There are a widely distributed high-grade
metamorphic complex (Diebusige complex) and low-
grade meta-volcanic and meta-sedimentary rocks
(Langshan group) in the southern Langshan region (Fig.
2a). The Diebusige complex is mainly composed of
amphibolites, mafic gneisses, paragneisses, TTG,
quartzite, magnetite-quartzite, and minor marble. The
depositional ages of the protoliths of the Diebusige
paragneisses are estimatedto be between ca. 2.45 and 2.0
Ga (Dan et al., 2012). Protoliths of the Diebusige TTG
exhibit Paleoproterozoic ages (2.41 Ga, unpublished data).
The Diebusige complex was intruded by granites dated at
ca. 1.97-198 Ga, and was subjected to high-grade

metamorphic events at ca. 1.89 Ga and ca. 1.79 Ga (Dan et
al., 2012). The Langshan group is located to the northwest
of the Diebusige complex, and is mainly composed of low
-grade meta-volcanic and meta-sedimentary rocks, such as
marble, quartzite, meta-sandstone, and mica-quartzite
schist, which are interpreted as a rift sequence (Lu et al.,
2002). The minimum detrital zircon U-Pb ages of meta-
sedimentary rocks in the Langshan group are from 810 to
1187 Ma, which indicate that these meta-sedimentary
rocks were deposited in the Neoproterozoic (Hu et al.,
2014). Neoproterozoic meta-volcanic rocks with zircon U
—Pb ages of 804-816 Ma are also recognized in the
Langshan group (Hu et al., 2014). Upper Paleozoic strata
are rare, and scarce Carboniferous—Permian marine
sedimentary rocks are exposed only in the west of the
Langshan region (Fig. 2a).

Paleozoic plutons, including predominant granitoids,
subordinate maficplutons, and minor volcanic rocks, are
widely distributed in the Langshan region, mostly
emplaced into Precambrian units (Fig. 2a). Most plutons
exhibit late Paleozoic zircon U-Pb ages. Zircon U-Pb data
from plutons in the Langshan region reveal five magmatic
stages during the Paleozoic—Triassic (Wang et al., 2015
and references therein), including Late Silurian (~418
Ma), Carboniferous (328-304 Ma), Early Permian (294—
272 Ma), Late Permian (260-254 Ma), and Middle—Late
Triassic (245227 Ma).

3 Sampling and Analytical Method

3.1 Sampling

The Dabashan pluton is located in the southeasternmost
part of the Langshan region, emplaced into the Diebusige
complex (Fig. 3a—c). In this study, we analyzed granite
samples collected from six locations in the Dabashan
pluton, including the series of ZH7, ZH15, Rg32, Rg40,
Rg42, and Rg55 (see locations in Fig. 2b). The series of
ZH7 and ZH15 were collected in the Dairigen valley. The
other samples were collected in the Dabashan Mountain.
In this study, we named all samples after the Dabashan
pluton for short. Except series Rg40, all the other granites
show strong mylonitization (Fig. 3e and f), and L-type
mylonites were observed in some outcrops. Ductile
sinistral shear deformation is pronounced in the Dabashan
pluton. The quartz stretching lineations indicate NE-
trending sinistral shearing (Fig. 3g). Except series Rg40,
the other granites exhibit similar mineral compositions.
Those granites display porphyritic textures with quartz
porphyroblasts (Fig. 3g). They are mainly composed of
plagioclase (3040 vol%), K-feldspar (25-30 vol%),
quartz (25-35 vol%), biotite (5-10 vol.%), and minor
accessory minerals (Fig. 3h).The samples of the Rg40
series display yellowish-brown and massive structure.
They are covered by coarse Cretaceous clastic rocks (Fig.
3d), and cut by lateral thrust faults. These samples mainly
consist of plagioclase (3040 vol%), perthite (20-30
vol%), quartz (25-35 vol%), biotite (5-10 vol%), and
muscovite (2-5 vol%) (Fig. 3j).

3.2 Zircon LA-ICP-MS U-Pb dating
Zircons from crushed samples were separated by using
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conventional heavy liquid and
magnetic  techniques in  the
Laboratory of Langfang Regional
Geological Survey, Hebei Province,
China. Representative zircon grains
were hand-picked under a binocular
microscope, mounted in epoxy resin,
polished, and coated with gold film.
Zircons were photographed in
transmitted and reflected light. Those
photos, together with
cathodoluminescence (CL) images
were used to examine the external
and internal structures of the
analyzed zircons at the Gaonian
Navigation Technology Company,
Beijing, China.

Laser ablation (LA)-ICP MS
zircon U-Pb geochronological dating
was carried out at Key laboratory of
Mineral Resources Evaluation in
Northeast Asia, Ministry of Land and
Resources of China. The instrument
couples a quadrupole ICP-MS
(Agilient 7900) and 193-nm ArF
Excimer laser (COMPexPro 102,
Coherent, DE) with the automatic
positioning system. For the present
work, laser spot size was set to 32
um for most analyses, laser energy
density at 10 J/cm® and repetition
rate at 8 Hz. The procedure of laser
sampling is 30-s blank, 30-seconds
sampling ablation, and 2min- sample
-chamber flushing after the ablation.
The ablated material is carried into
the ICP-MS by the high-purity
Helium gas stream with flux of 1.15
L/min. The whole laser path was
fluxed with Ar (600m L/min) in
order to increase energy stability.
The counting time is 20ms for **Pb,
2pp - 27ph and *®Pb, 15ms for
22Th, 2*U, 20 ms for “Ti, and 6
ms for other elements. Calibrations
for the zircon analyses were carried
out using NIST 610 glass as an
external standard and Si as internal
standard. U-Pb isotope fractionation
effects were corrected using zircon
91500 (Wiedenbeck et al., 1995) as
external standard. Zircon standard
Plesovice (337 Ma) is also used as a
secondary standard to supervise the
deviation of age measurement/
calculation (Slama, et al., 2008).
Isotopic  ratios and  element
concentrations of zircons were
calculated using Glitter. Concordia
ages and diagrams were obtained
using Isoplot/Ex (3.0) (Ludwig,
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Fig. 2. (a) Geological map of the Langshan region, showing distributions of Paleozoic
plutons. Sources of age data: (1) Wang et al., 2015; (2) Liu et al., 2016a; (3) Dan et al.,
2016; (4) Lin et al., 2014; (b) geological map of the southern Langshan, showing loca-
tions of samples and their zircon U-Pb data.
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| Dabashan
Pabiashan pluton
3 pluton

Dicbusige complex

Fig. 3. Field photos of Dabshan pluton, showing typical lithologies and structures.
(a) Dabashan pluton intruded into Diebusige complex in the Dairigen valley; (b) and (c) Dabashan pluton emplaced into the Diebusige complex; (d) Daba-
shan pluton were overlain by the Cretaceous; (¢) and (f) typical outcrops of the Dabashan pluton; (g) and (h) mineral compositions of the mylonitized gran-
ites from Dabshan pluton; (j) mineral compositions of the unformed granites from Dabshan pluton.

2003). The common lead was corrected using LA-ICP-MS
Common Lead Correction (ver. 3.15), followed the
method of Andersen (2002). The analytical data are
presented on U-Pb Concordia diagrams with 2¢ errors.

The mean ages are weighted means at 95% confidence
levels (Ludwig, 2003).

3.3 Major and trace elemental analyses

Whole-rock major and trace element compositions were
analyzed at the Analytical Laboratory of the CNNC
Beijing Research Institute of Uranium Geology (BRIUG),
China. Major element compositions were determined by
XRF (Philips PW2404), and the analytical precision was
within 1%. The trace element compositions analysis was
conducted by following the technique of Li (1997).
Approximately 50 mg of each sample was dissolved in
high-pressure Teflon beakers by using a HF+HNO;
mixture. The solutions were centrifuged after dissolution,
and the supernatants were moved to clean Teflon beakers.
The solutions were evaporated to near dryness and then
added 1.0 ml concentrated HNO; and dried twice to
eliminate the influence of the HF or HCI. Afterward, all
the analyzed samples were dissolved in 5% HNO; solution

with an internal standard Rh for analysis. The trace
element compositions were analyzed by using a
PerkinElmer ELAN DRC-e inductively coupled plasma
mass spectrometer (ICP-MS) and the analytical
uncertainties were mostly better than 5%.

3.4 In situ zircon Hf isotopic analyses

Zircon Hf isotope was analyzed in the Continental
Tectonics and Dynamics Laboratory of Institute of
Geology, Chinese Academy of Geological Sciences. The
instruments used in the analysis were one Neptune Plus
Multiple Receiving Plasma Mass Spectrometer and
Compex pro.193 nm UV laser ablation system (LA-MC-
ICP-MS). During the experiment, Helium was used as the
carrier gas to bring denudation substance. According to
zircon size, ablation diameter was 44 pm or 32 pm. A
common international accepted zircon standard sample GJ
-1 was used as a reference material in the experiment. The
analysis spots are the same spots for the U-Pb dating.
Related conditions for the instruments operation and a
detailed analysis procedure can be found in ref. Hou Kejun
et al (2007). Weighted average analysis result of
°Hf/'"Hf was 0.282015+8 (26, n=10) in the zircon
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standard sample GJ1, which was coincided exactly with
the reported values (Hou Kejun et al, 2007) within the
identical error.

4, Result

4.1 Zircon U-Pb geochronological and Hf isotopic
compositions

Represented CL images of zircons are presented in Fig.
4. The U-Pb dating results are listed in the Table 1, and
presented as concordia diagrams (Fig. 5). Zircon Lu—Hf
isotopes were also analyzed for dating samples from those
plutons, with corresponding U-Pb dating on the same or
similar domains. The analytical results are listed in the
Table 2. The eyq(f) values and model ages are calculated
using their 2”°Pb/***U ages.

In general, the majority of zircon grains from the
Dabashan pluton in the southern Langshan have a rather
simple morphology of magmatic origin. Those dated
zircon grains are euhedral and prismatic, and most zircons
show obvious oscillatory or planar zoning in the CL
images (Fig. 4), which are typical features of magmatic
zircons. Zircons have variable Th and U concentrations,
but the majority of these are lower than 500 ppm (Table
1). The Th/U ratios of dating zircons vary between 0.02
and 0.75, and the majority are higher than 0.1 (Table 1).
All these features are consistent with the zircons having a
magmatic origin.

4.1.1 Sample ZH7-1

Thirty grain zircons were selected from the sample
(ZH7-1) for U-Pb analysis. Two analyses exhibit
relatively old *Pb/**U apparent ages (369 Ma and 376
Ma), which may be inherited zircons. The other 28
analyses yield close’”Pb/**U apparent ages of 332344
Ma, with a weighted mean age of 336.5+1.9 Ma

50um

(MSWD=0.18, n=28, Fig. 5a), which is interpreted as the
crystallization age.

