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Abstract: A Chang?7 tuff interval (CTR) was found in Rujigou area, Helan Mountains. It is located outside
of the range of the Chang7 tuffs in Ordos Basin (CTO) as determined by previous researchers. The aim of
this paper is to determine the magmatic origin and tectonic setting of the CTR by analyzing the zircon U-Pb
ages, geochemical characteristics and Hf isotope characterization. LA-ICP-MS zircon U-Pb data show CTR

crystallized in the 231.2 + 1.4 Ma. The U-Pb dating results are within the age interval of 242 ~ 205 Ma for

the CTO. The CTR and CTO have similar geochemical characteristics and Hf isotope characterization.
Therefore, they are the product of volcanic eruption in the same tectonic setting. Due to the wider coverage,
the CTR should correspond to the most intense volcanic eruption in the Qinling orogenic belt. A preliminary
analysis of the geochemical composition of the CTR suggests a rhyodacite parental magma from volcanic
arc-related setting. The volcanic arc setting was related to the subduction of A'nyemagen—Mianlue Ocean.
Geochemical composition suggests Chang 7 tuffs mainly resulted from a partial melting process of lower
crustal rocks at depths of 15-35 km. The two-stage Hf-isotope model ages of CTR range from 1.3 Ga to 1.5
Ga. This indicates that the CTR mainly originated from the Mesoproterozoic growth of the crust in the west
Qinling orogenic belt.
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1. INTRODUCTION

Ordos Basin is the second largest sedimentary
basin in China, and it is rich in coal, oil, natural gas,
uranium ore and other mineral resources (Liu et al.,
2006, 2007; Yang & Deng, 2013). The Yanchang
Formation in the basin was formed during the
maximum development of the intracontinental
lacustrine basin. It has always been one of the
important formations for oil and gas exploration. Many
tuff intervals with different thickness were deposited in
the Yanchang Formation. They provide important
information for the study of the coupling relationship
between the Ordos Basin and the Qinling orogenic
belt. Much research has been done on the Chang7 tuff
intervals and the main achievements are as follows: (1)
The total Chang7 tuffs thickness decreases from
southwest to northeast (Fig. 1), indicating that the
original volcanic sources must have come from the

southwestern part or southern part, out of the present
Ordos basin (Deng et al., 2008, 2009, 2013; Qiu et al.,
2009, 2010, 2013, 2014); (2) The U-Pb dating of the
Chang7 tuffs yielded values within the age interval of
242~205 Ma, with most values concentrated at ~230
Ma (Deng et al., 2008, 2009; Zhang et al., 2009a,
2014; Yang & Deng, 2013; Wang et al., 2014); (3)
Most samples fall at the rhyodacite/dacite field on the
Zr/TiO2-Nb/Y and TAS magmatic discrimination
diagram. It shows that the tuff originated from the
neutral to acidic volcanic rocks (Zhang et al., 2009a;
Qiu et al., 2011); (4) The two-stage Hf-isotope model
ages shows that the Chang7 tuffs mainly originated
from Neoproterozoic crustal material. Considering
their composition and age, they likely originate from a
mixture of Yaolinghe Group basic volcanic rocks and
Yunxi Group acid volcanic rocks of South Qinling
basement (Zhang et al., 2014).

The Chang7 tuff interval (CTR) was first found
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in Rujigou area, Helan Mountains. It is located outside
of the range of the Chang?7 tuffs in Ordos Basin (CTO).
Therefore, further research is needed to determine the
affinity between the CTR and CTO. The purpose of
this study is to determine the affinity between the two
tuff intervals, and to discuss their source and tectonic
setting. For this reason, zircon U-Pb ages, geochemical
characteristics and Hf isotope characterization of the
CTR are analyzed in this paper, and compared with
those of the CTO from previously published research.

2. GEOLOGICAL SETTING

Helan Mountains are located in the western part
of North China Plate, bounded by the Ordos Block to
the east and the Alxa Block to the west (Fig. 1). This
area experienced a strong extensional regime in the late
Triassic (Liu, 1998; Ritts et al., 2004; Zhao et al., 2007;
Liu et al, 2005, 2013; Huang et al., 2015). The
sedimentary deposit of the Upper Triassic Yanchang
Formation contains sandstones, siltstones, mudstones
and tuff intervals with a preserved thickness of about
3000m (Ritts et al., 2004). For exploration and
exploitation purposes, the Yanchang Formation in
Helan Mountains was informally subdivided into 8 oil

reservoir units named Chang8 to Changl from the
bottom to the top based on marker beds, sedimentary
cycles or lithological association (Fig. 2). The Chang7
oil reservoir unit is a deep-water lacustrine deposit, and
is composed of carbonaceous and silty shale. A tuff
interval was found in Rujigou area, Helan Mountains.
Its distribution is relatively uniform, and its thickness is
about 0.5 m (Fig. 3a). The tuff is mainly composed of
volcanic dust and vitroclastic fragments. The volcanic
dust has been converted to chlorite by devitrification,
and the vitroclastic fragments have been argillized or
replaced by calcite (Fig. 3b).

