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ABSTRACT

The ages of the Shizuizi, Baojiashan and Duanjiaxia granites are poorly con-
strained. They are exposed along the southern segment of the Liupanshan fault sys-
tem at the southwestern margin of the North China Craton. They form a NW-trending
belt of coeval A-type granitic magmatism, characterized by high Si, alkalis, Rb/Sr,
and Ga/Al. Their trace element characteristics include relative enrichments in K, Rb,
and Th, and depletions in Ti, Ta, Nb, P, and Sr. Zircons from the granite yield U-Pb
age of 1738 + 15 Ma for the Baojiashan granite which has similar zircon U-Pb ages
with Shizuizi (1778 Ma) and Duanjiaxia (1802 Ma) granites. The granite has negative
ena(t) of -22.5 t0 -20.0 and the two-stage model ages of 2.29 - 2.45 Ga. An analysis of
the regional tectonics suggests that the granites were emplaced during Paleoprotero-
zoic extension at the southwestern margin of North China Craton, where magmatism
was caused by tectonic activity related to the development of the Helan aulacogen.
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1. INTRODUCTION

The North China Craton (NCC) formed by processes
of orogenesis, uplift, and extension during the late Paleo-
proterozoic and early Mesoproterozoic (Zhai and Santosh
2011, 2013; Zhai et al. 2014). It is composed of eastern and
western blocks, separated from each other by the Central
Orogenic Belt, which formed prior to 1.85 Ga (Jiang et al.
2011; Liu et al. 2013). The western continent consists of
the Yinshan and Ordos blocks (Zhao et al. 2005), which
amalgamated at ~1.95 Ga (Li et al. 2013). After 1.8 Ga,
mantle plume activity caused uplift and extension in the
NCC, resulting in rifting and the development of the Helan,
Xiong’er, and Yanshan-Taihang aulacogens (Fig. 1; Li et
al. 2000; Zhao et al. 2007; Gao et al. 2013). Late Paleopro-
terozoic and Mesoproterozoic rifting was accompanied by
extensive magmatism, including extrusion of the Xiong’er
Group volcanics (1.80 - 1.75 Ga; Zhao et al. 2004; Xu et al.
2007) and intrusion of coeval granodiorites and porphyries
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(Zhao et al. 2007; Cui et al. 2010), mafic dike swarms of
the Xiong’er aulacogen (Hou et al. 2010), and mafic dike
swarms and alkaline intrusives of the Yanshan-Taihang aul-
acogen (1.77 - 1.78 Ga; Peng et al. 2004; Yang et al. 2007,
Dong et al. 2010).

Direct petrological and geochronological associations
in the Paleoproterozoic aulacogen in the southern segment
of Helanshan and the Liupanshan Mountains are obscured
by the overlying Meso-Cenozoic metasedimentary strata,
and reactivation of the Liupanshan fault system, thereby lim-
iting our understanding of the Paleoproterozoic and Meso-
proterozoic tectonic framework in the area (Che et al. 2011).
The Helan aulacogen has been identified using seismic data
at the western margin of the NCC, and sedimentology in the
northern part of the Helanshan area. Seismic sections show
a series of extensional faults in the Proterozoic successions,
and that the thickness (4000 - 5000 m) and distribution of
Mesoproterozoic strata were controlled by synsedimentary
faulting (Wang 1995; Hua and Qiu 2001). Similar lithologi-
cal and tectonic characteristics have been identified in the
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Fig. 1. (a) Regional geological map of China; (b) sketch tectonic map of the NCC in Meso-Neo proterozoic (after Che et al. 2011). (Color online

only)

Note: 1: ancient lands, 2: seas, 3: intermediate-basic volcanic rocks; 4: rift axis; 5: Archean gneissosity; 6: study area; A: Yanshan-Taihang ancient rift; B:
Xiong er ancient rift; C: Jin-Shaan ancient rift; D: Helan ancient rift; E: Jartai ancient rift.

Yanliao aulacogen (Wang 1995; Hua and Qiu 2001; Gao
et al. 2010). Previous studies yielded Paleoproterozoic and
Mesoproterozoic ages for granitic magmatism in the Helan
aulacogen (e.g., He et al. 2005; Wang et al. 2012; Gao et al.
2013); however, our understanding of the causes of magma-
tism, the tectonic setting, and the development of the Helan
aulacogen remain unclear. In this paper, we present new
geochronological and geochemical data for the Tiemahe
and Duanjiaxia granites, propose a genetic model, constrain
the tectonic setting for emplacement of the granites, and
consider the implications of the results for the evolution of
the southwestern margin of the NCC and the formation of
the Helan aulacogen.

2. REGIONAL GEOLOGY

The Helan Aulacogen trends approximately north-south
and occurs as a trench located between the Erdos block and
Alxa block at the western margin of the NCC. During the
Proterozoic, the Helan Aulacogen extended into the NCC
and was filled with littoral clastic sediments and carbonates.
The sediments are ~1000 m thick, and were overlapped by
the south Qilin Trough throughout the late Ordovician (Che
et al. 2011). Geochronological studies on khondalite series
rocks in the northern Helan Mountains have yielded meta-
morphic ages of 1.9 - 2.1 Ga (Geng et al. 2010; Zhou et al.
2010; Xiao et al. 2011). The khondalite is the product of
crustal maturity in the Paleoproterozoic. Intrusive rocks in
the area yield a magmatic age of 1.85 Ga (Geng et al. 2010).

Magmatic rocks are poorly exposed in the southern parts of
the Helan Aulacogen.