4.1.2 Sample ZH15-1

Sixty spots were analyzed for sample ZH15-1. Eleven
inherited zircons exhibit relatively old ***Pb/***U apparent
ages, and form two tight clusters in the Concordia diagram
with weighted mean ages of 369+6 Ma and 345+4 Ma,
respectively. The other forty-nine analyses yield close
26pp/28U apparent ages of 330-339 Ma, with a weighted
mean age of 332.2+1.4 Ma (MSWD=0.031, n=49, Fig.
5b), which is interpreted as the crystallization age. 21
zircon grains from sample ZH15-1 were analyzed to
obtain their Lu-Hf isotopic compositions. The
(""*Hf/""THS); ratios vary from 0.282038 to 0.282130. All
zircon grains exhibit negative eyff) values, varying from
—15.42 to —17.81 (Fig. 6b), and relatively old Tpy, model
ages, ranging from 2.46 to 2.51 Ga.

4.1.3 Sample Rg32-1

Twenty-eight zircon grains were selected from sample
Rg32-1 for U-Pb analysis. Five analyses exhibit relatively
old **Pb/**U apparent ages (347 Ma—3363 Ma), which
may be inherited zircons. The other 23 analyses with colse
2pp/28U apparent ages give a weighted mean age of
327.142.0 Ma (MSWD=0.018, n=23, Fig. 5c), which is
interpreted as the crystallization age. 21 zircon grains from
sample Rg-32 were analyzed to obtain their Lu-Hf
isotopic compositions. The (‘"°Hf/'”’Hf); ratios vary from
0.282001 to 0.282147. All zircon grains exhibit negative ey
(¢) values, varying from —14.97 to —0.08 (Fig. 6b), and
relatively old Tpy model ages, ranging from 2.27 to 2.60 Ga.

4.1.4 Sample Rg40-5
Thirty zircon spot analyses from sample Rg40-5 show a
wide range of *“Pb/**U ages varying from 329 Ma to

50um 50um | 50um
LT E——— P ey

Fig. 4. Representative cathodoluminescence (CL) images of zircons from Dabashan pluton in the southern Langshan.
The circles with yellow solid lines for U-Pb analysis points and the circles with red dash lines for Hf isotope analysis points; The yellow and red numbers

represent °Pb/>*U ages and ey(f) values, respectively.
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Table 1 Zircon U-Pb analytical data of Dabashan pluton in the southern Langshan

8 BT 2Ty 207 proF 20601 207 Ra*tlz(;s 206517238 20717 206551 % 207 A%em 206517 238
Spots (opm)  (ppm) 25y Pb /~"Pb Pb /U Pb /~°U Pb /~"Pb Pb /U Pb /~°U
ratio +% ratio +% ratio +% age lo age lo age lo
ZH7-1, Syenogranite: weighted mean age: 336.5+1.9 Ma, n=28, (MSWD = 0.18)
1 162.3 34.7 0.21 0.05382  0.00112  0.39897  0.00675  0.05376  0.00086 364 17 341 5 338 5
2 116.5 17.7 0.15 0.05402  0.00144  0.43892  0.01029  0.05892  0.00097 372 26 369 7 369 6
3 105.1 11.4 0.11 0.06249  0.0016 0.46039  0.00928  0.05343  0.00085 691 56 385 6 336 5
4 1383 313 0.23 0.05377  0.00115  0.39839  0.00698  0.05373  0.00086 361 18 340 5 337 5
5 114.3 12.9 0.11 0.0534  0.00119 0.3954 0.00735 0.0537 0.00086 346 19 338 5 337 5
6 63.6 6.8 0.11 0.05266  0.00155  0.38803  0.00957  0.05344  0.00085 314 68 333 7 336 5
7 116.2 17.4 0.15 0.05293  0.00149  0.39041  0.00905  0.05349  0.00085 326 65 335 7 336 5
8 174.4 12.5 0.07 0.0622 0.00192  0.45738  0.01198  0.05333  0.00087 681 67 382 8 335 5
9 70.7 2.8 0.04 0.06246  0.00161  0.45673  0.00932  0.05303  0.00084 690 56 382 6 333 5
10 122.8 17.5 0.14 0.05639  0.00147 0.4183 0.00869 0.0538 0.00085 468 59 355 6 338 5
11 100.8 10.2 0.10 0.05697  0.00155  0.42108  0.00926 0.0536 0.00085 490 61 357 7 337 5
12 115.6 18.6 0.16 0.05411 0.0013 0.40197  0.00824  0.05386  0.00087 376 21 343 6 338 5
13 81.0 13.6 0.17 0.0631 0.00172 0.4653 0.01027  0.05348  0.00085 712 59 388 7 336 5
14 92.7 14.8 0.16 0.06171  0.00192  0.45644  0.01214  0.05364  0.00087 664 68 382 8 337 5
15 3261 24538 0.75 0.05368  0.00125  0.39641  0.00781  0.05355  0.00086 358 20 339 6 336 5
16 121.0 15.6 0.13 0.05332  0.00164  0.39393  0.01095  0.05358 0.0009 342 34 337 8 336 6
17 118.8 17.1 0.14 0.06078  0.00179  0.44714  0.01102  0.05336  0.00086 631 65 375 8 335 5
18 136.9 20.0 0.15 0.05797  0.00153  0.42793  0.00903  0.05354  0.00085 529 59 362 6 336 5
19 126.7 22.9 0.18 0.05965  0.00219  0.43807  0.01433  0.05326  0.00089 591 82 369 10 335 5
20 87.6 14.6 0.17 0.05683  0.00222 0.4146 0.01458  0.05291  0.00089 485 88 352 10 332 5
21 158.1 13.4 0.08 0.05436  0.00122  0.45079  0.00846  0.06013  0.00096 386 19 378 6 376 6
22 166.3 26.8 0.16 0.0539 0.00156  0.40149  0.01044  0.05401 0.0009 367 30 343 8 339 6
23 2422 334 0.14 0.05443  0.00119 0.4029 0.00734  0.05368  0.00086 389 18 344 5 337 5
24 4723 24.0 0.05 0.05396  0.00111  0.39979  0.00669  0.05373  0.00085 369 17 341 5 337 5
25 111.8 16.0 0.14 0.05435  0.00131  0.40392  0.00831  0.05389  0.00087 386 21 344 6 338 5
26 126.6 18.4 0.14 0.06299  0.00181  0.46138 0.011 0.05312  0.00085 708 62 385 8 334 5
27 156.2 23.4 0.15 0.05351  0.00141  0.39626  0.00834  0.05371  0.00085 350 61 339 6 337 5
28 113.4 17.9 0.16 0.05418  0.00159  0.40144  0.00985  0.05374  0.00086 378 67 343 7 337 5
29 69.6 11.9 0.17 0.06412  0.00181  0.47144  0.01095 0.05332  0.00085 746 61 392 8 335 5
30 161.2 27.9 0.17 0.05937  0.00165  0.44812  0.01018  0.05474  0.00087 581 62 376 7 344 5
ZH15-1, Syenogranite: weighted mean age: 332.3+1.6 Ma, n=40, (MSWD = 0.029)

1 257.0 495 0.19 0.05322  0.00117 0.3889 0.00706 0.053 0.00084 338 18 334 5 333 5
2 211.1 315 0.15 0.05303 0.0012 0.38415  0.00728  0.05254  0.00083 330 19 330 5 330 5
3 1824 265 0.15 0.05476  0.00206  0.39904  0.01389  0.05285  0.00092 402 47 341 10 332 6
4 269.1 44.0 0.16 0.05309  0.0017 0.386 0.01121  0.05274  0.00088 333 37 331 8 331 5
5 157.3 21.3 0.14 0.05392  0.00245  0.39467  0.01689  0.05309  0.00098 368 63 338 12 333 6
6 195.5 16.9 0.09 0.05314  0.00119  0.38793  0.00719  0.05295  0.00084 335 19 333 5 333 5
7 3925 60.9 0.16 0.05321  0.00111  0.38852  0.00654  0.05295  0.00083 338 17 333 5 333 5
8 199.3 27.8 0.14 0.05416  0.00152  0.39495  0.00919  0.05288  0.00083 378 65 338 7 332 5
9 156.8 20.2 0.13 0.05337  0.0012 0.38948 0.0073 0.05292  0.00084 345 19 334 5 332 5
10 185.5 18.6 0.10 0.05239  0.00116 0.3823 0.00701  0.05292  0.00083 302 19 329 5 332 5
11 430.6 37.4 0.09 0.05289  0.00153  0.38609  0.00996  0.05294  0.00087 324 31 332 7 333 5
12 156.0 16.3 0.10 0.05394  0.00234  0.39351  0.01602  0.05291  0.00096 369 59 337 12 332 6
13 199.5 21.7 0.11 0.05935 0.0018 0.43211 0.0111 0.05281  0.00084 580 67 365 8 332 5
14 358.0 59.3 0.17 0.05316  0.00121  0.38793 0.0074  0.05292  0.00084 336 20 333 5 332 5
15 156.1 16.3 0.10 0.0531 0.00119 0.3873 0.00722  0.05289  0.00083 333 19 332 5 332 5
16 3288 24.9 0.08 0.0539 0.00183  0.43459  0.01349  0.05847  0.00099 367 40 366 10 366 6
17 3397 33.7 0.10 0.05326  0.00133  0.38832 0.0076  0.05288  0.00082 340 58 333 6 332 5
18 131.3 18.0 0.14 0.05332  0.00123  0.38911  0.00751  0.05292  0.00083 342 20 334 5 332 5
19 2118 29.4 0.14 0.05392  0.00121  0.39304  0.00727  0.05286  0.00083 368 19 337 5 332 5
20 134.6 18.9 0.14 0.05357  0.00155  0.39084 0.0101 0.0529 0.00086 353 31 335 7 332 5
21 603.8  102.7 0.17 0.0541 0.00152  0.44061  0.01092  0.05906  0.00096 375 29 371 8 370 6
22 5659 72.1 0.13 0.05403  0.00137  0.43784  0.00955 0.05876  0.00094 372 23 369 7 368 6
23 1684  21.1 0.13 0.05402  0.00131 0.441 0.00905  0.05919  0.00094 372 21 371 6 371 6
24 439.0 31.9 0.07 0.05312  0.00111  0.38476  0.00644  0.05253  0.00082 334 17 331 5 330 5
25 251.6 415 0.16 0.05359  0.00121  0.40274  0.00755  0.05449  0.00086 354 19 344 5 342 5
26 176.7 22.7 0.13 0.0541 0.0014 0.40863  0.00919  0.05477  0.00088 375 25 348 7 344 5
27 130.1 15.1 0.12 0.05355  0.00131  0.39035  0.00813  0.05286  0.00084 352 22 335 6 332 5
28 2013 20.6 0.10 0.05319  0.00118  0.38855 0.0071 0.05297  0.00083 337 19 333 5 333 5
29 2439 37.2 0.15 0.05314  0.00117  0.38725  0.00699  0.05285  0.00083 335 18 332 5 332 5
30 155.6 17.6 0.11 0.05339  0.00184  0.38911  0.01229  0.05285  0.00089 345 42 334 9 332 5
31 220.7 3.5 0.02 0.0535 0.00121  0.39061  0.00728  0.05294  0.00083 350 19 335 5 333 5
32 2482 25.0 0.10 0.05338  0.00117  0.39015  0.00701  0.05299  0.00083 345 18 334 5 333 5
33 146.4 16.2 0.11 0.05383  0.00127  0.39265  0.00781  0.05289  0.00083 364 21 336 6 332 5
34 1978 26.9 0.14 0.05319  0.00117  0.38835  0.00698  0.05294  0.00083 337 18 333 5 333 5
35 3257 47.8 0.15 0.05312  0.00116  0.38766  0.00687  0.05291  0.00082 334 18 333 5 332 5
36 128.1 17.4 0.14 0.05314  0.00128 0.3882 0.00793  0.05297  0.00083 335 22 333 6 333 5
37 168.3 22.3 0.13 0.05366  0.00139  0.41316  0.00922  0.05583  0.00089 357 24 351 7 350 5
38 2421 33.0 0.14 0.05391  0.00144  0.39318  0.00912  0.05288  0.00085 367 26 337 7 332 5
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Continud Table 1
> PTh oy o 0717 2061 * 207 Ra*tlz(;s 206551 %238 075y 20651 % 207 A%ezas 206551 %238