3. ANALYTICAL METHODS
3.1 Geochemical analysis

To obtain further information regarding the
tectonic setting of the volcanic rocks, the elemental
contents of the CTR samples were analysed. The
samples were oven-dried at 70°C for approximately 24
h and then homogenized; 100 g of each homogenized
sample was ground to 200-mesh in an agate mortar for
geochemical analyses.
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Figure 1. Simplified geological map of the Ordos Basin and its adjacent area (modified from Liu et al., 2013), showing the
isopach map (in meters) of the CTO (after Deng et al., 2008, 2009; Qiu et al., 2009, 2014)
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Figure 2. Geological map of the Helan Mountains and stratigraphic sequence of Upper Triassic Yanchang Formation
(modified from 1:200,000 geological maps).
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The elemental analyses were conducted at the
National Research Centre for Geoanalysis, China.

Flgure 3. Representatlve outcrop photo (a) and mlcrograph(b) of the Chang 7 tuffs in Rupgou area

Details of the analytical methods and apparatus are

reported by Li et al,
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international standard reference material indicated an
analytical precision of 5-10%.

3.2 Zircon U-Pb dating

The U-Pb isotopes of the zircons were
determined by an excimer ArF GeolLas 2005 laser
ablation system coupled with an Agilent 7500a ICP-
MS at the State Key Laboratory of Geological
Processes and Mineral Resources, China University
of Geosciences, Wuhan, China. Details of the
analytical procedures have been described by Liu et
al. (20104, b). The laser beam was typically 32 umin
diameter with a frequency of 6 Hz. Helium was used
as the carrier gas to provide efficient aerosol
transport to the ICP, and minimize aerosol deposition
around the ablation site and within the transport tube
(Eggins et al., 1998; Jackson et al., 2004). Nitrogen
was added to the central gas flow in the LA-ICP-
MS (2 mL min™) to increase the sensitivity of the U—
Th-Pb isotope analysis (Hu et al., 2008). The carrier
and make-up gas flows were optimized by ablating
NIST SRM 610 to obtain the maximum signal
intensity for °®Pb, while keeping ThO/Th and
Ca®*/Ca" ratios low, to minimize matrix-induced
interferences. Each analysis comprised a background
acquisition of 20-30 s (gas blank) followed by 50 s
of data acquisition from the sample. Zircon 91500
was used as the external standard for U-Pb dating.
Our measurements of GJ-1 yielded weighted average
2¥pp/28y, 2'Pb/”U, and “’Pb/*®Pb ages of
601.6+1.7Ma (20, MSWD=0.41, n=76), 602.9+3.4
Ma (20, MSWD=0.32, n=76), and 605+16 Ma (20,
MSWD=0.30, n=76), respectively, which are within
error with the reference age of 599.8 £1.7 Ma (20)
(Jackson et al., 2004).

In-house Excel-based software
(ICPMSDataCal Ver. 9.0) was used to perform off-
line selection and integration of background and
analyte signals, for time-drift correction, and
guantitative calibration for trace element analysis and
U-Pb dating (Liu et al., 2008). Common Pb
correction was applied following the method of
Andersen (2002). The correction was negligible in
most cases. Weighted averages and intercept ages
were calculated using ISOPLOT (Ver. 3.76)
(Ludwig, 2012).

3.3 Zircon Lu-Hf isotopes

Hf isotope analysis was carried out on a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific,
Germany), in combination with the GeolLas 2005 in
the State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences,