A belt of granitic intrusions, including the Baojiashan,
Shizuizi, and Duanjiaxia granites, occurs along the Liupan-
shan fault system at the southwestern margin of the NCC
(Fig. 2). The country rocks of the granites outcropping in
the study area are were emplaced into Upper Ordovician
marine clastic limestones, and Lower Cretaceous, Eogene,
and Quaternary fluvio-lacustrine sandstones and mudstone;
however, these relationships are obscured by Quaternary
cover. The contact relationships between granites and their
country rocks have been used to determine the ages of the
granites (e.g., Che and Wang 1985). Based on field observa-
tions, Che and Wang (1985) proposed that the Baojiashan
and Duanjiaxia granites are Mesozoic or Cenozoic in age,
and that they formed by Meso-Cenozoic tectonic activity
along the Liupanshan fault system. However, the magmatic,
chronology, and geochemistry evidence needed to validate
this hypothesis are lacking.

2.1 Baojiashan Granite

The Baojiashan granite is exposed along the Tiema-
he River (Fig. 2) with total width more than 1000 m. The
country rock comprises Lower Cretaceous red sandstones
and claystones, and diabase porphyries. Based on contact
relationships and correlations with adjacent lithologies, Che
(1963) proposed that the Baojiashan granite was emplaced
during the Cretaceous and Eogene, and that it formed as a
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Fig. 2. Simplfied geological map of the studied area and its adjacent area in the southwestern margin of NNC.

Note: Cz: Cenozoic; K,;: Lower Cretaceous; J: Jurassic; Ts: Upper Triassic; T>: Middle Triassic; P: Permian; S;: Lower Silurian; Os: Upper Ordovician;
0: Middle Ordovician; O;: Lower Ordovician; €5: Upper Cambrian; €,: Middle Cambrian, Pt;: Neoproterozoic, Pt,: Mesoproterozoic; Pt;: Pa-
leoproterozoic; nys': Triassic monzonitic granite; 04 : Devonian diorite; yd,': Devonian granodiorite; ys*: Silurian granite; ys’: Silurian monzonitic

granite; do5*: Ordovician quartz diorite; y5°: Neoproterozoic monzonitic granite; 0,°: Neoproterozoic diorite; 005°: Neoproterozoic quartz diorite;
0022: Mesoproterozoic quartz diorite; D Shizuizi granite (Wang et al. 2012); @) Baojiashan granite; 3 Duanjiaxia granite (You et al. 2014).

result of Liupanshan faulting during the Meso-Cenozoic.
This age was later refined by Che and Wang (1985), who
suggested that the pluton is Cenozoic in age based on its re-
lationship with surrounding rocks. Zircon U-Pb geochronol-
ogy yielded an age of 1365 Ma for the Baojiashan granite,
leading Yan (1985) to conclude that the granite formed in
the Mesoproterozoic. Attempts to determine the age of the
associated diabase porphyries have been unsuccessful.

2.2 Shizuizi Granite

The Shizuizi granite is poorly exposed, and was first
mapped by the Geological Survey of Ningxia Province in
1997 - 2000 (Wang et al. 2012). It is located in Shizuizi Vil-
lage, Xinmin, Jingyuan County, Ningxia Province (Fig. 2).
The granite is surrounded by Eogene sandstones and Qua-
ternary loess, and has been affected by extensive surface

weathering (Gao et al. 2013). It is red in color, with por-
phyritic textures defined by 1 - 15 mm quartz, K-feldspar,
and plagioclase phenocrysts. Quartz shows corrosion and
has a modal abundance of 10%. K-feldspar grains (modal
abundance = 8%) are tabular or columnar, and have been
altered to kaolinite and sericite. The plagioclase content is
low (5%). The granite matrix is microcrystalline, consist-
ing predominantly of feldspar and quartz, and it has been
partially altered. The geochemistry of the granite is char-
acterized by high Si and alkalis, with mean Na,O + K,O
=7.6 wt.%, K,O0/Na,0 =22 -74,and A/\CNK =09 - 1.1
(mean A/CNK = 1.0); thus, the Shizuizi granite is subal-
kaline metaluminous to weakly peraluminous. Total REE
(ZREE) contents are high, ranging from 340 - 470 ppm. The
granite shows a relative enrichment in LREE, and negative
Eu anomalies. Trace element geochemistry is characterized
by a relative depletion in high field strength elements, Ta,
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Nb, and Ti, and enrichment in Rb, Ba, and Th, characteristic
of post-orogenic A-type granite (Gao et al. 2013).

Although the Shizuizi granite has been mapped as a
Late Triassic-Early Jurassic intrusion by the Ningxia geolo-
gy survey institute, Gao (2001) suggested that both the Shi-
zuizi granite and the intermediate-acidic Nanhuashan and
Yueliangshan plutons in the northern Qilian Orogenic Belt
are Paleoproterozoic in age. Wang et al. (2012) obtained a
SHRIMP U-Pb zircon age of 1778 + 14 Ma for the granite.
Gao et al. (2013) discussed the A-type geochemical charac-
teristics of the Shizuizi granite.

2.3 Duanjiaxia Granite

The Duanjiaxia granite is located in the northwestern
Duanjiaxia Reservoir, Longxian County, Shaanxi Province,
and is exposed at a number of small outcrops (Fig. 2). It
comprises a series of granitic veins that have intruded Upper
Ordovician marine clastic limestones; the contact relation-
ship between the granite and surrounding rocks is unclear.
The granite is dark red, with a porphyritic texture. Phe-
nocrysts are K-feldspar (~20%), quartz (~15%), and pla-
gioclase (< 5%). The K-feldspar is euhedral-subhedral and
tabular, measuring 0.5 - 3 mm in length. Some K-feldspar
surfaces have been altered to sericite. Quartz phenocrysts
are unaltered and show corrosion textures, while plagioclase
grains are euhedral-subhedral and tabular in shape, show-
ing twinning and weak alteration. The matrix of the granite
is microcrystalline and is composed of feldspar and quartz.
The granite porphyry contains high SiO, (71.1 - 73.3 wt.%)
and is alkali-rich (Na,O + K,0 = 7.6 - 8.7 wt.%), with high
K (K,0/Na,0 = 1.2 - 2.5, mean K,0/Na,O = 2.0), making
it metaluminous to weakly peraluminous (A/CNK = 0.9 -
1.1). It shows a relative enrichment in LREE and negative
Eu anomalies. High field strength elements (Ta, Nb, and Ti)
are relatively depleted, while K, Rb, Ba, and Th are enriched
in the granite, characteristic of A-type granites derived from
the partial melting of crust (You et al. 2014).