Spots (ppm)  (ppm) Th/~"U Pb /~""Pb Pb /U Pb /U Pb /~"Pb Pb /U Pb /U
ratio +% ratio +% ratio +% age lo age lo age lo

39 2226 304 0.14 0.05333  0.00126 0.3976 0.0079  0.05405  0.00085 343 21 340 6 339 5
40 1632 18.9 0.12 0.0532 0.0016 0.38886  0.01045 0.053 0.00086 337 33 334 8 333 5
41 168.7 15.0 0.09 0.05344  0.00129  0.38954  0.00793  0.05285  0.00083 348 21 334 6 332 5
42 277.0 386 0.14 0.05308  0.00115  0.38757  0.00678  0.05295  0.00082 332 18 333 5 333 5
43 153.9 13.8 0.09 0.0534  0.00126  0.39028 0.0077  0.05299  0.00083 346 20 335 6 333 5
44 169.6 279 0.16 0.05344  0.00147  0.38971  0.00944  0.05287  0.00085 348 28 334 7 332 5
45 2563 414 0.16 0.05373  0.00225 0.41948  0.01646  0.0566 0.001 360 57 356 12 355 6
46 161.1 18.0 0.11 0.05327  0.00187  0.38828  0.01248  0.05285  0.00089 340 43 333 9 332 5
47 2579 483 0.19 0.05329  0.00129  0.38878  0.00794  0.05289  0.00083 341 22 333 6 332 5
48 3074 484 0.16 0.05324  0.00117  0.38904  0.00693  0.05298  0.00082 339 18 334 5 333 5
49 1618 210 0.13 0.05372  0.0013 0.39274  0.00802 0.053 0.00083 359 21 336 6 333 5
50 203.0 19.4 0.10 0.05394  0.00239  0.39335 0.0164  0.05287  0.00095 369 62 337 12 332 6
51 187.0 205 0.11 0.05357  0.0013 0.38748  0.00793  0.05244  0.00082 353 22 333 6 329 5
52 2568  45.0 0.18 0.05366  0.00122  0.39202  0.00736  0.05297  0.00083 357 19 336 5 333 5
53 190.3 32.1 0.17 0.05387  0.00127  0.39334  0.00772  0.05294  0.00083 366 20 337 6 333 5
54 248.0 529 0.21 0.05384  0.00124 0.3926 0.00747  0.05287  0.00082 364 19 336 5 332 5
55 302.1 41.0 0.14 0.05403  0.00119  0.40534  0.00729  0.05439  0.00084 372 18 346 5 341 5
56 2109 295 0.14 0.05342  0.00217  0.39151  0.01481  0.05313  0.00093 347 54 335 11 334 6
57  163.6 217 0.13 0.05373  0.00138  0.40456  0.00889  0.05459  0.00086 360 24 345 6 343 5
58  270.8 392 0.14 0.05314  0.0012 0.3874 0.00718  0.05285  0.00082 335 19 332 5 332 5
59 1182 13.8 0.12 0.05308  0.0026 038912 0.01801  0.05315  0.00098 332 71 334 13 334 6
60  318.6 51.1 0.16 0.05327 _ 0.00153  0.38835  0.00988  0.05286 _ 0.00085 340 30 333 7 332 5

RG32-1-1, Syenogranite: weighted mean age: 327.1+2.0 Ma, n=23, (MSWD = 0.018)
1 103.4 10.5 0.10 0.05418  0.0012 0.41506  0.00744  0.05549  0.00084 379 18 353 5 348 5
2 145.0 17.9 0.12 0.05325  0.00112  0.38298  0.00633  0.05209  0.00079 339 17 329 5 327 5
3 68.4 11.5 0.17 0.05365 0.00184  0.38454  0.01198  0.05193  0.00085 356 41 330 9 326 5
4 2527 532 0.21 0.05316  0.00107  0.38208  0.00594  0.05207  0.00079 336 16 329 4 327 5
5 121.8 16.6 0.14 0.05315  0.00111  0.38265  0.00626  0.05216  0.00079 335 17 329 5 328 5
6 309.1 28.8 0.09 0.05327  0.00107  0.38357 0.0059  0.05217  0.00079 340 16 330 4 328 5
7 1482 213 0.14 0.05467  0.00112  0.39262  0.00627  0.05205  0.00079 399 16 336 5 327 5
8 81.5 18.0 0.22 0.05327  0.00153  0.38317 0.0097  0.05213  0.00083 340 30 329 7 328 5
9 88.4 18.0 0.20 0.05392  0.00114  0.38785  0.00652  0.05213 0.0008 368 17 333 5 328 5
10 1558 17.7 0.11 0.05442  0.00113 0.3908 0.00633  0.05206  0.00079 388 16 335 5 327 5
11 71.4 8.4 0.12 0.05398  0.00134  0.43108  0.00903 0.0579 0.0009 370 22 364 6 363 5
12 1259 17.8 0.14 0.05353 0.0011 0.40856  0.00659  0.05534  0.00085 351 16 348 5 347 5
13 71.6 8.3 0.11 0.05434  0.00173  0.39092 0.0112 0.05216  0.00085 385 36 335 8 328 5
14 48.9 11.0 0.23 0.05348  0.00123  0.38283  0.00728  0.05191 0.0008 349 20 329 5 326 5
15 73.5 10.6 0.14 0.05362  0.00146  0.41025  0.00973  0.05548  0.00088 355 27 349 7 348 5
16 553 7.2 0.13 0.05596  0.00167  0.40118  0.01022  0.05199  0.00081 451 68 343 7 327 5
17 1224 17.5 0.14 0.05383  0.00111  0.38749  0.00629  0.0522 0.0008 364 16 333 5 328 5
18 96.6 15.2 0.16 0.05385  0.00114  0.38603  0.00653  0.05198 0.0008 365 17 331 5 327 5
19 1329 210 0.16 0.05901  0.00156  0.42303  0.00904  0.05199 0.0008 567 59 358 6 327 5
20 2164 274 0.13 0.0541 0.00112  0.38805  0.00629  0.05202 0.0008 375 16 333 5 327 5
21 71.3 143 0.20 0.05308  0.00158  0.38106  0.01012  0.05206  0.00085 332 32 328 7 327 5
22 1149 276 0.24 0.0543  0.00121  0.38846  0.00704  0.05189  0.00081 384 18 333 5 326 5
23 99.8 20.5 0.21 0.05352  0.00124  0.40864  0.00789  0.05538  0.00087 351 20 348 6 347 5
24 1756 30.0 0.17 0.05403  0.00121  0.38729 0.0071 0.052 0.00081 372 19 332 5 327 5
25 87.2 13.8 0.16 0.05317  0.00136  0.38113  0.00838 0.052 0.00083 336 24 328 6 327 5
26 82.6 16.4 0.20 0.05625  0.0017 0.40323  0.01043  0.05199  0.00082 462 69 344 8 327 5
27 2916 408 0.14 0.05316  0.00111  0.38063  0.00634  0.05194  0.00081 336 17 328 5 326 5
28 71.3 13.0 0.18 0.05339  0.00134  0.38246  0.00824  0.05197 _ 0.00083 345 23 329 6 327 5
RG40-5, Syenogranite: weighted mean age: 330.8+1.9 Ma, n=26, (MSWD = 0.045)