Wuhan. Details of the operating conditions for the laser
ablation system and the MC—-ICP-MS instrument, and
data calibration and data processing were reported by
Hu et al., (2012). The major limitation to the accurate in
situ determination of zircon Hf isotopes by LA-MC-
ICP-MS is the very large isobaric interference from
76vh, and, to a much lesser extent, *°Lu on °Hf
(Woodhead & Hergt, 2010). Interference of *°Lu on
®Hf was corrected by measuring the intensity of the
interference-free  *™Lu  isotope and using the
recommended “"°Lu/*"*Lu ratio of 0.02656 (Blichert-
Toft & Albaréde, 1997) to calculate *"°Lu/*""Hf ratios.
Similarly, the interference of ®Yb on '°Hf was
corrected by measuring the interference-free '"*Yb
isotope and using the recommended “"°Yb/*"Yb ratio of
0.7962 (Chu et al., 2002) to calculate' ®Hf/*""Hf ratios.
The analyses were performed on domains of similar age
to the areas used for age determinations, as guided by
CL images. Off-line selection and integration of
analytical signals, and mass bias calibrations were
performed using ICPMSDataCal (Liu et al., 2010a).
The 'Hf/*""Hf ratios obtained using this
technigue  were  0.2822905+0.0000035 (1o,
MSWD=2.6, n=89) for 91500, and
0.282019+0.000004 (10, MSWD=4.5, n=87) for GJ-1.
These results are within 2o of the recommended
YOHf/HE ratios for 91500 (0.2823075%58, 20)
(Griffin et al.,, 2002; Wu et al., 2006) and GJ-1
(0.282015+0.000019, 20) (Elhlou et al., 2006).

4. ANALYTICAL RESULTS

4.1 Geochemistry

The chemical compositions of 5 tuff samples
were analyzed, with the aims of investigating the
tectonic setting of the CTR. The results are shown in
Table 1.

4.1.1 Major elements

In the CTR Samples, the SiO, content ranges
from 74.92 to 76.82, with an average of 75.58 (Table 1),
which shows formation from acidic magma. The K,O +
Na,O content ranges from 2.54 to 2.72 (with an average
of 2.64). In the SiO, — K,O + Na,O diagram, all points
are plotted in the rhyolite area (Fig 4). The Al,Oz is high
(its content ranges from 11.39 to 12.06, with an average
of 11.79), with the aluminum index (A/NCK) ranging
from 1.24 to 12.06, which suggests that the CTR should
be classified as peraluminous volcanic rocks (Fig 5).
The contents of FeO, Fe,0;, MgO and CaO are
relatively low, which is consistent with the evolution
trend of the major elements in acidic volcanic rocks.
The ratio of TiO./Al,O3 (weight %) is the most useful
indicator for provenance, values less than 0.02 being
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typical for acidic volcanic rocks (Zhou et al., 2000;
Burger et al., 2002). Our data shows that the
TiO,/AlL,O; ratio ranges from 0.005 to 0.007 with an
average of 0.0063, which is consistent with an acidic
magma origin (Table 1).

4.1.2 Trace elements

Trace element contents of the CTR are also
given in Table 1. Total rare earth element (XREE)
content ranges from 123.57 to 156.28 ppm, with an
average of 136.47 ppm, which is higher than the
averages of PAAS (182 ppm) (McLennan, 1989) and
NASC (176.2 ppm) (Haskin et al., 1968), respectively.
The ratio of LREE/HREE (Light REE/Heavy REE)
ranges from 5.46 to 5.83 (average 5.66), and the value
of (La/Yb)CN (CN = Chondrite Normalized) varies
between 4.87 and 5.93 (average 5.47), indicating the

CTR are relatively enriched in the LREE. The mean of
(La/Sm)CN (2.94) is higher than the average of
(Gd/LU)CN (1.40), suggesting that the LREEs are
enriched relative to HREEs. The CTR show a negative
Eu anomaly (6Eu = 0.19-0.74), indicating plagioclase
fractionation. The trends of primitive mantle normalized
REE values of the CTR are shown in Fig. 6a, displaying
a descending trend of LREE with flat HREE
distribution. The evidently negative Eu anomaly and
REE distribution pattern suggest the parental magma
formed in a subduction-related volcanic arc
environment. The CTR show strong positive anomalies
of Rb, Th and U and negative anomalies of Nb, Sr and
Eu on a spidergram of the primitive mantle normalized
values (Fig. 6b), which are thought to be related to a
volcanic arc-related setting (Munker, 1998).

Table 1. Major (%) and trace (ppm) element data of the CTR. Note: 8Eu = Eucy/ (SMCNxGdcy) % CN = Chondrite
Normalized; the normalization value after Sun & McDonough (1989); PREE means total rare earth elements.