The Duanjiaxia granite has been mapped as dykes in
a 1:50000 scale geological map of Guguan Town (1996),
the 1:250000 geological map of Baoji City, and regional
geological survey reports (2003). Based on contact relation-
ships between the granite and country rocks, Che and Wang
(1985) suggested that the Duanjiaxia granite is Late Cre-
taceous to early Paleogene in age; however, we obtained
a weighted mean *’Pb/*Pb age of 1802 + 10 Ma for the
Duanjiaxia granite, indicating that it was emplaced during
the Paleoproterozoic.

3. PETROGRAPHY OF THE BAOJIASHAN
GRANITE PORPHYRY

Samples of Baojiashan granite porphyry were collect-
ed from the Tiemahe section in Longxian County, Shaanxi

Province (N35°3°35.4”, E106°34°38.6”; Fig. 2). Exposure
of the granite is obscured by Quaternary cover, and the larg-
est outcrop is > 1000 m wide. The country rocks comprise
Lower Cretaceous purple sandstones and mudstones, and
Neoproterozoic (Sinian) gray limestones. Direct contacts
between the granite porphyry and the country rocks could
not be identified; consequently, it is not possible to specu-
late on the age of the granite through field observations.

The granite samples are red in color, with a porphyritic
texture (Figs. 3a - b). Phenocrysts are composed predomi-
nantly of K-feldspar, and comprise 20% of the whole rock.
The feldspar is altered and locally contains simple cassette
twins and polysynthetic twins. Quartz phenocrysts comprise
8% of the rock, are unaltered, and have corroded edges. Pla-
gioclase shows polysynthetic twinning and is weakly al-
tered, comprising 5% of the whole rock. The matrix of the
granite is aphanitic or microcrystalline, consisting of feld-
spar and quartz (Figs. 3c - d).

4. ANALYTICAL METHODS
4.1 Zircon Separation and In Situ U-Pb Analysis

Zircons were separated using heavy liquid and magnet-
ic separation techniques, and handpicking under a binocular
microscope. They were then mounted in epoxy resin and
polished until their centers were exposed. Cathodolumines-
cence (CL) imaging was used to map the internal structure
of zircon grains, employing a Quanta 400FEG environmen-
tal scanning electron microscope equipped with an Oxford
energy dispersive spectroscopy system, and a Gatan CL3+
detector.

The U-Pb analyses of zircons were conducted on an
Agilent 7500a ICP-MS equipped with a 193 nm ArF-exci-
mer laser, and a homogenizing, imaging optical system. A
fixed spot size of 30 um and a laser repetition rate of 6 Hz
were employed throughout this study. Helium was used as
the carrier gas to provide efficient aerosol delivery to the
torch. The standard silicate glass, NIST 610, was used to cal-
ibrate the instrument (**U signal intensity > 460 cps ug"' g)
and ensure low oxide production (ThO/Th < 1%). The U/Th
ion-signal intensity ratio was measured to monitor whether
zircon vaporization was complete (Glinther and Hattendorf
2005). Measurements were conducted using time-resolved
analysis operating in fast peak jumping mode (20 ms
peak') and DUAL detector mode using a short integration
time. 27Pb/*Pb, 2%°Pb/>8U, *"Pb/**U, and ***Pb/**’Th were
calculated using GLITTER 4.0 (Macquarie University), and
then corrected using the Harvard zircon 91500 as an exter-
nal standard, with a recommended 2*°Pb/**U age of 1065 .4
+ 0.6 Ma (Wiedenbeck et al. 2004), to correct for instru-
ment mass bias and depth-dependent elemental and isotopic
fractionation. Concordia diagrams and weighted mean cal-
culations were made using Isoplot software (ver. 2.49; Lud-
wig 2001). U, Th, and Pb concentrations were calibrated
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Fig. 3. (a) (b) Field photos of the Baojiashan granite; (c) cross-polarized light; (d) plane-polarized light of Baojiashan granite.
Note: Kf: potash feldspar; Or: orthoclase; Q: quartz.

using #Si as an internal standard, and NIST SRM610 as an
external standard. Zircon standards 91500 and GJ-1 were
analyzed as unknowns. The two standard zircons yielded
weighted mean *°Pb/>8U ages of 1064.4 + 3.1 Ma (n = 16,
20) and 603.1 + 3.2 Ma (n = 14, 20), respectively, which are
in good agreement with the recommended ID-TIMS ages
reported by Wiedenbeck et al. (1995).

4.2 Major and Trace Element Analyses of Whole Rock

Altered surfaces were removed from selected samples
prior to their preparation. Samples were then washed and
dried, and crushed to 60 mesh in an aluminum jaw crusher.
Approximately 60 g of the crushed sample was milled in a
WC Mill (T1-100, CMT) to < 200 mesh (75 pm) for whole-
rock analysis.

Major elements oxides were determined by XRF
(Rigaku RIX 2100) using Li-borate glass disks. Analysis of
international rock standards (USGS) BHVO-1 and AGV-1
indicates that the analytical precision and accuracy are bet-
ter than 5%. Trace and rare earth elements were measured
using an Agilent 7500a ICP-MS. Trace elements were ana-
lyzed using 50 mg samples that were dissolved in a sealed,
high-temperature and high-pressure bomb using equal parts
of ultra-pure HF and HNO;. Analysis of USGS rock stan-
dards BHVO-1 and AGV-1 indicates that the analytical pre-
cision is better than 5%.