1 264.6 14.8 0.06 0.05355 0.0011 0.39028  0.00631  0.05285  0.00082 352 16 335 5 332 5
2 78.6 11.4 0.14 0.05346  0.00249  0.39079  0.01718  0.05301  0.00097 348 66 335 13 333 6
3 125.7 10.6 0.08 0.05322  0.00111  0.38902  0.00644 0.053 0.00082 338 17 334 5 333 5
4 54.7 11.4 0.21 0.06107  0.00179  0.44357  0.01101  0.05268  0.00083 642 65 373 8 331 5
5 523 7.6 0.14 0.05414  0.00153  0.42664  0.01062  0.05715  0.00092 371 29 361 8 358 6
6 428.7 287 0.07 0.05615  0.00163  0.40842  0.00998  0.05276  0.00083 458 66 348 7 331 5
7 81.8 16.9 0.21 0.05315  0.00115 0.3867 0.0068  0.05276  0.00082 335 18 332 5 331 5
8 84.5 17.1 0.20 0.05381  0.00115  0.39047  0.00674  0.05262  0.00082 363 17 335 5 331 5
9 244.1 13.7 0.06 0.05399  0.00143  0.41926  0.00965  0.05631 0.0009 371 26 356 7 353 5
10 2504 656 0.26 0.05307  0.00109  0.38323  0.00624  0.05237  0.00081 332 17 329 5 329 5
11 101.6 14.2 0.14 0.05526  0.00149  0.40254  0.00892  0.05283  0.00082 423 62 343 6 332 5
12 1424 16.9 0.12 0.0531 0.00134  0.38549 0.0083 0.05264  0.00084 333 23 331 6 331 5
13 2145 13.5 0.06 0.05708  0.00129 0.4158 0.00775  0.05282  0.00083 495 18 353 6 332 5
14 82.3 22.0 0.27 0.12314  0.00271  6.15053  0.11043  0.36221 0.0058 2002 14 1997 16 1993 27
15 2072 508 0.25 0.0535 0.00117  0.38786  0.00687  0.05257  0.00082 350 18 333 5 330 5
16 1932 214 0.11 0.05399  0.00111  0.39209 0.0064  0.05267  0.00082 371 17 336 5 331 5
17 2294 458 0.20 0.05464  0.00112  0.39699  0.00643  0.05269  0.00082 398 16 339 5 331 5
18 346.5 26.4 0.08 0.05478  0.00111  0.39759  0.00634  0.05263  0.00082 403 16 340 5 331 5
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2387 232qy, _ _ Ra*tio ] ; ] A%e _
Spots om) (opm) 232y 2385 b 29pp, b 2RU Wopp 20 7pp 20pp b 25U Wopp 28
ratio +% ratio +% ratio +% age lo age lo age lo
19 74.2 9.8 0.13 0.05423  0.00124  0.39399  0.00745  0.05269  0.00083 381 19 337 5 331 5
20 81.7 13.7 0.17 0.06091  0.00177  0.43936  0.01076  0.05232  0.00082 636 64 370 8 329 5
21 122.7 24.4 0.20 0.05405  0.00114  0.39179  0.00659  0.05256  0.00082 373 17 336 5 330 5
22 180.5 64.5 0.36 0.04942  0.00115  0.35815  0.00697  0.05255  0.00083 168 21 311 5 330 5
23 281.6 450 0.16 0.05352  0.00152  0.38814  0.00972  0.05259  0.00086 351 29 333 7 330 5
24 286.5 249 0.09 0.05308  0.00112  0.38486 0.0065 0.05258  0.00082 332 17 331 5 330 5
25 187.2 16.0 0.09 0.05397  0.00114  0.39218  0.00661  0.05269  0.00082 370 17 336 5 331 5
26 99.1 17.2 0.17 0.05608  0.00184  0.40882 0.0122 0.05286  0.00089 456 37 348 9 332 5
27 55.9 11.5 0.21 0.05398  0.00187  0.39008  0.01235 0.0524 0.00089 370 41 334 9 329 5
28 162.1 14.5 0.09 0.05502  0.00126  0.39886  0.00758  0.05257  0.00083 413 19 341 6 330 5
29 117.9 22.4 0.19 0.0547  0.00123  0.39679  0.00735 0.0526 0.00083 400 19 339 5 330 5
30 74.8 17.8 0.24 0.05765  0.00168  0.41889 0.0103 0.0527 0.00083 516 66 355 7 331 5
RG42-2, Syenogranite: weighted mean age: 346.1+2.2 Ma, n=22, (MSWD = 0.103)
1 55.8 11.8 0.21 0.05458  0.00125  0.41653  0.00785  0.05534  0.00087 395 19 354 6 347 5
2 67.4 10.0 0.15 0.05907  0.00368  0.44332  0.02618  0.05443  0.00108 570 140 373 18 342 7
3 157.1 23.1 0.15 0.05418  0.00114  0.41291  0.00694  0.05527  0.00086 379 17 351 5 347 5
4 151.1 30.1 0.20 0.05407  0.00125  0.41195  0.00791  0.05525  0.00087 374 20 350 6 347 5
5 100.8 232 0.23 0.05424  0.00142 0.4125 0.00938  0.05516  0.00088 381 25 351 7 346 5
6 211.1 11.5 0.05 0.11283  0.00228  5.14021  0.08083 0.3304 0.00513 1845 13 1843 13 1840 25
7 17.6 0.5 0.03 0.11856  0.00269  4.99303  0.08309 0.30544  0.00469 1935 41 1818 14 1718 23
8 190.7 402 0.21 0.05651  0.00141  0.42845  0.00912  0.05498  0.00087 472 22 362 6 345 5
9 102.1 13.1 0.13 0.05346  0.00113  0.40761  0.00693 0.0553 0.00086 348 17 347 5 347 5
10 1735 34.0 0.20 0.0548 0.00113  0.41711  0.00684  0.0552 0.00086 404 16 354 5 346 5
11 79.4 13.2 0.17 0.05343  0.00165  0.40661  0.01129  0.05519  0.00091 347 34 346 8 346 6
12 62.9 8.7 0.14 0.05456  0.00239  0.41679 0.01712  0.0554 0.001 394 60 354 12 348 6
13 2638 483 0.18 0.05391  0.00119  0.41009  0.00739  0.05517  0.00086 367 18 349 5 346 5
14 55.0 10.9 0.20 0.05709  0.00312  0.43258  0.02218  0.05496  0.00103 495 124 365 16 345 6
15 110.0 7.4 0.07 0.07034  0.00191  0.52742  0.01169  0.05438  0.00085 938 57 430 8 341 5
16 98.3 12.4 0.13 0.05348  0.00171 0.4072 0.01124  0.05523  0.00089 349 74 347 8 347 5
17 76.4 6.7 0.09 0.05405  0.00137  0.41144  0.00826  0.05521  0.00085 373 58 350 6 346 5
18 82.0 11.3 0.14 0.05468  0.00118  0.45242  0.00788 0.06 0.00094 399 17 379 6 376 6
19 56.7 12.3 0.22 0.05409  0.00145  0.41308  0.00968  0.05539  0.00089 375 26 351 7 348 5
20  260.0 48.1 0.19 0.06923  0.00214  0.52485  0.01385  0.05498  0.00088 906 65 428 9 345 5
21 78.8 12.3 0.16 0.05403  0.00116 ~ 0.41227  0.00721  0.05534  0.00087 372 18 351 5 347 5
22 2663  191.7 0.72 0.11652  0.00236  5.47928  0.08718  0.34101  0.00533 1904 13 1897 14 1892 26
23 198.8 32.6 0.16 0.05407  0.00154  0.41146  0.01041  0.05519 0.0009 374 29 350 7 346 5
24 111.8 17.9 0.16 0.0536 0.0018 0.40676  0.01248  0.05504  0.00093 354 40 347 9 345 6
25 160.2 25.1 0.16 0.05479  0.00114  0.41851  0.00695 0.0554 0.00087 404 17 355 5 348 5
26 89.0 17.7 0.20 0.05472 0.0012 0.41742  0.00748  0.05532  0.00087 401 18 354 5 347 5
RGS55-3, Syenogranite: weighted mean age: 331.4+2.1 Ma, n=26, (MSWD = 0.031)
1 106.8 11.6 0.11 0.05343  0.00135  0.38768  0.00847  0.05262  0.00084 347 24 333 6 331 5
2 144.1 24.0 0.17 0.05345  0.00396  0.39285  0.02808 0.0533 0.00122 348 120 336 20 335 7
3 176.2  28.0 0.16 0.05423  0.00184  0.39294  0.01216  0.05254  0.00089 381 40 337 9 330 5
4 147.8 20.9 0.14 0.05807  0.00423 0.4216 0.02924  0.05265  0.00117 532 165 357 21 331 7
5 401.9 31.8 0.08 0.05907  0.00215  0.42864  0.01437  0.05262  0.00091 570 43 362 10 331 6
6 63.7 14.8 0.23 0.05904  0.00174  0.42795 0.0113 0.05257  0.00087 569 30 362 8 330 5
7 135.1 14.5 0.11 0.05462  0.00148  0.39772  0.00945  0.05281  0.00086 397 26 340 7 332 5
8 123.2 26.9 0.22 0.05316  0.00181  0.38467  0.01202  0.05248  0.00089 336 41 330 9 330 5
9 200.5 47.8 0.24 0.05342  0.00124  0.38927 0.0076 0.05284  0.00084 347 20 334 6 332 5
10 89.4 12.8 0.14 0.05449  0.00179  0.39681  0.01184  0.05281  0.00089 391 38 339 9 332 5
11 191.2 533 0.28 0.05482  0.00126 0.3977 0.00765  0.05261  0.00084 405 19 340 6 331 5
12 162.3 23.0 0.14 0.05446  0.00244  0.39636  0.01673  0.05278  0.00097 390 62 339 12 332 6
13 86.9 18.2 0.21 0.0543 0.00144 0.3957 0.00915  0.05284  0.00086 384 25 339 7 332 5
14 105.5 17.8 0.17 0.05351  0.00173  0.38848 0.0114 0.05265  0.00088 350 37 333 8 331 5
15 210.1 17.6 0.08 0.05403 0.0025 0.39282  0.01715  0.05272  0.00098 372 65 336 13 331 6
16 2647 443 0.17 0.05393  0.00313  0.39209  0.02176  0.05273  0.00107 368 88 336 16 331 7
17 2922 16.7 0.06 0.05314  0.00126  0.38581  0.00775  0.05265  0.00084 335 21 331 6 331 5
18 148.2 26.7 0.18 0.05318  0.00191  0.38641  0.01281  0.05269  0.00091 336 44 332 9 331 6
19 3414 87.6 0.26 0.05305 0.0012 0.3848 0.00725  0.05261  0.00084 331 19 331 5 331 5
20 227.1 56.0 0.25 0.05335 0.002 0.3876 0.01349  0.05269  0.00092 344 48 333 10 331 6
21 160.3 9.1 0.06 0.05378  0.00276 ~ 0.39185  0.01872  0.05284  0.00098 362 119 336 14 332 6
22 1724 243 0.14 0.0545 0.00257 0.3973 0.01774  0.05286  0.00099 392 67 340 13 332 6
23 307.1 90.2 0.29 0.05419 0.003 0.39424 0.0208 0.05276  0.00105 379 83 337 15 331 6
24 5446 38.4 0.07 0.0582 0.00376 0.4247 0.02628  0.05292  0.00115 537 97 359 19 332 7
25 110.4 18.9 0.17 0.05325  0.00134  0.38892 0.0085 0.05297  0.00086 339 23 334 6 333 5
26 159.7 33.7 0.21 0.05352  0.00126  0.39008  0.00783  0.05286  0.00085 351 21 334 6 332 5
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Fig. 5. U-Pb concordia diagrams of zircons from Dabashan pluton in the southern Langshan.

1993 Ma, indicating a more complicated thermal or zircon
crystallization history. Twenty-six analyses form a tight

cluster in the Concordia diagram, and the weighted mean age
(330.8+1.9 Ma, MSWD=0.045, n=26, Fig. 5d) is interpreted
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Fig. 6. Zircon eug(f) vs. °Pb/***U age diagram of Daba-
shan pluton in the southern Langshan.

Data of Carboniferous plutons in the northern margin of NCC, and
areas of northern NCC are from Zhang et al., 2009 and references
therein. Data sources of Alxa block are Dan et al., 2012; Zhang et al.,
2013b; Gong et al., 2016. Data of mafic plutons are from Liu et al.,
2016a; Data of south Diebusige plutons are from Dan et al., 2016.

as the time of magmatic intrusion. 16 zircon grains from
sample Rg-40 were analyzed to obtain their Lu-Hf isotopic
compositions. The (‘°Hf/'""Hf); ratios vary from 0.282027 to
0.282173. All zircon grains exhibit negative eyd?) values,
varying from —13.95 to —19.08 (Fig. 6b), and relatively old
Tpwm model ages, ranging from 2.21 to 2.54 Ga.

4.1.5 Sample Rg42-2

Twenty-six spots were analyzed for san})le Rg42-2.
Four analyses exhibit relatively old *Pb/**U apparent
ages, which are 1892 Ma, 1840 Ma, 1718 Ma and 376 Ma.
The other twenty-two analyses have close **°Pb/**U
apparent ages, ranging from 342 Ma to 348 Ma, and give a
weighted mean **Pb/”*U age of 346.1+22 Ma
(MSWD=0.103, n=22, Fig. 5e), which may be the
crystallization age. 16 zircon grains from sample Rg-42 were
analyzed to obtain their Lu—Hf isotopic compositions. The
('""*Hf/'""Hf); ratios vary from 0.282051 to 0.282140. All
zircon grains exhibit negative epdf) values, varying from
—14.72 to —17.93 (Fig. 6b), and relatively old Tpy, model

ages, ranging from 2.28 to 2.47 Ga.