Sample Ru.01 |Ru.02| Ru.03 | Ru.04 | Ru.05 Sample Ru.01 | Ru.02 | Ru.03 | Ru.04 | Ru.05
SiO; 75.83 | 75.01| 74.92 | 75.31 | 76.82 Nb 155 14 13.2 | 14.1 | 13.9
Al,O4 11.61 |11.97 | 12.06 | 11.91 | 11.39 Cs 4,07 | 3.89 | 3.78 | 3.83 | 3.63
Fe,0; 1.03 | 0.08 | 1.26 0.9 1.36 Ba 941 791 610 | 580 | 564
FeO 221 | 2.87 1.9 226 | 1.87 Hf 5.04 4.6 499 | 461 | 4.87
TiO, 0.08 | 0.06 | 0.08 0.07 | 0.08 Ta 151 | 152 | 1.35 | 147 | 1.35
Ca0O 129 | 155 | 1.58 1.87 | 0.88 Pb 232 | 265 | 254 | 279 | 20.3
MgO 126 | 1.23 | 1.23 1.25 | 1.24 Th 27.6 27 248 | 269 | 24.4
K,0 2.46 2.6 2.59 254 | 2.44 U 858 | 586 | 6.12 | 6.34 | 7.58
Na,O 0.12 | 0.12 | 011 0.12 0.1 La 249 | 223 | 28.4 | 247 | 217
MnO 0.05 | 0.05 | 0.06 0.06 | 0.04 Ce 57.7 | 516 | 62.2 | 51.8 | 50.6
P,Os 0.01 | 0.01 | 0.01 0.01 | 0.01 Pr 6.63 5.8 7.08 | 6.47 | 5.89
LOI 3.37 | 366 | 3.74 3.89 | 3.03 Nd 261 | 225 | 279 | 243 | 221
Total 99.32 [ 99.21| 99.54 | 100.19 | 99.26 Sm 5.47 | 4.86 | 5.87 | 5.24 | 4.67
SiOy/AlLO; | 6.53 | 6.27 | 6.21 6.32 | 6.74 Eu 059 | 055 | 0.64 | 0.59 | 0.52
TiO,/Al,05 | 0.0069 | 0.005 | 0.0066 | 0.0059 | 0.007 Gd 5.17 | 4.86 | 5.87 | 5.24 | 4.67
A/ICNK 1.3 1.73 | 1.24 145 | 1.24 Th 098 | 091 | 1.09 | 0.99 | 0.85
Mg# 41.73 | 42.7 | 41.96 | 42.06 | 41.68 Dy 6.34 5.7 6.86 | 6.03 | 5.43
Li 29.1 23 24.8 243 | 25.6 Ho 122 | 1.09 | 1.34 | 1.16 | 1.03
Sc 466 | 4.28 | 4.63 3.79 | 413 Er 328 | 294 | 3.77 | 3.19 | 238
\% 191 | 1.26 | 151 1.35 | 1.73 Tm 0.46 | 0.42 | 056 | 0.44 | 0.38
Cr 10.3 4.1 4.29 571 | 4.98 Yb 3.03 2.8 393 | 281 | 26
Co 1.71 | 1.27 | 1.32 1.3 1.36 Lu 046 | 042 | 0.61 | 043 | 04
Ni 402 | 1.38 | 1.89 2.2 1.86 YREE 142.33| 126.75 | 156.28 | 133.4 | 123.57
Cu 223 | 155 | 1.75 165 | 1.87 SEu 033 | 034 | 033 | 0.34 | 0.34
Zn 434 | 36.8 | 359 38.7 | 38.4 |LREE/HREE| 5.8 562 | 5.46 | 557 | 5.83
Ga 158 | 13.8 | 14.6 141 | 13.8 | (La/Yb)ey | 554 | 5.37 | 487 | 593 | 5.63
Rb 119 110 112 107 106 | (La/Sm)cy | 2.86 | 2.89 | 3.04 | 297 | 2.92
Sr 85.7 | 73.6 | 68.6 73.3 | 58.9 | (Gd/Lu)cy 1.4 144 | 123 | 152 | 143
Y 339 | 29.3 | 39.3 32.1 | 29.8 Zr/Hf 23.41 | 21.67 | 23.64 | 22.12 | 24.22
Zr 118 | 99.7 | 118 102 118 Nb/Ta 10.26 | 9.21 | 9.77 | 9.59 | 10.29
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Figure 5. A/NK-A/CNK diagram of the CTR
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Figure 6. REE distribution pattern (a) and spidergram (b) of the CTR and CTO (The major and trace element data of the
CTO are from Qiu et al., 2011, 2014).
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4.2 Zircon analysis

Magmatic zircons generally display typical
oscillation rings or sector zoning structures. The
crystal form is often hypautomorphic or automorphic
(Wu & Zheng, 2004). The CL images of zircons from
the CTR show typical magmatic growth oscillation
rings and rhythmic structures, suggesting a magmatic
origin. The crystals are sound, crack-free, clean and
transparent (Fig. 7). Studies have demonstrated
different U and Th contents and Th/U ratios for
zircons of different origins. Magmatic zircons have a
higher Th and U content and a larger Th/U ratio
(normally >0.4), whereas metamorphic zircons have a