4.3 Sm-Nd Isotope Analyses of Whole Rock

Whole rock Sm-Nd isotope ratios were determined us-
ing a Micromass MC-ICP-MS Nu Plasma HR. Separation
of Sm and Nd was done by using a routine two-columnion
ion-exchange technique. Isotopic ratios were measured on
Isoprobe mass spectrometer in a static mode. During our
analyses, "*Nd/'*Nd ratios of 0.512120 + 12 (20) were ob-
tained for the international standard Shin Etou JNdi-1. Cor-
rection of isotopic mass fractionation for Nd was made with
M6Nd/"Nd = 0.7219 (Wei et al. 2002; Liang et al. 2003).

5. ANALYTICAL RESULTS
5.1 Zircon U-Pb Geochronology

U-Pb dating of zircons were performed at the State Key
Laboratory of Continental Dynamics, Northwest University,
Xi’an, China. The CL images of representative zircons are
shown in Fig. 4 and U-Pb data are listed in Table 1. Zir-
cons from the Baojiashan granite porphyry are median size,
euhedral-subhedral, and columnar, showing oscillatory zon-
ing (Fig. 4). They contain high U (17.23 - 102.3 ppm) and
Th (10.90 - 92.19 ppm), with Th/U = 0.60 - 0.96, indicat-
ing a magmatic origin. Forty zircon grains from the granite
porphyry (sample LX03) were analyzed for U-Pb-isotopes.
Twenty-nine analyses yielded concordant or near-concor-
dant ages. From the age spectum diagram (Fig. 5a), a main
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Fig. 4. Cathodoluminescence (CL) images of zircons from the granite in Baojiashan section.
Table 1. LA-ICP MS U-Pb data for zircons from the Baojiashan granite.
Istopic ratios Ages(Ma)
SpOt Pb* 232Th 238U Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U ZOGPb/238U
No. | (ppm) | (ppm) | (ppm)

ratios 1o ratios 1o ratios 1o ages | 1o | ages | 1o | ages | 1o

2 18.39 | 37.61 | 4191 | 0.90 | 0.10651 | 0.00217 | 4.55386 | 0.06721 | 0.31123 | 0.00433 | 1741 | 37 | 1741 | 12 | 1747 | 21
3 779 | 11.08 | 18.54 | 0.60 | 0.10445 | 0.00235 | 4.58822 | 0.08028 | 0.31976 | 0.00461 | 1705 | 41 | 1747 | 15 | 1789 | 23
6 1196 | 232 | 28.08 | 0.83 | 0.1045 | 0.00224 | 4.59359 | 0.07408 | 0.31988 | 0.00454 | 1706 | 39 | 1748 | 13 | 1789 | 22
7 9.11 | 1438 | 21.80 | 0.66 | 0.10278 | 0.0023 | 4.46547 | 0.07733 | 0.31616 | 0.00455 | 1675 | 41 | 1725 | 14 | 1771 | 22
8 17.96 | 3743 | 3892 | 0.96 | 0.10584 | 0.00218 | 4.70142 | 0.07113 | 0.32322 | 0.00453 | 1729 | 37 | 1768 | 13 | 1806 | 22
9 753 | 1090 | 17.23 | 0.63 | 0.10822 | 0.00239 | 4.81526 | 0.08177 | 0.32373 | 0.00466 | 1770 | 40 | 1788 | 14 | 1808 | 23
11 10.75 | 1796 | 242 | 0.74 | 0.10928 | 0.0023 | 4.82471 | 0.07534 | 0.32111 | 0.00454 | 1787 | 38 | 1789 | 13 | 1795 | 22
12 | 1999 | 3472 | 46.56 | 0.75 | 0.10388 | 0.00211 | 4.55279 | 0.06684 | 0.31873 | 0.00445 | 1695 | 37 | 1741 | 12 | 1784 | 22
13 1542 | 31.74 | 3521 | 0.90 | 0.10485 | 0.00221 | 4.62963 | 0.07239 | 0.32111 | 0.00454 | 1712 | 38 | 1755 | 13 | 1795 | 22
14 | 1231 | 20.58 | 27.31 | 0.75 | 0.10564 | 0.00222 | 4.76527 | 0.07456 | 0.32801 | 0.00464 | 1726 | 38 | 1779 | 13 | 1829 | 23
15 11.92 | 19.06 | 2729 | 0.70 | 0.10935 | 0.00233 | 4.85023 | 0.07729 | 0.32251 | 0.00459 | 1789 | 38 | 1794 | 13 | 1802 | 22
16 | 1028 | 1691 | 2433 | 0.70 | 0.11326 | 0.0024 | 485133 | 0.07676 | 0.31139 | 0.00443 | 1852 | 38 | 1794 | 13 | 1748 | 22
17 | 1504 | 2496 | 35.64 | 0.70 | 0.11342 | 0.00234 | 4.8857 | 0.07376 | 0.31313 | 0.00441 | 1855 | 37 | 1800 | 13 | 1756 | 22
19 | 11.51 | 1821 | 27.12 | 0.67 | 0.10572 | 0.0022 | 4.65171 | 0.07114 | 0.31979 | 0.00451 | 1727 | 38 | 1759 | 13 | 1789 | 22
20 | 10.58 | 1649 | 25.11 | 0.66 | 0.10293 | 0.00226 | 4.53065 | 0.076 | 0.31988 | 0.00453 | 1678 | 40 | 1737 | 14 | 1789 | 22
21 1437 | 2173 | 316 | 0.69 | 0.10222 | 0.00211 | 4.51278 | 0.06818 | 0.32073 | 0.00452 | 1665 | 38 | 1733 | 13 | 1793 | 22
22 | 1678 | 33.07 | 39.01 | 0.85 | 0.10622 | 0.00217 | 4.62111 | 0.06867 | 0.31603 | 0.00445 | 1736 | 37 | 1753 | 12 | 1770 | 22
24 | 1446 | 27.67 | 31.81 | 0.87 | 0.11278 | 0.00233 | 5.02251 | 0.07589 | 0.32344 | 0.00457 | 1845 | 37 | 1823 | 13 | 1807 | 22
26 | 1632 | 28.00 | 39.53 | 0.71 | 0.10572 | 0.00218 | 4.58263 | 0.06892 | 0.31474 | 0.00445 | 1727 | 37 | 1746 | 13 | 1764 | 22
28 | 21.51 | 41.01 | 47.07 | 0.87 | 0.10745 | 0.00216 | 4.75382 | 0.06849 | 0.32119 | 0.00451 | 1757 | 36 | 1777 | 12 | 1796 | 22
30 | 4554 | 92.19 | 1023 | 0.90 | 0.10535 | 0.00209 | 4.64272 | 0.06523 | 0.31986 | 0.00447 | 1720 | 36 | 1757 | 12 | 1789 | 22
31 1391 | 2524 | 3037 | 0.83 | 0.10867 | 0.00225 | 4.9129 | 0.07444 | 0.32801 | 0.00466 | 1777 | 37 | 1805 | 13 | 1829 | 23
32 | 1456 | 2336 | 32.75 | 0.71 | 0.11003 | 0.00227 | 4.92492 | 0.0743 | 0.32471 | 0.00461 | 1800 | 37 | 1807 | 13 | 1813 | 22
33 1328 | 22.36 | 30.73 | 0.73 | 0.10709 | 0.00224 | 4.73435 | 0.07291 | 0.32069 | 0.00457 | 1750 | 38 | 1773 | 13 | 1793 | 22
35 14.77 | 2532 | 33.17 | 0.76 | 0.10893 | 0.00225 | 4.75155 | 0.07169 | 0.31633 | 0.00449 | 1782 | 37 | 1776 | 13 | 1772 | 22
36 16.85 | 3236 | 3827 | 0.85 [ 0.11117 | 0.00229 | 4.84315 | 0.07248 | 0.31589 | 0.00448 | 1819 | 37 | 1792 | 13 | 1770 | 22
37 40.02 | 78.08 | 89.86 | 0.87 | 0.10624 | 0.00213 | 4.6903 | 0.06719 | 0.32005 | 0.00451 | 1736 | 36 | 1766 | 12 | 1790 | 22
39 12.32 | 1654 | 27.81 | 0.59 | 0.11389 | 0.00236 | 4.99176 | 0.07577 | 0.31768 | 0.00453 | 1862 | 37 | 1818 | 13 | 1778 | 22
40 17.25 | 32.17 | 3941 | 0.82 | 0.10613 | 0.00218 | 4.65662 | 0.0698 0318 [0.00452 | 1734 | 37 | 1701 | 13 | 1780 | 22