4.1.6 Sample Rg55-3

As to the sample Rg55-3, *Pb/***U apparent ages of
26 analyses range 330 Ma to 335Ma, and the data points
form a tight cluster in the Concordia diagram with a
weighted mean age of 331.4£2.1 Ma (MSWD=0.031,
n=26, Fig. 5f), which is interpreted as the time of
magmatic intrusion. 16 zircon grains from sample Rg-55
were analyzed to obtain their Lu-Hf isotopic
compositions. The ('"°Hf/'"Hf); ratios vary from 0.281993
to 0.282120. All zircon grains exhibit negative eyq(f) values,
varying from —15.79 to —20.25 (Fig. 6b), and relatively old
Tpm model ages, ranging from 2.33 to 2.61 Ga.

4.2 Whole-rock major and trace element compositions

Major and trace element data of the Dabashan pluton
are listed in the Table 3 and presented in figures 7, 8 and
9. All granite samples display some similar geochemical
characteristics. All of those samples have relatively high
SiO, contents (70.58-74.65 wt%), and low contents of
MgO, CaO, Fe;0;, TiO,, and P,Os. In the R1 versus R2
diagram, all those granites are plotted in the monzogranite
and syenogranite fields (Fig. 7a). They are rich in total
alkalis (Na,0O+K,0=7.29-8.41 wt%), exhibit high K,O/
Na,O ratios (1.13—1.74), and plot in the high-K calc-
alkaline field in the SiO, versus K,O diagram (Fig. 7b),
revealing an overall potassic character. Their low
Rittmann Index values (6=1.77-2.39) also show calc-
alkaline characteristics. They all have high Al,O; contents
(13.68-14.77). All the other samples exhibit moderate A/
CNK values (1.01-1.14, most < 1.1) and display weak
peraluminous characteristics except the Rg40 series,
which display strongly peraluminous characteristics with
high A/CNK values (1.27-1.42, Fig. 7¢). All the samples
display ferruginous characteristics (Fig. 7d). In the Harker
diagrams (Fig. 8), the content of Al,O3, TiO,, MgO, total
Fe,O3;, and CaO decrease, but there are no obvious
correlations between K,0, Na,O, Sr and SiO, (Fig. 8).

In the Chondrite-normalized rare earth element (REE)
diagram (Fig. 9), all the samples display light REE
enrichments in relative to heavy REEs [(La/Yb)y =9.47—
78.10], and there are extremely weak differentiations
between medium and heavy REEs [(Gd/Yb)y =1.26-5.33].
They all display moderate negative Eu anomalies
(0Eu=0.60-0.84) (Fig. 9). In the primitive mantle-
normalized multi-element diagram (Fig. 9), samples
display enrichments in Rb, Ba, K, Zr and Hf and
depletions in Nb, Ta, P, and Ti relative to neighboring
elements (Fig. 9). In addition, all the samples exhibit high
Ba and Sr, and low Yb and Y concentrations, in particular,
samples of the ZH7 series exhibit extremely high Ba
(22962817 ppm) and Sr (441-520 ppm) with high Sr/Y
(59-66) and (La/Yb)y (70-78), which make them different
from all the other samples.

5 Discussion

5.1 Early Carboniferous magmatism in the Langshan
region
In previous

studies, the Dabashan pluton was
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Table 3 Major (wt%) and trace elements (ppm) compositions of Dabashan pluton in the southern Langshan
Sample No. ZH7-1 ZH7-2 ZH7-3 ZH7-4 7ZH7-5 ZHI5-1 ZHI5-2 ZHI5-3 ZH15-4 Rg32-1 Rg32-2 Rg32-3 Rg32-4
Si0, 7137 7138 7153 7058 7155 72.96 7231 72.09 7234 74.06 73.73 7193 72.88
TiO, 0.32 0.32 0.30 0.32 0.32 0.20 0.25 0.26 0.20 0.15 0.15 0.24 0.16
AlLO;3 1418 1442 1430 1437 1434 14.20 14.27 14.38 14.35 14.06 14.16 1447 1422
TFe,05 227 2.18 2.13 227 222 1.50 1.93 1.91 1.60 1.10 1.05 1.66 1.31
FeO 1.40 131 1.09 1.41 1.56 0.99 1.38 1.58 0.99 0.48 0.66 0.64 0.60
MnO 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.03 0.02 0.02 0.03 0.03
MgO 0.56 0.57 0.57 0.58 0.57 0.40 0.54 0.52 0.40 0.17 0.14 0.31 0.12
CaO 1.95 1.97 1.92 1.90 1.95 1.72 1.83 1.84 1.84 1.22 1.18 1.56 1.29
Na,O 3.20 321 3.35 3.25 3.28 3.56 3.61 3.56 3.79 3.67 3.38 3.41 3.31
K,0 4.49 457 452 4.87 451 473 438 4.54 428 452 4.85 5.00 4.87
P,0s 0.08 0.08 0.08 0.08 0.08 0.05 0.07 0.06 0.05 0.04 0.04 0.06 0.04
LOI 1.01 1.27 1.24 1.20 1.14 0.65 0.72 0.74 1.10 0.98 1.28 1.29 1.73
o 2.08 2.13 217 2.39 2.13 2.29 2.18 226 222 2.16 2.20 2.44 2.24
Li 8.86 6.92 7.73 8.21 8.09 10.20 14.50 12.80 11.10 10.20 12.70 16.50  11.70
Be 0.99 0.88 0.98 1.05 1.57 1.60 1.65 1.43 1.90 243 2.06 2.15 2.05
Sc 3.33 2.83 3.24 3.27 3.46 2.97 3.36 3.07 297 2.39 2.67 2.84 2.56
\% 25 22.7 23.3 24 24.9 17.2 21.9 19.6 17.3 10.8 10.5 17.9 12.1
Cr 5.74 4.43 6.13 4.46 5.29 473 6.57 6.37 4.99 6.28 143 5.92 9.54
Co 337 276 2.98 3 3.38 2.01 252 251 217 1.45 1.22 232 1.41
Ni 217 1.62 247 2.04 1.48 0.933 139 2.46 1.87 2.64 6.41 2.19 3.12
Ga 16.7 14.7 16 15.6 16.8 163 15.7 14.9 17.8 18.4 19.4 183 17.9
Rb 67.6 60.5 66.1 70.7 69.5 89.2 86.4 85.3 84.1 119 126 102 113
Sr 496 441 510 459 520 290 303 285 283 201 188 283 166
Y 7.58 6.88 7.72 7.81 8.38 12.4 123 13.1 9.78 8.29 11.9 9.24 12.9
Zr 195 156 182 163 173 84.6 137 146 131 91.4 107 136 90.4
Nb 6.9 6.55 737 7.32 7.3 12 11.7 123 9.79 9.92 143 12.6 132
Cs 0.33 0293 0307 0356 0342  0.642 0.688 0.629 0.551 491 1.62 26 1.04
Ba 2518 2296 2685 2554 2817 1243 1351 1292 1111 823 900 1610 834
La 73.7 65 73.8 73.1 75.7 41.6 53.8 51.5 46.5 233 24.6 459 21.8
Ce 118 104 117 117 121 65.1 84.4 80.2 74.4 39.2 41.6 74.4 36.7
Pr 11.9 10.3 11.8 11.8 12.3 6.64 8.29 8.11 7.31 4.05 436 7.49 3.83
Nd 40.8 36 40.8 40.4 4.5 233 28.2 27.8 253 14 14.9 24.6 13.4
Sm 5.3 477 5.3 5.55 5.69 3.47 3.83 3.91 3.47 229 247 3.35 2.28
Eu 1.02 0.867 .02 0.995 1.02 0.755 0.742 0.747 0.769 0.453 0.5 0.692 0.47
Gd 4.17 3.78 428 4.17 427 2.93 3.32 3.3 2.75 1.78 2.01 2.64 2.05
Tb 0.466 0.41 0472 0459 0475 0.44 0.459 0.426 0.387 0.276 0.355 0356 0.364
Dy 1.8 1.74 1.88 1.89 2.02 234 227 231 1.79 1.45 1.91 1.6 1.88
Ho 0287 0262 0276 0284 0304  0.431 0.413 0.429 0.322 0.252 0.359 0303 0.393
Er 0.822 0711 0758  0.794  0.838 1.26 1.23 1.24 0.944 0.773 1.05 0.933 1.13
Tm 0.103  0.102  0.116  0.101  0.112 0.2 0.189 0.199 0.141 0.139 0.179 0.141  0.195
Yb 0.708 0.6 0.679  0.631  0.714 13 1.31 1.31 1.03 0.895 1.24 0.989 1.31
Lu 0.117  0.08  0.114 0.108 0.116  0.174 0.175 0.207 0.165 0.119 0.185 0.133  0.196
Hf 532 428 5.01 461 4.86 2.95 429 4.17 438 332 3.92 4.12 3.13
Ta 0278 0232 0277 0281  0.298 1.02 0.89 0.978 0.627 0.941 1.3 1.01 1.31
Pb 343 30.9 333 373 35.9 31.2 27.4 26.2 30.9 333 403 31.8 353
Th 5.93 5.28 5.92 5.94 6.17 6.4 7.6 7.46 5.89 4.11 433 6.09 3.74
U 0378  0.331 038  0.369 0.4 1.01 1.23 1.19 0.973 0.869 0.683 0.876  0.641
(La/Sm)y 8.75 8.57 8.76 8.29 8.37 7.54 8.84 8.29 8.43 6.40 6.26 8.62 6.01
(La/Yb)y 70.18  73.04 7328  78.10 7148  21.57 27.69 26.50 30.44 17.55 13.38 3129 11.22
Sample No. Rg40-1  Rgd0-2  Rg40-3  Rgd0-4  Rgd0-5 Re42-1  Rg42-2  Rgd2-4  Rg42-5 Rg55-1  Rg55-2  Rg55-3
Si0, 73.02 73.54 73.07 73.1 73.92 74.38 73.26 74.65 74.45 71.01 73.19 73.13
TiO, 0.21 0.22 0.21 0.21 0.21 0.16 0.19 0.16 0.17 0.21 0.19 0.19
ALO; 14.59 14.57 14.77 14.11 14.37 13.82 14.26 13.74 13.79 13.68 13.97 13.87
TFe,0; 1.38 1.48 1.42 1.51 1.22 1.04 1.29 1.02 1.16 1.70 1.45 1.48
FeO 0.30 0.31 0.42 0.28 0.63 0.25 0.48 0.55 0.49 0.49 0.39 0.44
MnO 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.01 0.02 0.01 0.01 0.01
MgO 0.15 0.15 0.10 0.13 0.15 0.15 0.19 0.13 0.16 0.34 0.21 0.25
CaO 0.69 0.38 0.61 0.55 0.40 121 1.05 1.03 1.02 1.34 0.98 1.02
Na,O 3.14 2.90 248 271 3.45 3.60 3.12 3.45 3.46 3.25 3.67 3.08
K,0 4.73 4.74 4.81 472 447 4.60 5.01 4.72 478 475 437 522
P,0s 0.06 0.06 0.06 0.06 0.05 0.04 0.05 0.04 0.04 0.06 0.05 0.05
LOI 2.02 1.93 2.46 2.29 1.67 0.92 1.54 1.03 0.94 3.60 137 1.69
o 2.06 1.91 1.77 1.83 2.03 2.14 2.18 2.11 2.16 228 2.14 229
Li 2430 23.40 24.40 25.20 21.90 10.90 13.40 9.57 8.86 9.72 8.91 8.99
Be 1.65 1.53 1.24 1.17 1.56 2.11 1.87 2.00 2.04 1.54 1.46 1.37
Sc 2.43 2.26 2.17 235 2.16 2.17 2.27 1.95 2.64 3.39 2.14 2.66
\ 16.4 13.2 12.1 12.1 12.4 9.16 9.16 7.97 11.3 24.8 16.9 18.8
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Continued Table 3