> 8 &

lower Th and U content and a smaller Th/U ratio
(normally <0.1) (Rubatto & Gebauer, 1996; Hoskin &
Schaltegger, 2003; Moller et al., 2003; Wu & Zheng,
2004). We selected euhedral zircons and measured 12
spots. The results show a Th content range of 175-
716.5 ppm, a U content range of 241.8-1236.4 ppm,
and a Th/U ratio range of 0.4-1.06. Obviously, the U
and Th contents and the Th/U ratio of zircons from the
CTR (Table 2) indicate the magmatic origin of the
zircons. Also, taking into account the CL images of
these zircons, we can conclude that all the zircons from
the CTR are magmatogenic. The U-Pb zircon dating
yielded a concordia age of 231.2 + 1.4 Ma (Table 2,
Fig. 8), which represents the age of volcanic eruptions.

228+ 1.7Ma 229+2.0Ma 229+2.4Ma 234+3.5Ma
? G
231+2.0Ma 233+3.1Ma 232+2.5Ma 233+2.4Ma
233+2.7Ma 233+3. §Ma 234+2.6Ma 232+3.6Ma
50um

Figure 7. CL photographs of zircons from the CTR with test point location and ages marked. The solid line circles
indicate the positions for U-Pb analysis and the dotted circles indicate the positions for Hf isotope analyses.

Table 2. Zircon dating data of CTR

Test | Content (x10°) |Th/U Isotope ratio Age (Ma)
point| Pb | Th U ﬂ 1 ﬂ ﬂ 1 ﬂ 1 207ppy 1 207pp 1
206 Pb 235U 238U 206 Pb 235U 238U

Ru.01|54.3/580.2|1236.4| 0.47 | 0.0541|0.0009| 0.2687 |0.0046| 0.0360 |0.0003| 376 |37.0| 242 |3.7| 228 |1.7
Ru.02|34.0/716.5| 678.5 | 1.06 | 0.0502|0.0012| 0.2505 |0.0060| 0.0362 |0.0003| 211 |55.6| 227 |4.9| 229 |2.0
Ru.03|18.4|221.2| 432.7 | 0.51 | 0.0537|0.0014| 0.2658 |0.0063| 0.0362 |0.0004| 367 |57.4| 239 |51| 229 |24
Ru.04|42.8/400.6| 990.9 | 0.40 | 0.0540|0.0016|0.2741|0.0064 | 0.0370 |0.0006| 372 |66.7 | 246 |51| 234 |35
Ru.05|46.9/505.4/1083.5| 0.47 | 0.0519|0.0011| 0.2605 |0.0054 | 0.0365 |0.0003| 280 |50.0| 235 |4.4| 231 |2.0
Ru.07|18.1|254.6| 393.1 | 0.65 | 0.0557|0.0027| 0.2825|0.0135| 0.0369 |0.0005| 443 |107.4| 253 |10.7| 233 |3.1
Ru.08|16.1|188.5| 368.6 | 0.51 | 0.0559|0.0023| 0.2818 |0.0109| 0.0366 |0.0004| 456 |123.1| 252 |8.7| 232 |25
Ru.09|41.2427.5| 943.3 | 0.45 | 0.0503|0.0012| 0.2573|0.0063| 0.0369 |0.0004| 209 |57.4| 232 |51| 233 |24
Ru.11|22.1|270.8| 509.6 | 0.53 | 0.0512|0.0016| 0.2586 |0.0076| 0.0368 |0.0004| 256 |70.4| 233 |6.1| 233 |2.7
Ru.12|12.8|184.9| 289.0 | 0.64 | 0.0498|0.0025| 0.2501 |0.0119| 0.0368 |0.0006| 187 |116.7| 227 |9.7| 233 |3.8
Ru.13|29.3439.6| 646.9 | 0.68 | 0.0539|0.0021|0.2737|0.0102| 0.0369 |0.0004| 365 |87.0| 246 |8.1| 234 |2.6
Ru.14|10.9/175.0| 241.8 | 0.72|0.0511|0.0031| 0.2587 |0.0164 | 0.0367 |0.0006| 243 |145.4| 234 |13.2| 232 |3.6
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Figure 8. Weighted mean ***Pb/*®U SHRIMP dates (a) and associated U-Pb concordia curve plots (b) for the CTR

4.3 Hf isotopic characteristics of zircons
obtained from the CTR

Zircon has strong stability, so that its Hf
isotope is less affected in the later geological time.
The extremely low Lu content can be used to obtain
the accurate Hf isotopic composition of zircon
when it formed. These characteristics make Lu—Hf
isotopes become an important tool to explore the
evolution of the crust and trace the source of the
rocks (Amelin et al., 1999).