Note: Pb* represents radiogenic lead in the table.
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Fig. 5. (a) Zircon age spectum diagram; (b) Zircon U-Pb concordia and frequency bars diagram for Baojiashan granite. (Color online only)

age cluster (about 1740 Ma) and a minor age cluster (about
1850 Ma) can be found. We interpret the older ages as in-
herited ages and the younger age cluster is the activity age
of the magmation. Because the ages are more concentrated
(Fig. 5b), the intercept age [1801 £ 9 Ma (MSWD =0.68)] is
lower intercept age and the upper intercept age is not avail-
able. Deleted four older ages, the weighted mean 2’Pb/***Pb
age of 1738 + 15Ma (MSWD = 1.1; Fig. 5). The Concordia
diagram shows all the analyses are coeval and do not have
inherited ages. Thus, the crystallization age of the granite
porphyry may be 1738 Ma.

5.2 Major Element Characteristics of the Baojiashan
Granite

Major and trace element analyses were performed at
the State Key Laboratory of Continental Dynamics, North-
west University, Xi’an, China. Analytical results are listed
in Table 2.

The major element geochemistry of the Baojiashan
granite is characterized by high Si and alkalis. The SiO, con-
tent ranges from 70.8 - 72.9 wt.%,and K,O0=5.0 - 6.7 wt.%.
Total alkalis (K,O + Na,O) range from 7.9 - 8.9 wt.%, with
K,O/Na,O = 1.7 - 3.4. The rocks are classified as ferroan
granites (Fig. 6), and their Rittman index (&) values range
from 2.1 - 2.8. Al,O; values (11.7 - 12.7 wt.%) are interme-
diate, and A/CNK = 0.9 - 1.2, indicating that the granites
are weakly peraluminous. In addition, low CaO (0.2 - 2.0
wt.%) and MgO (0.8 - 0.1 wt.%) are the characteristic of
Baojiashan granite.

5.3 Trace Element Characteristics of the Baojiashan
Granite

The Baojiashan granite contains high XREE (188.2

- 1133.4 ppm), with mean REE = 510.8 ppm, higher than
the REE values of I-type (XREE = 114.7 ppm) and S-type
granites (ZREE = 173.1 ppm; Wu et al. 2007). Chondrite-
normalized REE patterns (Fig. 7) for the granite porphyry
show a slight right dip. The granites show a negative Eu
anomaly (OEu = 0.5) and LREE/HREE =4.1 - 12.5, indicat-
ing a strong relative enrichment in LREE (Table 2). In addi-
tion, (La/Sm)y = 3.5 - 6.4, indicating strong fractionation in
LREE, whereas (Gd/Yb)y = 1.1-3.3, indicating weak frac-
tionation in HREE (Fig. 4).

Trends in trace element abundances (Fig. 8) show that
the Baojiashan granite is relatively depleted in high field
strength elements (HFSEs; e.g., Nb, Ta, Ti, and Hf), and P
and Sr. Large ion lithophile elements (LILEs; e.g., K, Rb,
Ba, and Th) are relatively enriched.