Sample No. Rg40-1  Rg40-2  Rg40-3  Rg40-4  Rg40-5  Rgd2-1 Rg42-2  Rg42-4  Rg42-5  Rg55-1 Rg55-2  Rg55-3
Cr 10.3 20 5.78 17.4 2.28 8.16 7.12 1.9 7.26 6.12 2.6 4.36
Co 2.06 1.68 1.99 3.18 2.19 1 1.26 0.751 1.14 2.87 2.05 2
Ni 4.69 8.73 2.84 8.14 1.6 3.47 2.92 0.72 2.39 4.15 3.55 3.88
Ga 16.9 15.9 16.6 15.2 153 16.3 16 16.6 17.4 18 16.2 15.6
Rb 103 103 101 94.9 97.9 109 112 110 112 119 71.3 101
Sr 241 233 204 235 222 211 219 188 218 258 259 242
Y 8.07 7.49 8.05 7.98 7.9 9.31 9.9 8.45 6.94 9.52 6.06 8.17
Zr 124 123 126 111 114 101 123 104 120 119 101 109
Nb 10.3 11.3 10.3 12.2 12.8 10.6 11.5 10.9 8.96 11.9 11.9 12.7
Cs 1.28 12 1.79 1.11 1.14 1.15 1.02 0.896 0.872 1.08 0.647 1.28
Ba 1347 1329 1331 1313 1115 949 1204 846 1021 1276 1128 1227
La 277 27 28.2 26.1 222 253 35.1 19.9 27.6 233 10.2 14
Ce 46.8 44.2 46.5 439 42.5 43.1 593 34 47.6 38.7 18.1 245
Pr 4.96 4.66 4.92 4.7 4.14 451 5.92 3.62 5.02 4.09 1.89 2.51
Nd 17.2 16.4 17 16.1 14.4 153 19.9 12.4 17 13.9 6.4 8.63
Sm 2.78 2.51 2.58 2.42 2.4 2.62 2.86 2.23 2.57 2.41 111 1.52
Eu 0.597 0.467 0.514 0.53 0.576 0.491 0.52 0.466 0.561 0.516 0.238 0.331
Gd 2.07 2.04 1.96 1.89 1.85 2.09 2.49 1.75 2.08 2.05 1.14 1.47
Tb 0.301 0.288 0.281 0.289 0.28 0.327 0.344 0.279 0.274 0.326 0.184 0.241
Dy 1.4 1.27 1.33 1.31 1.4 1.59 1.62 1.4 1.28 1.67 0.909 1.24
Ho 0.26 0.219 0.238 0.244 0.231 0.302 0.302 0.26 0.198 0.338 0.205 0.265
Er 0.675 0.638 0.634 0.722 0.723 0.795 0.818 0.673 0.548 0.888 0.582 0.764
Tm 0.11 0.094 0.123 0.111 0.126 0.138 0.149 0.111 0.093 0.157 0.109 0.141
Yb 0.681 0.666 0.673 0.665 0.749 0.81 0.898 0.746 0.518 0.935 0.726 0.83
Lu 0.109 0.103 0.12 0.123 0.119 0.144 0.14 0.111 0.096 0.14 0.119 0.131
Hf 39 3.9 3.88 3.58 3.67 3.12 3.73 3.15 3.53 3.44 32 3.15
Ta 0.701 0.458 0.751 1.35 1.1 0.709 0.993 0.851 0.409 0.819 0.957 0.98
Pb 25.3 28.4 28.4 27.5 23.8 33.2 31.8 29.5 31.9 26.3 23.9 26.5
Th 2.69 2.74 2.88 2.63 3.18 3.29 3.71 2.9 3.12 4.62 3.76 4.24
u 0.821 0.67 0.769 0.859 0.786 0.469 0.544 0.629 0.525 0.686 0.613 0.79

(La/Sm)y 6.27 6.77 6.88 6.78 5.82 6.07 7.72 5.61 6.76 6.08 5.78 5.79
(La/Yb)yn 27.42 27.33 28.25 26.46 19.98 21.06 26.35 17.98 35.92 16.80 9.47 11.37

Note: Major elements are analyzed using XRF (in wt%), trace elements using ICP-MS (in ppm)

considered to be Permian in age, and samples from the
Dairigen valley (ZH7 and ZHI15) were interpreted as
Precambrian plutons in the Diebusige complex. However,
zircons from those plutons are euhedral and prismatic,
with well-developed oscillatory zoning and high Th/U
ratios, indicating a magmatic origin. Therefore, these ages
represent the zircon crystallization ages and the
emplacement ages of the plutons. The laser ablation
inductively coupled plasma mass spectrometry (LA-ICP
MS) U-—Pb zircon analyses in this study yielded ages of
325-348 Ma, thus constraining the emplacement ages of
these samples as early Carboniferous (Mississippian). In
addition, many previous studies have reported early
Carboniferous plutons in the Langshan region (Fig. 2).
Dan et al. (2016) reported coeval monzogranites (337-346
Ma) south of the Dabashan pluton and the Diebusige
complex, called the “Diebusige pluton” and “south
Diebusige pluton”, respectively (see locations in the Fig.
2a). Moreover, mafic plutons with similar ages have been
reported in the northwestern Langshan (around Chaoge
Ondor). Liu et al. (2016a) reported early Carboniferous
mafic plutons in the west of Chaoge Ondor, including
quartz diorite (338 Ma), olivine gabbro (327 Ma), and
tonalite (325 Ma) plutons. In the north of Chaoge Ondor,
Wang et al. (2015) found gabbros (328 Ma) and gabbro-
diorites (320 Ma). Our study, together with previous data,
shows that the early Carboniferous was an important
magmatic period in the northeastern Alxa block. In
addition, early Carboniferous plutons in the Diebusige
complex provide new information on the timing of the
Diebusige complex, which has generally been considered

as Precambrian basement in the western block of the
North China Craton. Therefore, these early Carboniferous
plutons in the Langshan region could provide key
information on the geodynamic evolution of the southern
CAOB.

5.2 Petrogenetic classifications

Previous studies have proposed various classification
schemes for granitoids. For example, Chappell and White
(1974) proposed I-type and S-type genetic classifications
based on the Caledonian Lachlan Fold belt granitoids in
SE Australia, and this scheme has been widely used in
recent decades. Barbarin (1999) divided granitoids into
several types according to their mineral assemblages, their
field and petrographic features, and their chemical and
isotopic characteristics, such as muscovite-bearing
peraluminous granitoids, arc tholeiitic granitoids, and
peralkaline and alkaline granitoids. Based on geochemical
studies on Scottish Caledonian granitoids, Tarney and
Jones (1994) proposed a new concept of high Ba—Sr
granitoids, which exhibit high Sr (> 300 ppm) and Ba (>
500 ppm) contents, distinct from the low Ba-Sr values
that characterize I-, S-, and A-type granites of the
Phanerozoic (Chappell and White, 1992). High Ba—Sr
granitoids share some common geochemical features,
including: (1) high contents of LILEs such as Ba, Sr, and
K,0; and (2) crust-like isotopic compositions (Tarney and
Jones, 1994; Fowler and Rollinson, 2012; Peng et al.,
2013).

The Dabashan plutons display high Ba (823-2817 ppm)
and Sr (166—520 ppm) contents and high K/Rb ratios (315
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Fig. 7. (a) R2 vs. R1 diagram (after De la Roche et al., 1980), R1= [4Si-11(Na+K)-2(Fe+Ti); R2= (Al+2Mg+6Ca); (b) K,O vs.
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Al,O3/(Na,0+K,0+Ca0), A/NK = mol Al,03/(Na,0+K,0); (d) TFeO/(TFeO + MgO) vs. SiO, discrimination diagrams (after
Frost et al., 2001) for the Dabashan pluton in the southern Langshan.

—627), but low Rb/Ba ratios (0.02-0.14), and exhibit
fertile zircon Hf isotopic compositions [euf#)=—14 to —20]
and whole-rock Sr—Nd isotopic compositions [eng(f)=18
to —19, Dan et al., 2016]. All of the above geochemical
characteristics are comparable to those of typical high Ba—
Sr granitoids (Tarney and Jones, 1994). Although some
samples exhibited lower Sr concentrations than those of
the original definitions of Tarney and Jones (1994), they
evolve toward high Ba, similar to the West Scottish
Caledonian high Ba—Sr granitoids, but totally different
from normal low Ba—Sr-type granitoids (e.g., East Scottish
Caledonian granitoids) in the Sr—Rb—Ba plot (Fig. 10).
Moreover, Dabashan plutons exhibit strong REE
fractionation patterns, obvious depletion of Nb, Ta, P, and
Ti (Fig. 9), and especially low Y and Yb contents coupled
with high Sr/Y and La/Yb ratios, which are also
comparable to the characteristics of typical of high Ba—Sr
granites (Tarney and Jones, 1994; Fowler et al., 2008; Ye
et al., 2008; Choi et al., 2009; Peng et al., 2013; Liu et al.,
2017). In addition, we reevaluated data from the Diebusige
and south Diebusige plutons in the study by Dan et al.

(2016), named the south Diebusige pluton in this study,
and found that those granite samples also displayed
similar geochemical characteristics to those of high Ba—Sr
granites, such as high Ba (2119-2877 ppm) and Sr (276—
476 ppm) concentrations. They were also alkali-rich, with
high K,O contents and high K,O/Na,O ratios (>1), and
were enriched in LILEs and LREEs. Moreover, they
exhibited fertile whole-rock Sr—Nd and zircon Hf isotopic
compositions (Dan et al., 2016). Therefore, all the
Mississippian granitoids in the southern Langshan,
including the Dabashan and south Diebusige plutons,
should be high-K calc-alkaline, high Ba—Sr granites.

5.3 Nature of magma sources

All the high Ba-Sr granites in southern Langshan
exhibit high SiO, and K,0, and A/CNK and K,0/Na,O
ratios (mostly >1), as well as low MgO, Cr, and Ni
concentrations, which imply that crustal sources may have
played important roles in their formation processes. These
granites have crust-like isotopic compositions, including
zircon Hf isotopes and whole-rock Sr—Nd isotopes.
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Fig. 8. Harker variation diagrams for Dabashan pluton in the southern Langshan.