For this study, we conducted analyses of the
Lu-Hf isotopes in the zircons of CTR. The used
analytical points coincided with or were in the same
oscillatory zones as the U-Pb age dating points,
ensuring that zircons of the same age were
analyzed.

The results of Lu-Hf isotope analysis are

shown in Table 3. The *Lu/*""Hf ratio of the CTR is
less than 0.002, showing the zircon accumulated less
radiogenic Hf after it formed. The measured
YOLu/M""HF ratio can better reflect the Hf isotopic
composition of zircon in its formation process. The
YOHf/"""HF ratio of the analytical points ranges from
0.28253123 to 0.28262111, and the g(t) value ranges
from -3.857 to -0.722 (with an average of -2. 17).

The fLyws ratio of zircons (averaging -0.97) are
significantly less than the f, ¢ ratio of continental
crust, thus the two-stage model age can correctly
reflect the time when the source materials were
extracted from the depleted mantle (Wu et al., 2007).
The REE patterns suggest that the parent rocks of the
CTR are granitic, therefore, the Lu/Hf ratio of the
sialic crust was used in the calculation of the
tomz2(HT). The two-stage Hf-isotope model ages of the
CTR range from 1297 to 1495 Ma (Table 3).

Table 3. Hf isotopic compositions for zircons obtained from the CTR

;)eif]tt t(Ma)| 1o | 7SLu/THf 26 USHETHE | 26 &u(0) | e® | 20 | Toms | Tomz | Fuums
Ru.01 | 228 | 4 [0.0014139342.32253E-06|0.28261707 | 1.926E-05 | -5.479 | -0.83 | 0.702 | 908.83 | 1303 |-0.957
Ru.02 | 229 | 4 [0.001773408|1.96269E-050.28259791 | 1.678E-05 | -6.1564 | -1.56 | 0.617 | 945.21 | 1350 | -0.947
Ru.03 | 229 | 4 [0.002177969| 3.8177E-05 | 0.28260142 | 3.049E-05 | -6.0322 | -1.495 | 1.091 | 950.57 | 1346 |-0.934
Ru.04 | 234 | 4 | 0.0027597 |2.86007E-05|0.28261042|2.506E-05| -5.714 | -1.262 | 0.901 | 952.66 | 1331 |-0.917
Ru.05 | 231 | 4 | 0.00165526 |1.56491E-05|0.28262111 | 2.266E-05 | -5.3362 | -0.722 | 0.819 | 908.97 | 1297 | -0.95
Ru.07 | 233 | 4 [0.001002606 |2.72453E-06 | 0.28253371 | 2.233E-05 | -8.4271 | -3.719 | 0.808 | 1016.2 | 1486 | -0.97
Ru.08 | 232 | 4 [0.001350313|2.15562E-05|0.28253123 | 2.693E-05 | -8.5146 | -3.857 | 0.968 | 1029.2 | 1495 |-0.959
Ru.09 | 233 | 4 [0.002334376|1.23074E-05|0.28254581 | 2.855E-05 | -7.9991 | -3.486 | 1.023 | 1035.7 | 1471 | -0.93
Rull| 233 | 4 [0.001478325|3.82881E-050.28256337 | 2.192E-05 | -7.3779 | -2.739 | 0.794 | 986.93 | 1424 |-0.955
Ru12 | 233 | 4 | 0.00159611 |9.61048E-06|0.28256001 | 2.325E-05 | -7.4967 | -2.875 | 0.84 | 994.86 | 1433 |-0.952
Ru.13 | 234 | 4 [0.001450941|9.10601E-06 |0.28258636 | 1.864E-05 | -6.5651 | -1.922 | 0.681 | 953.49 | 1373 |-0.956
Rul4 | 232 | 4 [0.0013413441.28092E-05|0.28259458 | 2.056E-05 | -6.2744 | -1.615 | 0.747 | 939.02 | 1353 | -0.96

128




20¢

< S
Chondrite 1,55

'E‘Hf(t)

LT P M
0 500 1000

P A
1500

P A ' il
2000 2500 3000

U-Pb Age (Ma)