5.4 Sm-Nd Isotopic Composition of the Baojiashan
Granite

After the analysis of major and trace element, two
samples (12LX11, 12LX12) were analyzed for Sm-Nd iso-
topes (Table 3). Initial *Nd/'**Nd ratios are expressed as
ena(t) values where t is the age of magma crystallization.
The calculated Nd model ages are denoted as Tpy; relative
to a depleted mantle source for single-stage evolution and as
Tpme relative to the average continental crust for two-stage
evolution (Jahn and Condie 1995). The Baojiashan granite
has negative eyy(t) of -22.5 to -20.0 and the two-stage model
ages of 2.29 - 2.45 Ga.

6. DISCUSSION

6.1 Prtrogenesis of the Granites

The Baojiashan granite, Duanjiaxia granite, and Shi-
zuizi granite are distributed and exposed linearly along the
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Table 2. Whole rock major-element (%) and trace-element (ppm) compositions of Baojiashan granite.

sample | 12LX06 12L.X07 12LX08 12LX09 12LX10 12LX11 120LX12 12LX13 12LX14
Sio, 71.6 722 723 72.9 709 71.0 714 71.3 724
TiO, 0.57 0.53 0.58 0.49 0.5 0.6 0.61 0.63 0.61
ALO; 11.8 11.7 11.7 119 12.7 124 125 123 12.1
Fe,O,T 334 5.69 6.24 4.53 401 551 5.61 5.64 38
MnO 0.03 0.02 001 0.03 0.03 0.03 0.01 0.03 0.04
MgO 0.06 0.39 0.11 0.53 0.76 0.19 0.14 0.18 0.09
CaO 1.95 0.26 0.29 0.23 1.05 0.28 0.27 0.27 1.49
Na,O 292 1.94 298 1.90 1.90 220 233 2.17 292
K,O 5.11 6.16 4.95 6.05 6.38 6.69 6.17 6.64 5.18
P,0; 0.13 0.10 0.14 0.09 0.10 0.15 0.14 0.14 0.15
LOI 2.11 1.14 0.79 1.33 1.95 0.85 0.98 0.88 1.53
TOTAL 99.6 100.1 100.1 99.9 100.3 99.9 100.1 100.2 100.3
A/CNK 0.85 1.13 1.08 1.18 1.07 1.09 1.13 1.10 0.92
Mg" 4.02 13.80 395 21.40 30.60 744 5.50 6.92 523
Li 6.85 12.20 3.04 8.16 10.20 1.95 3.75 2.09 5.61
Be 1.61 2.84 247 2.56 232 1.33 1.37 1.39 1.73
Sc 9.30 9.10 9.71 8.92 9.95 8.64 9.61 9.00 9.71
v 183 592 27.6 4.64 291 169 313 18.8 21.6
Cr 691 5.76 125 4.08 4.25 8.55 9.17 10.0 7.83
Co 744 90.1 105 58.7 63.5 106 69 .4 73.5 99.2
Ni 2.68 2.73 6.17 2.14 2.19 4.17 397 451 3.66
Cu 343 10.3 793 16.3 3.07 5.98 8.00 7.09 3.86
Zn 20.8 56.7 42.7 71.9 64.3 46.1 312 449 25.7
Ga 173 212 159 215 26.1 19.2 233 185 193
Ge 1.05 1.83 0.98 1.40 1.58 0.83 0.88 0.83 1.02
Rb 139 160 127 156 157 191 181 186 143
Sr 822 46.8 80.1 52.1 49.5 71.6 525 723 7172
Y 639 106 68.4 86.6 104 54.1 52.8 62.6 66.5
Zr 540 819 557 739 802 560 579 586 560
Nb 26.6 36.3 26.0 347 369 27.7 284 28.7 270
Cs 0.39 1.30 0.40 1.21 0.69 0.55 0.81 0.54 0.48
Ba 1734 1383 1784 1427 1556 2356 1944 2420 1700
La 105 239 414 139 205 28.1 26.5 263 98.7
Ce 215 466 101 302 419 73.8 78.7 76.3 205
Pr 249 61.2 10.6 36.2 523 7.87 7.54 748 23.7
Nd 94 .4 233 412 133 198 324 313 309 90.2
Sm 16.5 39.6 8.37 235 343 7.51 7.04 743 16.1
Eu 253 6.08 1.34 3.59 5.39 1.24 1.18 1.28 2.50
Gd 135 31.7 8.11 18.5 279 7.27 6.90 7.69 13.6
Tb 1.89 4.07 1.39 2.64 3.63 1.29 1.25 1.44 1.93
Dy 11.1 209 9.83 153 19.0 8.54 8.43 9.69 11.3
Ho 2.17 3.62 223 3.02 3.39 1.83 1.81 2.13 222
Er 6.62 104 7.32 9.16 9.87 5.86 5.75 6.81 6.78
Tm 1.00 1.48 1.14 1.31 1.36 0.89 0.86 1.00 0.98
Yb 6.75 9.78 7.74 8.69 8.97 6.12 5.86 6.88 6.65
Lu 1.01 1.45 1.18 1.32 1.34 0.96 0.92 1.06 1.00
Hf 12.8 18.3 132 17.5 18.7 138 14.0 142 13.6
Ta 145 1.80 133 1.69 1.82 151 1.51 1.53 1.48
Pb 591 540 123 4.90 342 8.73 7.74 9.33 6.31
Th 16.7 12.7 16.7 125 13.1 16.2 159 16.7 164
U 2.68 1.85 2.65 1.75 235 2.65 2.24 298 2.62
OEu 0.52 0.52 0.50 0.53 0.53 0.51 0.52 0.52 0.52
>REE 515.0 11334 2540 709.9 995.1 188.5 188.2 196.3 480.4
T, (°C) 877 964 914 958 951 913 922 919 893
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Table 3. Sm-Nd isotopic composition of Baojiahsan granite.