Specifically, they exhibit extremely low zircon ey(¢)
values (from —20.3 to —13.9), and old Tpy, (2213-2610
Ma). In addition, they also exhibit low enqy(¢) values (from
—19.1 to —18.0), and old Tpm, (2558-2657 Ma). The old
two-stage Nd and zircon Hf isotopic model ages are
similar to the ages of the Diebusige TTGs (our
unpublished data). Thus, their fertile isotopic compositions
imply that the Diebusige TTG may have played an
important role in the generation of these high Ba—Sr
granites.

These high Ba—Sr granites in southern Langshan exhibit
diagnostic high Ba and Sr contents, which indicate a high
Ba-Sr source in addition to the Diebusige complex.
Previous studies have shown that pelagic sediments
commonly have enhanced Ba (thousands of ppm) and Sr
(thousands of ppm), and are invariably LREE-enriched
(La/Yb ca. 10; Plank and Langmuir, 1998; Fowler et al.,
2008). Therefore, pelagic sediments are inferred to be a
main material source of Ba and Sr in the generation of
such high Ba-Sr granites. Similar to the Setouchi
sanukitoids, they exhibit consistent Sm/La ratios with

increasing Th/La ratios (Fig. 11a), which imply that the
subducted sediment-derived component is the major
metasomatic agent for their generations (Tatsumi, 2006).
In the (La/Sm)y versus Ba/Th diagram, all the high Ba—Sr
granites display a “sediment involvement” trend, which
indicates the addition of an oceanic sedimentary
component (Fig. 11b). In comparison with typical high Ba
—Sr granites, the high Ba—Sr granites in the southern
Langshan area exhibit relatively lower Sr abundances, but
some have higher Ba contents (up to 2000 ppm). As Ba is
linked to both biogenic barite and hydrothermal
components, and Sr is linked to carbonate phases (Plank
and Langmuir, 1998), we propose that carbonate phases
are minor components in these pelagic sediments. This
conclusion is consistent with insignificant roles of
carbonate metasomatism in their generations (Fig. 1lc).
All these lines of evidence confirm the involvement of
subducted sediment components in the source magma of
the high Ba—Sr granites in southern Langshan.

In addition, the early Carboniferous high Ba—Sr granites
in southern Langshan exhibited higher K,O/Na,O ratios
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Fig. 9. The Chondrite-normalized REE pattern of the Daba-
shan pluton in the southern Langshan (normalized data and N
-MORB values are from Sun and McDonough, 1989).

than those of the Diebusige complex. Experimental
petrological data have shown that amphibolite-facies sodic
TTGs could not produce melts with sufficient K,O to
account for potassic granites (Watkins et al., 2007).
Therefore, the high Ba—Sr granites could not be derived
directly from partial melting of Diebusige TTG. In
addition, the high K,O content should not result from
fractionation because of the absence of positive correlation
between SiO, and K,O contents (Fig. 8), ruling out causes
of the AFC process. Mechanisms have been proposed to
account for the potassium-rich nature of the high Ba—Sr
granites. Peng et al. (2013) proposed that terrigenous
sediments with high K,0/Na,O could generate the amount
of K,O required for the generation of high Ba—Sr granites
(Plank and Langmuir, 1998). Moreover, studies of arc
magmas have revealed that fluids released from a
subducting slab are also enriched in alkali elements,
LILEs and LREEs, which could provide potassium-rich
volatile-bearing phases in the mantle source (Peng et al.
2013 and references therein). However, all these high Ba—
Sr granites exhibited relatively high (Hf/Sm)py values
(1.19-4.14), similar to those of volcanic arc basalts
extracted from a mantle source metasomatized by
subduction-related melt (Fig. 11 c, La Fléche et al., 1998).
Therefore, it is more likely that terrigenous sediment melts
provided sufficient K,O rather than subduction-related
fluids.

Moreover, high Ba—Sr granites in southern Langshan
exhibited strongly fractionated REE patterns, highly

Rb

Low Ba-Sr
granites

Closepet-type
granites

High Ba-Sr
Adakite granites

Sr A A A A A A AN FAY A Ba

Fig. 10. Sr—Rb-Ba plot of the Dabashan pluton in the Southern
Langshan (after Tarney and Jones, 1994; Peng et al., 2013 and

references therein).
Data of south Diebusige are from Dan et al., 2016. Symbols are as in Fig. 9.

enriched LREEs, and depleted HREE:s. In the St/Y versus
Y plot (Fig. 11d), all high Ba—Sr granites display an
evolutionary trend from partial melting of eclogite
(Drummond and Defant, 1990), indicating garnet residues
in their sources.

Therefore, ancient crustal materials and subducted
sediments both played important roles in the generation of
high Ba—Sr granites in southern Langshan. Taking their
fertile isotopic compositions into account, strongly
fractionated REEs, highly enriched LREEs, and depleted
HREESs, we propose that their parental magma originated
from partial melting of highly-enriched mantle at high
pressures with garnet residue in the source material.

5.4 Fractional crystallization process

Some major and trace elements of high Ba—Sr granites
in southern Langshan display covariation trends against
SiO, (Fig. 8), which may have resulted from partial
melting of a metabasaltic source to different degrees,
fractional crystallization of a common parental magma, or
binary magmatic mixing (Jiang and Li, 2014). Distinction
between fractional crystallization and batch partial melting
can be made graphically using incompatible trace
elements with different bulk solid melt partition
coefficients D (Schiano et al., 2010). In the Th-Th/Nd
diagram (Fig. 12a), the high Ba—Sr granites display almost
horizontal lines, similar to that of the fractional
crystallization trend. High Ba—Sr granites show roughly
positive correlations between La/Yb and Dy/Yb ratios
(Fig. 12b), which are different from trends resulting from
dehydration melting of hydrous minerals such as biotite
and amphibole (Jiang and Li, 2014). In addition, there
have not been mafic microgranular enclaves (MME)
reported in the high Ba—Sr plutons based on our data and
those of Dan (2016). These high Ba—Sr granites have few
zircon xenocrystals with Precambrian ages (Fig. 5). In
general, they display limited whole-rock major and trace
element and Sr-Nd isotopic compositions (Dan et al.,
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2016), and exhibit fairly homogeneous zircon Hf isotopic
compositions (Fig. 6). Thus, magma mixing and/or AFC
(assimilation of crustal materials associated with fractional
crystallization) processes can be ruled out. Therefore, we
consider fractional crystallization to be the major
mechanism responsible for chemical variations of high Ba
—Sr granites in southern Langshan.

Negative correlations between SiO, and cafemic
components (Fig. 8), such as total Fe,0;, MgO, CaO,
MnO, and TiO,, suggest fractionation of hornblende and
the principal ferromagnesian phase from the magmas.
Because hornblende is the major host mineral of middle
REEs, the inference of hornblende-dominated
fractionation is also confirmed by positive correlations
between Er and Dy (Fig. 12), which indicate that the
original magma may have been derived from water-rich
sources. On the Rb/Sr and Ba versus Sr diagrams, a sharp
increase in Ba and Rb/Sr ratios with decreasing Sr

concentrations suggests fractionation of K-feldspar and
plagioclase (Fig. 12c—d). The AL,O; and CaO contents
decrease with increasing SiO, contents, which indicates
plagioclase fractionation from the magma. This inference
is also supported by variable depletions in Sr and Eu in the
primitive mantle-normalized trace element diagram (Fig.
9). However, concomitant fractionation of plagioclase and
hornblende could bring strong negative Sr anomalies
without potential Eu anomalies (Chen et al., 2000; Zhang
et al., 2009), which is not the case for the high Ba—Sr
granites. We propose that plagioclase fractionation was
likely insignificant. Moreover, the lack of obvious
correlation between SiO, and Sr also supports this
conclusion. In the (La/Yb)y vs. La diagram (Fig. 12f),
fractionation of allanite and monazite plays an important
role in the variation of REEs contents. Apatite also played
an important role in magmatic evolution, based on
negative correlations between P,Os and SiO, (Fig. 8).
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for Dabashan pluton in the southern Langshan, showing that
fractional crystallization is responsible for chemical varia-
tions.

In summary, fractional crystallization played an
important role in the formation of high Ba—Sr granites in
the southern Langshan. Hornblende, K-feldspar, apatite,
allanite, and monazite fractionated from the original
magma.

5.5 Tectonic and petrogenesis implications

The evolutionary process of the paleo-ocean plays an
important role in recognizing the tectonic implications of
high Ba—Sr granites in the southern Langshan. Ophiolites
and/or ophiolitic mélanges represent fragments of the
upper mantle and oceanic crust, and are usually considered
to be remains of accreted fragments of vanished oceans
and of material that was deposited in the subducted
trenches (Xiao et al., 2014). Two ophiolitic mélanges have
been reported in the Alxa region: the Enger Us and
Quagan Qulu ophiolites (Fig. 1b). The Enger Us ophiolite
occurs in the NEE of the Enger Us fault belt as large-scale
mélange accumulations, mainly composed of ultramafic
and mafic rocks, with a matrix comprising highly
deformed Carboniferous clastic rocks and tuffs (Wang et
al., 1994; Zheng et al., 2014). Massive and pillow basalts
in the Enger Us ophiolite exhibit N-MORB geochemical
affinities, and are characterized by depletions of LREEs
without fractionations of high field strength elements
(HFSEs) and negative Nb—Ta anomalies. It is inferred that
the magmas of these rocks were derived from a depleted
mantle source in a mid-ocean ridge setting (Zheng et al.,

2014). Gabbros of the Enger Us ophiolites exhibit K—Ar
isotope and zircon U-Pb ages of 356 Ma and 380 Ma,
respectively (Wang et al., 1994). Zircons from a pillow
lava sample yielded a SHRIMP zircon U-Pb age of
302+14 Ma (Zheng et al., 2014). Moreover, recent studies
reported late Permian radiolarians in cherts of the Enger
Us ophiolite (Xie et al., 2014). Gabbros in the Quagan
Qulu ophiolite show high MgO contents, compatible
elements, and Al,03/TiO, ratios, but low TiO, and SiO,
contents. They are enriched in LILEs and depleted in
LREEs and HFSEs, indicating a SSZ-type ophiolite
(Zheng et al., 2014). Zircons in a gabbro sample from the
Quagan Qulu ophiolite yielded a SHRIMP zircon U-Pb
age of 27543 Ma. These geochemical and
geochronological data from ophiolites in the Alxa region,
together with structural analysis in the Enger Us fault
(Wang et al.,, 1998), all indicate that the southward-
dipping paleo-ocean subduction process may have
continued from the late Devonian to the late Carboniferous
—early Permian, and the final closure of the Paleo-Asian
Ocean may have taken place later than the early Permian.

In the Langshan region, late early Carboniferous mafic
plutons (338-320 Ma, Wang et al., 2015; Liu et al., 2016a)
display calcic, metaluminous to weakly peraluminous
characteristics, and are characterized by enrichment in
LREEs and LILEs and depletion in HREEs and HFSEs.
They exhibit variable zircon eydf) values (from —6.9 to
2.0), and old Tpy,(1218-1783 Ma). Their whole-rock eng
(f) values are also variable (from —6.9 to —0.4), which
suggests that they may have originated from the
subduction-modified continental lithospheric mantle
(Wang et al., 2015). It has been suggested that those late
Carboniferous mafic plutons may have formed in a
continental magmatic arc setting related to the subduction
of the Paleo-Asian Ocean plate (Liu et al., 2016a).