Figure 9. eyt (t) vs U-Pb age diagram for zircons obtained from the CTR

5. DISCUSSION

5.1 The affinity between the CTR and CTO

In order to determine the relationship between
the CTR and CTO, this paper comparatively analyzed
their zircon U-Pb ages, geochemical characteristics and
Hf isotope characterization. The REE distribution
pattern and spidergram of the CTR present a
consistency with the CTO (Fig. 6): (1) REE
distribution patterns of the CTR and CTO show a
negative Eu anomaly, and the chondrite-normalized
REE diagram displays a rightward inclined slope of
LREE with flat HREE trend. (2) Both CTR and CTO
show strong positive anomalies of Rb, Th and U, and
negative anomalies of Nb, Sr and Eu on a primitive
mantle-normalized spidergram. LA-ICP-MS zircon U-
Pb data shows that the crystallization age of the CTR is
231.2 + 1.4 Ma, which is consistent with the zircon U-
Pb age of 205~242 Ma for the CTO (Deng et al.,
2008, 2009; Zhang et al., 2009a, 2014; Yang & Deng,
2013; Wang et al, 2014). Their Hf isotope
characterizations are also extremely similar: (1) The
ent(t) value of the CTR ranges from -3.857 to -0.722
(with an average of -2.17), and that of the CTO ranges
from -6.6 to 1.6 (with an average of -2.4) (Zhang et al.,
2014), (2) The two-stage Hf-isotope model ages of the
CTR range from 1.3 Ga to 1.5 Ga, and that of the CTO
ranges from 1.1 Ga to 1.3 Ga (Zhang et al., 2014).
Their Hf isotope characterization indicates that all the
Chang 7 tuffs sampled from these two places mainly
originated from partial melting of the Mesoproterozoic
to Neoproterozoic crustal material.

In summary, because of the similar zircon U-Pb
ages, geochemical characteristics and Hf isotope
characterization, the CTR and CTO were products of
volcanic activity in the same tectonic setting. Because

the former covers a wider range, it should correspond
to the most intense volcanic eruption in the Qinling
orogenic belt.

5.2 Magmatic origin

In the Si0, — K,O + Na,O diagram, all
samples are plotted in the rhyolite area. This shows
that the CTR is rhyolitic tuff. The experimental
petrology study shows that the rhyolitic magma
originated from the partial melting of the mid-crustal
rocks, and it cannot originate from the partial melting
of peridotite in the upper mantle (Rushmer, 1991;
Beard & Lofgren, 1991; Hirose, 1997). The element
geochemistry theory suggests that the geochemical
behavior of Sr, Ba, Eu and Ca are similar, and the
geochemical behavior of Sr and Ba in the endogenous
processes depends on the original concentration of Ca
in magmatic melts (Liu et al, 1984; Wang et al., 1989;
Li 1992; Lai et al., 2006). The rhyolitic tuff shows
strong negative anomalies in Sr and Ba. This suggests
that the rhyolite originated from the lower crust,
where the plagioclase is stable (Defant & Drummond,
1993), or it experienced a more significant
fractionation of plagioclase during the ascent of the
primary magma.

Distinctly from the steep HREE distribution
pattern of the modern adakites (Drummond et al.,
1996; Martin, 1999), the CTR shows a relatively flat
HREE distribution pattern. This suggests that the
residue of partial melting contains amphibole, but not
garnet. The low TiO, content of CTR may be related
to this. According to the results of experimental
petrology, at the pressure-temperature conditions of
850-1100°C and <1.0 GPa, the hornblende and
plagioclase coexist as residual phases of partial
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melting without reacting to form garnet (Lai et al.,
2006). This, in conjunction with the formation of
rhyolitic magma at pressure greater than 0.5 GPa,
suggests that the parental magma originated from the
lower, crust at depths from 35 to 15 km.

The g(t) value of CTR ranges from -3.857 to
-0.722, with an average of -2.17. In the T-g(t) diagram,
all points are plotted under the chondrite, showing that
the tuffs originated from the partial melting of ancient
crust. The two-stages Hf-isotope model ages of the CTR
range from 1297 to 1495 Ma, which is significantly
greater than its formation age (228 to 234 Ma). This
indicates that the CTR mainly originated from
Mesoproterozoic crustal material (Fig. 9).

Considering the lack of evidence of volcanic
eruptions in the Ordos Basin during the deposition of
the CTO and CTR, the vents were most likely located
outside the basin. Previous research suggests a clear
decrease in the total thickness of Chang7 tuff
intervals toward the northeastern Ordos Basin (Fig.1),
indicating that these tuffs are from the southwestern
part of the Ordos basin or south of this basin (Deng et
al., 2008, 2009; Qiu et al., 2011, 2014).

Zhang et al., (2014) thought the parental
magma of the Chang7 tuff intervals in the
southwestern part of Ordos Basin are a mixture of
Yaolinghe Group basic volcanic rocks and Yunxi
Group acid volcanic rocks from the basement of the
South Qinling Orogenic belt. However, considering
that the Yaolinghe Group mainly consists of basic
volcanic rocks metamorphosed under greenschist or
amphibolite facies conditions, these could not be
partially melted to produce granitic magma (Zhang et
al., 2002). Therefore, these basic volcanic rocks are
not the source rocks of Chang?7 rhyolitic tuffs.