Sample | Sm (ppm) Nd (ppm) ¥'Sm/'*“Nd Nd/**Nd 206 exa (1) thyy (Ga)  tpy, (Ga)
12LX11 5.79 323 0.1083 0511341  0.000011 -22.5 2.60 245
12L.X12 3.80 22.6 0.1016 0511456  0.000005 -20.0 2.29 2.29
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Liupanshan fault system. All of these granites are charac-
terized by high Si and alkalis, with high Rb/Sr and Ga/Al,
relative enrichments in LILEs, and depletions in HFSEs, P,
and Sr. In addition, they show similar REE and trace el-
ement behaviors. The average value of 10000 x Ga/Al is
greater than 2.6, higher than that of I-type (mean 10000 x
Ga/Al = 2.1) and S-type granites (mean 10000 x Ga/Al =
2.28; Whalen et al. 1987). The Baojiashan, Duanjiaxia, and
Shizuizi granites plot as A-type granites in the discrimina-
tion diagrams (10000 x Ga/Al)-Nb and (10000 x Ga/Al)-Zr.
Mean Rb/Sr = 2.6, similar to that of A-type granite (Rb/Sr
= 3.52) and higher than that of I-type (Rb/Sr = 0.61) and
S-type granites (Rb/Sr = 1.81; Whalen et al. 1987). In ad-
dition, Th/U and Nb/Ta values, and low Sr, medium Rb,
and high Rb/Sr suggest that the granites are A-type, and not
island-arc-type or collision-type (Whalen et al. 1987). Fur-
thermore, Nb/Y = 0.34 - 0.54, again characteristic of A-type
granite (Whalen et al. 1987), and Y/Nb < 1.2 (Deng et al.
2004), which suggests that the granites are A,-type. Thus,
the granites possess the geochemical characteristics of non-
orogenic alkaline rocks (Bourne 1986) and can be classified
as within-plate A-type granites (WPG; Fig. 9) that formed
in a continental rift setting (Yu et al. 1997).

Partial melting experiments demonstrate that some A-
type granites can be produced from the shallow continental
crust (Zhang et al. 2010). The Al,O;, Eu and SiO, do not have
obvious negative correlation suggesting that plagioclase did
not fractionate during the crystallization of the parental mag-
ma. While, the depletion of Sr and Eu in the spider diagram
(Fig. 8) indicates the plagioclase was the main residual phase
in the magmatic source. Low ratios of La/Yb and St/Y, high
contents of Yb and Y show that the granitic magma was de-
rived from a garnet-poor source. The minimum pressure of
plagioclase disappearance is 1.2 GPa and the minimum pres-
sure for the appearance of garnet is 0.8 - 1.0 GPa (Defant and
Dmmmond 1990; Douce 1997), thus the granite source was

probably less 0.8 GPa. The magma formation depth is less
than 30 km (Zhang et al. 2010). It is believed that zircon sat-
uration temperatures represent the near-liquidus temperature
of granitic rocks (Watson and Harrison 1983). Miller et al.
(2003) calculated a series of zircon saturation temperatures
and discovered that there are probably two types of gran-
ites. The so called “hot granites” have T, (°C) temperatures
> 800°C whereas the “cold granites” have 7, (°C) tempera-
tures < 800°C. The difference in the temperature estimates is
attributed to the amount of inherited zircon. The “hot gran-
ites” generally do not have significant zircon inheritance but
the “cold granites” do. The T, (°C) temperatures were cal-
culated for the Baojiashan granite.

T, (°C)=12900/[2.95 + 0.85M + In(496000/Zr)] - 273.15 (1)

In this equation, M is the atom fraction normalizing pa-
rameter. Let Si+ Al+ Fe + Mg+ Ca+Na+ K +P=1,and
M = (2Ca + K + Na)/(Si x Al). This equation yields crys-
tallization temperatures of 880 - 960°C. Thus, we propose
that the Baojiashan granite is high-temperature and shallow-
source A-type granite.

6.2 Source of the Baojiashan Granite

Whole rock Sm-Nd isotopic composition can well re-
veal the source of rocks. The positive eyq(t) of granite shows
the forming material source is the juvenile crust. The nega-
tive eyq(t) reveals the granitic magma comes from the an-
cient crust (Depaolo 1981). Baojiashan granite has negative
€na(t) of -22.5 to -20.0. The two-stage model ages are 2.29
- 2.45 Ga which are obviously older than the formation ages
of Baojiashan granite. The two-stage model ages suggest
that the magma of Baojiashan granite is the product of the
NCC basement partial melting.
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Fig. 9. (a) Tectonic setting discrimination diagrams for Baojiashan granite (after Pearce 1996); (b) Discriminant diagram of A-type granitoid (after

Whalen et al. 1987).
Note: A: A-type granite; I: I-type granite; S: S-type granite.
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The Th/U ratio ranges from 5.58 - 7.16, and Nb/Ta =
18.37 - 20.29, indicating that the rocks have a middle-lower
crust affinity (Th/U = 6, Nb/Ta = 16.5; Rudnick and Gao
2003), and may have been derived from the partial melting
of a middle-lower crustal source. High LILEs and a strong
depletion in HFSEs are typical of granites derived from a
crustal source, and suggest that the granites are associated
with crustal thinning (Whalen et al. 1987; Eby 1990; Zhang
2013).

6.3 Tectonomagmatic Environment of the Baojiahsan
Granite

In contrast to the increasing thermal modal of the crust
extrusion, the partial melting of lower crustal material in an
extensional tectonic setting requires an external heat supply.
Crustal thinning may be accompanied by mantle upwelling
and the emplacement of mafic magmas. The mantle material
acts as a heat source to drive partial melting. Low pressure,
high temperature, and anhydrous conditions are necessary
for the formation of A-type granites (Zhang et al. 2010).
Because the duration of the crust tinning and extension is
limted, A-type granites are typically not voluminous and
widespread, which may explain why few Paleoproterozoic
granites have been mapped in the Helan aulacogen.