Two ductile deformations were found at the eastern
boundary of the Alxa block, especially in the Langshan
region, including a ductile sinistral shear belt that outcrops
along the present boundary between the mountains and the
Cenozoic Jilantai-Hetao graben (Fig. 2b), and deformation
related to the overlying westward thrusting, which is more
prominent in the western part of the mountains. The
deformation time of the upper westward thrusting along
the eastern boundary of the Alxa block can be constrained
to ca. 351 Ma (Zhang et al., 2013a), and is considered to
be the result of interactions between the NCC and the Alxa
block (Zhang et al., 2013a). Syntectonic muscovites from
mylonitic quartz schist in the NE-trending sinistral
shearing belt yielded plateau ages of 356.7+2.5 Ma and
37944.7 Ma, respectively, which imply that the sinistral
shearing occurred before the late Devonian (Gong et al.,
2017). Some studies have proposed that this NE-trending
sinistral shearing belt is related to Paleo-Asian Ocean
subduction processes (Gong et al., 2017). As the sinistral
shear cut the westward thrust in the Bayanbulage region,
we infer that the sinistral shear is younger than the
westward thrusting (Zhang et al., 2013a). Structural
analysis data in the Langshan region indicate an
approximately EW compressive event with lateral ductile
sinistral shearing during the early Carboniferous in the
Langshan region.
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Data from ophiolites and mafic plutons in the Alxa
region, combined with structural analysis, all demonstrate
the existences of paleo-ocean subduction from the late
Devonian to early Permian (Feng et al., 2013; Lin et al.,
2014; Xiao et al., 2015, 2018). Thus, these early
Carboniferous high Ba—Sr granites in southern Langshan
are interpreted to have formed in a subduction
environment.

Previous studies have proposed various petrogenetic
mechanisms to account for the special geochemical
characteristics of high Ba—Sr granitoids, including: (a) the
hydrous melting of crust underplated by mafic magmas
with the same characteristics; (b) the partial melting of
lower lithosphere that had been metasomatized by small-
volume asthenospheric carbonatitic melts; (c) the partial
melting of mafic lower crustal rocks associated with the
mingling of enriched mantle-derived intermediate
(enclave) magmas (Ye et al,, 2008; Choi et al., 2009;
Zhang et al., 2015); (d) crystal fractionation of shoshonitic
mafic magmas originating from an enriched lithospheric
mantle (Liu et al., 2017); and (e) derivation from a highly
enriched mantle source that was metasomatized by
subduction-related fluids and/or melts (Peng et al., 2013).

Tarney and Jones (1994) proposed that high Ba, Sr and
P contents could result from penetration of the lower
lithosphere by small-volume asthenospheric carbonatitic
melts. However, our samples exhibit relatively lower Sr
abundances (400 ppm), but higher Ba contents (up to 2000
ppm; Table 3) in comparison with typical high Ba—Sr
granites (Tarney and Jones, 1994). Those characteristics,
together with low P,Os; abundances, are all inconsistent
with an origin related to carbonate metasomatism.
Moreover, carbonatitic metasomatism would result in
systematic depletion of HFSEs (Hf and Ta) relative to
REEs (Sm and La), because REEs are much more soluble
than HFSEs in carbonatitic melts (La Fleche et al., 1998
and references therein). All of the samples exhibit
relatively high (Hf/Sm)py values (1.19-4.14), which are
notably higher than those of typical carbonatitic lavas (0.2;
La Fléche et al., 1998). Therefore, carbonatitic melts may
not have participated in the genesis of these high Ba—Sr
granites in the southern Langshan.

Contemporary mafic rocks in the Langshan region
display different geochemical characteristics from those of
high Ba—Sr granites. All of these mafic plutons, including
gabbros, gabbro-diorites, quartz diorites, and olivine
gabbros, are sodic with high Na,O/K,0 ratios (>1, Wang
et al., 2015; Liu et al., 2016a), and display calc-alkaline—
tholeiitic ~ characteristics. = These  mafic  plutons
characteristically exhibit relatively low Ba and Sr contents
(Wang et al., 2015; Liu et al., 2016a). In addition, these
mafic plutons have notably different isotopic
compositions. Carboniferous mafic plutons typically
exhibit weak fertile isotopic compositions with variable
zircon eyg(t) values (—6.9 to 2.0, Liu et al., 2016a), and
whole-rock eng(?) values (from —0.4 to —4.5, Wang et al.,
2015). In contrast, high Ba—Sr granites exhibit much more
evolved isotopic compositions, and have extremely low
whole-rock eng(f) values (from —18.0 to —19.1, Dan et al.,
2016) and zircon eydf) values (from —23.1 to —13.0).
Therefore, it is not possible for high Ba—Sr granites to be

derived from hydrous melting of crust underplated by
contemporary mafic magmas because of their different
geochemical characteristics.

Magmatic rocks generated by fractional crystallization
processes generally exhibit a continuous compositional
trend from basaltic rocks to felsic rocks. In contrast, there
is an obvious SiO, gap between contemporary mafic
plutons and high Ba—Sr granites (Wang et al., 2015; Liu et
al., 2016a). All the mafic plutons have low K,O+Na,O
contents, and display calc-alkaline—tholeiitic rather than
shoshonitic characteristics. Moreover, mafic plutons have
obviously different Sr—Nd-Hf isotopic compositions,
which cannot be changed during fractional crystallization
processes. Therefore, high Ba—Sr granites may experience
some degrees of fractional crystallization during the ascent
of their parent magmas, but cannot be generated by
fractional crystallization of contemporary calc-alkaline—
tholeiitic mafic rocks.

Based on our observations and data from Dan (2016),
no mafic microgranular enclaves (MMEs) were found in
the high Ba—Sr granites. High Ba—Sr granites formed by
magma mixing between mafic and silicic end member
typically host numerous MMEs, such as high Ba-Sr
granites in the British Caledonian province (Fowler et al.,
2001), the northwestern margin of the Tibetan Plateau (Ye
et al., 2008), and Central Mongolia (Zhang et al., 2015).
Based on their consistent geochemical compositions, such
as their limited Sr, Nd isotopes, and zircon Hf isotopes, it
is not possible that magma mixing has played a dominant
role in the generation of these high Ba—Sr granites.
Consequently, an origin from partial melting of an
enriched SCLM metasomatized by subduction-related
sedimentary melts and/or fluids is considered below.

The high Ba—Sr granites emplaced into the Diebusige
complex (Fig. 3) form Precambrian basement in the
southern Langshan. In addition, their fertile isotopic
compositions indicate that ancient crustal materials might
have played important roles in their genesis. In addition,
high Sr and Ba contents and potassic characteristics imply
that subducted sediments were also important source
materials. Therefore, we propose that the early
Carboniferous high Ba—Sr granites in southern Langshan
formed in a continental arc setting that resulted from the
southward subduction of the Paleo-Asian Ocean. Detailed
petrogenesis mechanisms are introduced below.

In the early Carboniferous, the Paleo-Asian Ocean crust
(represented by the Enger Us ophiolite) was subducted
southeastward beneath the Alxa block (present
coordinates). Given that abundant geological and
geophysical observations of sediment subduction indicate
that most of the crustal material was transported by a
subducted channel into the mantle (Kamber and Collerson,
2000; Scholl and Huene, 2007), we propose that pelagic
sediments were brought to great depths in the subduction
zone, and that partial melting occurred in the process of
subduction. Subcontinental lithospheric mantle was
metasomatized by those subducted sediment-related melts
(stage 1 in Fig. 13). Dehydration of subducted oceanic
crust during subduction resulted in partial melting of the
metasomatized subcontinental lithospheric mantle wedge,
and brought basaltic magmas (stage 2 in Fig. 13). In the
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Fig. 13. The petrogenetic—tectonic model for high Ba-Sr granites in the southern Langshan (not scaled). See de-

tailed discussions in the text.

lowermost crust or mantle—crust transition zone, basaltic
magmas that ascend from the mantle wedge become
neutrally buoyant, induce local melting, and assimilate and
mix extensively (Hildreth and Moorbath, 1988), and
melting, assimilation, storage, and homogenization
(MASH) processes occur (stage 3 in Fig. 13). In the
MASH zone, basaltic mantle magmas cause partial
melting of ancient lower crust (possibly represented by the
Diebusige complex), with which they hybridize and
homogenize before rising and fractionating (Schwindinger
and Weinberg, 2017). Magmas generated in the MASH
zone ascended and were emplaced in the middle—upper
crust at different depths (stage 4 in Fig. 13), which may
have resulted in different geochemical characteristics,
such as different Sr/Y and La/Yb ratios. Granite magma
ascent in the crust evolves through multiple stages, with
periods of intra-crustal magma interaction in felsic MASH
zones (Schwindinger and Weinberg, 2017). Fractional
crystallization occurred during the ascent, and hornblende,
K-feldspar, apatite, allanite, and monazite fractionated
from the original magma.

In terms of the regional geology, Carboniferous to Early
Permian plutons are widely distributed along the northern
margin of the North China Craton (NCC). Like the
Dabashan pluton, they also intruded into Archean—
Paleoproterozoic metamorphic rocks, and some of them
were unconformably overlain by Jurassic—Cretaceous
volcanic or sedimentary rocks (Zhang and Zhao, 2013).
Recent geochronological data showed that the
Carboniferous magmatism exhibited a peak age of 320 Ma
at the northern margin of the NCC (Wang et al., 2015). In
addition to their outcrops and ages, the Dabashan pluton
and Carboniferous granitoids at the northern margin of the
NCC all display crust-like geochemical characteristics,
and exhibit fertile isotopic compositions, such as low eng
(¥) and zircon eydt) values (Zhang et al., 2007, 2009;

Zhang and Zhao, 2013). It is worth noting that some
Carboniferous plutons at the northern margin of the NCC
also exhibit high Ba and Sr abundances, such as the
Hushiha pluton (Zhang et al., 2009). Some studies have
proposed that these Carboniferous plutons formed in a
continental arc during southward subduction of the Paleo-
Asian Oceanic crust beneath the northern NCC (Zhang et
al.,, 2007, 2009), which is consistent with the tectonic
setting of the Dabashan pluton in this study. Based on
spatial distributions, similar geochemical compositions,
and tectonic settings, we propose that an active continental
margin existed along the northern margins of the NCC and
Alxa block in the Carboniferous. Furthermore, our data
also imply that the Alxa block amalgamated to the NCC
before the early Carboniferous.

6 Conclusion

(1) Zircon LA-ICP MS dating show that Dabashan
plutons in the southern Langshan was crystallized in ca.
346-327 Ma, rather than in the Precambrian or Permian.

(2) Geochemical data indicate that those Mississippian
granites in the southern Langshan belong to high Ba-Sr
granites. They should be derived from a highly enriched
mantle source metasomatized by subducted sediments-
related melts and fluids, and the resultant magmas
experienced some degrees of fraction crystallization
during their ascent.

(3) Considering available regional tectonic magmatic,
and structure analysis data, we propose an active
continental margin environment is the most viable tectonic
setting for their generation.
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