The two-stage Hf-isotope model ages of CTR is
older than that produced by the Indosinian granites

1000 ¢
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£
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Figure 10. Tectonic discrimination diagrams for the CTR,

from the south Qinling Orogenic belt (1.3-0.9 Ga)
(Gong et al., 2009; Qin et al., 2010, 2013), but similar
to that of the Indosinian granites from the eastern part
of the west Qinling Orogenic belt (1.5-1.3 Ga) (Li et
al., 2015; Luo et al., 2015; Huang, 2016; Ren et al.,
2016; Wang et al., 2016). Based on the Tpwmc
comparison, the Chang7 tuffs and the Indosinian
granites from the eastern part of west Qinling Orogenic
belt have the same parental magma. Ancient basement
is hardly found in the west Qinling Orogenic belt,
while the Nd model ages of Indosinian granites yield
two peaks at ~1.51 Ga and ~1.35 Ga (Zhang et al.,
2002; Huang, 2016). That means the lower crust of
west Qinling Orogenic belt is mainly composed of two
stages Mesoproterozoic extracts from mantle, which
correlate  well with the Mesoproterozoic crustal
accretion on the northwestern margin of Yangtze block
(Zhang et al., 2002). It can be concluded that the
Mesoproterozoic crust which similar to that in Yangtze
block is existing in the west Qinling Orogenic belt. The
Chang7 tuffs and the granites in the eastern part of
west Qinling Orogenic belt might come from the
partial melting of Mesoproterozoic metamorphic
basement of the west Qinling Orogenic belt.

5.3 Tectonomagmatic setting

In order to determine the possible tectonic
setting of the volcanoes responsible for the CTR, we
plotted the tuff data on the bivariate plots of Nb versus
Y (Fig. 10a) and Rb versus Y + Nb (Fig. 10b), which
are used for discriminating the tectonic setting of
granitic rocks (Pearce et al., 1984). Most of the CTR
data fall in the “*volcanic-arc granite’” field, suggesting
the derivation of the CTR from an arc-related source.
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after Pearce et al., 1984. VAG: volcanic arc granite; Syn-

COLG: syn-collisional granite; WPG: within plate granite; ORG: ocean ridge granite.
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According to previous research, it is widely
accepted that the A'nyemagen—-Mianlue Ocean was
subducted northward in Late Paleozoic and then it
closed in the Middle-Late Triassic (Zhang et al., 2001,
2004; Meng et al., 2005; Jiang et al., 2010; Dong et
al., 2012; Ni et al., 2012; Li et al., 2013, 2014; Qiu et
al., 2014). The closure of A'nyemagen—Mianlue
Ocean caused the collision of the South China blocks
with the South Qinling orogen along the Mianlue
suture belt that led to final integration of the North and
South China blocks. Many metavolcanic rocks of 220
~245 Ma were well dated along this suture belt
showing the collision time (Li et al., 1996, 2015; Lai
etal., 1998; Gong et al., 2009; Cao et al., 2011; Zhang
et al., 2009b; Liu et al., 2011). The depositional age of
the CTR ranges from 228 to 234 Ma, which is
consistent with the subduction time of A'nyemagen—
Mianlue Ocean and collision time of North China
block and Yangtze block. Therefore, the formation of
CTR may relate to the volcanic arc formed during the
subduction of the A'nyemagen—Mianlue Ocean.

6. CONCLUSION

1. The U-Pb dating result of the CTR are
within the age interval of 242~205 Ma for CTO,
and the CTR have similar geochemical and Hf
isotopic characteristics with CTO, thus they are the
product of volcanic eruption in the same tectonic
setting. Due to the wider coverage, the CTR should
correspond to the most intense volcanic eruption in
the Qinling orogenic belt.

2. The geochemical composition of CTR shows
that the magma originated from the partial melting of
the lower crust, whose depth ranges from 35 to 15 km.
The two-stage Hf-isotope model ages of the CTR
ranges from 1297 to 1495 Ma, indicating that they
mainly derive from Mesoproterozoic crustal material.

3. Major and trace element data suggests that
the tectonomagmatic origin of the CTR was related
to a volcanic arc. LA-ICP-MS zircon U-Pb data
shows that CTR crystallized at 231.2 + 1.4 Ma,
which is consistent with the subduction time of
A'nyemagen—-Mianlue Ocean, thus the formation of
the CTR may be related to volcanic arc in the
process of subduction.
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