Similar ages have been reported for the Shizuizi gran-
ites (1778 + 14 Ma; Wang et al. 2012; 1803 + 15 Ma; Gao
et al. 2013), the Duanjiaxia granite (1802 + 10 Ma;), and
the Baojiashan granite (1738 + 15 Ma). These ages (about
1750 Ma) indicate that the granites are the coeval products
of late Paleoproterozoic magmatism in the Southwestern
margin of the NCC. Previous studies have examined there
were plenty of the coeval rocks in other part of the NCC,
such as Xiong’er (southern margin of the NCC), Taihang
(central region of the NCC), Yan-Liao (northern margin of
the NCC) and Jing-Ji (eastern margin of the NCC) (Peng
et al. 2004; Yang et al. 2005, 2007; Xu et al. 2007; Zhao
et al. 2015). Peng et al. (2004) and Zhao et al. (2004) dated
a dacite-rhyolite assemblage in Xiong’er Group, and deter-
mined their age of 1.8 - 1.75 Ga. Hou et al. (2010) and Hu
et al. (2010) obtained ~1.78 Ga ages for basic dikes in the
Xiong’er and Zhongtiao area. Zhao et al. (2007) determined
the ages of anorthosite-alkali granite-rapakivi granite with
1.75 - 1.68 Ga. This near coeval rock associated is thought
to be related to a mantle plume and the breakup of Columbia
supercontinent (Peng et al. 2007). Yang et al. (2005) ob-
tained the age of Beijing Miyun rapakivi granite with 1.68
Ga, and indicated the rapakivi granite was due to extension
within the NCC.

The older zircons with ages of 1850 Ma in the Baoji-
ashan granite were interpreted as inherited zircons. You et
al. (2014) obtained a weighted mean age of 1846 + 19 Ma
for the Duanjiaxia granite. The ages (about 1850 Ma) may
indicate another tectonic event. The coeval rocks have been

examined in the NCC. Liaodong Tongkuanggou alkaline
pluton had the age of 1.88 Ga. Geochemical characteristics
of the pluton indicated a post-collisional extensional set-
ting (Yang et al. 2007). The formation age of Liiliang Yun-
zhongshan granite is 1.8 Ga which provids direct evidence
for constraints on the ending time of the orogeny and the
starting of the NCC breakup (Geng et al. 2004). The ages
1.85 Ga are related to post-collisional thinning of the NCC,
and the ending time is about 1.8 Ga. After 1.8 Ga, man-
tle plume activity caused uplift and extension in the NCC
(Zhao et al. 2007).

Previous studies have examined the extensional tec-
tonic events of the NCC and the formation of aulacogens
in the late Paleoproterozoic (e.g., Li et al. 2000; Zhai and
Peng 2007, 2014; Zhao et al. 2007; Gao et al. 2013). These
extensional events and aulacogens may have resulted from
plume activity at ~1.8 Ga (Zhao et al. 2005, 2007). At this
time, the upwelling of mantle material caused uplift of the
NCC, resulting in lithospheric thinning, partial melting, and
the development of a rift system (Zhao et al. 2007; Zhai et
al. 2014). East-West-trending rifts ultimately evolved into
the Qinling-Qilian trough, and the NNE- to NE-trending
rifts (Helan, Xiong’er, and Yanliao rifts) evolved into aula-
cogens (Che et al. 2011). Earlier studies on the Xiong’er and
Yanliao aulacogens suggest that extension was associated
with breakaway of the NCC from the Columbia Supercon-
tinent (Yang et al. 2005; Zhao et al. 2007; Cui et al. 2010).
Furthermore, the linear distribution of the A-type granites
suggests that not only the 1.8 Ga magmatism was accom-
panied by rifting along the WSW margin of the NCC at the
end of the Paleoproterozoic. During that period, the crust-
lithospheric thinning and asthenospheric mantle upwelling
had cover the whole craton, so the Helan-Liupan area had
seen the same geological events. The junction of the rift sys-
tem may be located in the southwestern part of Baoji City.
With the evolution of the rift system, the northward branch
of the rift extended into the NCC and reached the Liupan-
Helan area. The south branch connected with the Qinling-
Qilian trough, which formed part of the Qinling-Qilian rift
(Fig. 1) (Sun and Liu 1983; He 1993; Che et al. 2011).

The formation ages and geochemical data suggest the
southwestern margin of the NCC formed in an extensional
tectonic setting in the late Paleoproterozoic. This tectonic
setting is consistent with the evolution of the Helan aulaco-
gen, although the occurrence of related magmatic rocks has
yet to be confirmed. Thus, we propose that the Baojiashan
granite porphyry, and the Duanjiaxia and Shizuizi granites
were associated with the development of the Helan aulaco-
gen, and may later have been affected and exposed by Me-
sozoic-Cenozoic movement on the Liupanshan Fault.

7. CONCLUSIONS

(1) U-Pb geochronology shows that the Baojiashan granite
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porphyry formed at 1738 Ma. This age is consistent with
that of the Duanjiaxia and Shizuizi granites, both of which
are located at the southwestern margin of the NCC.

(2) The Baojiashan, Duanjiaxia, and Shizuizi granites are
A-type, indicating they formed in an extensional en-
vironment during the Paleoproterozoic, and that their
formation was associated with the development of the
Helan aulacogen.

(3) The Luipanshan fault system was active during the Me-
sozoic-Cenozoic. Its orientation controlled the spatial
distribution of the Baojiashan, Duanjiaxia, and Shizuizi
granites, but fault activity did not cause magmatism.

(4) The Helan aulacogen formed in the Helanshan area, and
at its southernmost part is connected with the Qinling-
Qilian trough; together, these structures formed a large
rift system in the inner NCC during the late Paleopro-
terozoic.
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