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Geochronological, geochemical, and whole-rock Sr—Nd isotopic analyses were performed on a suite of Palacozoic nepheline
syenites from Zijinshan to characterize their ages and petrogenesis. Laser ablation inductively coupled plasma-mass spec-
trometry U—Pb zircon analyses yield consistent ages of 525.7 £ 2.8 million years for a sample (HYKO1). These intrusive
rocks belong to the foid syenite magma series in terms of K,O + Na,O contents (14.3—15.2 wt.%) and to the shoshonitic
series based on their high K, O contents (5.42-5.61 wt.%). The nepheline syenites are further characterized by high light rare
earth element contents [(La/Yb)y = 29.1-36.1]; show modest negative Eu anomalies (§Eu = 0.5-0.6) and positive anoma-
lies in Rb, Th, U, Pb, Zr, and Hf; are depleted in Ba and high field strength elements (P and Ti). In addition, all the nepheline
syenites in this study display relatively low radiogenic Sr (*’Sr/3°Sr); (0.7042-0.7043) and positive enq (£) (0.7-0.8). These
results suggest that the nepheline syenites were derived from depleted continental crust. The parent magmas likely experi-
enced fractional crystallization of plagioclase, Ti-bearing oxides (e.g. rutile, ilmenite, and titanite), apatite, and zircon during
ascent, with negligible crustal contamination before final emplacement at a high crustal level.

Keywords: nepheline syenites; petrogenesis; Palacozoic; Shanxi Province; North China Craton

1. Introduction

Nepheline syenite is an alkaline rock that is similar
in its medium- to coarse-grained appearance to granite.
However, an essential compositional difference between
the two rocks is that the nepheline syenite is deficient in
silica and has a higher proportion of the alkalis sodium
and potassium, as well as a higher proportion of alu-
mina. Nepheline is a feldspathoid mineral of compo-
sition (Na, K) AlSiO4 and usually forms small grains
that are intercrystallized with feldspar. Its chemistry is
close to alkali feldspars, but the latter are poorer in
silica (Nepheline Syenite Inventory 1999; Tait et al.
2003). Compared with pure feldspars, advantages of the
use of nepheline syenite include its high potassium and
sodium content (K20 + NaO is about 9-12% in feldspars
whereas it is greater than 14% in nepheline syenite)
and its generally lower melting temperature compared
with potassium feldspar, which always contains other
phases, such as quartz, that shift the melting point to
higher temperatures (Esposito et al. 2005; Burat et al.
2000).

Nepheline syenite is often preferred in prospecting,
plastics processes, glass technology, and paint and pottery
processes, among others. There are over 12 nepheline
syenite intrusions in China, six of which, including the
studied alkaline rocks, are distributed in the North China
Craton (NCC), five of which are spread in the Yangtze
Craton, and one of which is found in the Tarim Craton
(Huang and Qiu 2001). Their emplacements are strictly
controlled by deep faults, such as the Panxi Rift in the
Yangtze Craton and Xiaojiang and Nanpanjiang faults in
other cratons. Most nepheline syenites were formed dur-
ing the Yanshanian period, including the Gejiu intrusion
(108.5-94.3 Ma), the Ningnan intrusion (206-193 Ma),
the Zijinshan intrusion (138.7 Ma), the Yongping intrusion
(>10 Ma), and the Fengcheng intrusion (166 Ma) (Huang
and Qiu 2001). Few nepheline syenites formed during other
times have been reported. As such, it is important to under-
take detailed investigations of alkaline rocks, especially
those alkaline associations within NCC.

Our work on ~526 Ma alkaline intrusions provides
further insights into this debate and helps determine the
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Figure 1. (A) Geological map of the study area, showing the three tectonic subdivisions of the North China Craton. (B) Distribution of
nepheline syenite and the adjacent stratum in the Zijinshan area, Shanxi Province.

petrogenetic processes that occur during the later evolu-
tionary stage. In this article, we present laser ablation
inductively coupled plasma-mass spectrometry (LA-ICP-
MS) U-Pb ages, major and trace element geochemistries,

and Sr—Nd isotope data on the alkaline rocks of the
nepheline syenite from the northern regions of Shanxi
Province, China (Figure 1). These data are used to discuss
the petrogenesis of these rocks.
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2. Geological setting and petrography

There are over six nepheline syenite intrusions in the NCC
(Huang and Qiu 2001); each of these alkaline rocks could
provide important insights into the tectonothermal evolu-
tion of the lithosphere of the NCC, as well as possible
palaeo-linkage(s) between the NCC and other craton(s).
Many precise ages for the alkaline rocks in the NCC have
been published in recent papers (Zhou and Zhao 1994,
1996; Zhao and Zhou 1994; Hu and Zhou 2007; Ying
et al. 2007; Liu 2008; Yang et al. 2009), for example,
the 135-125 Ma Zijinshan nepheline syenite in Shanxi
Province, China.

The study area is located within Shanxi Province in the
northern parts of the NCC (Figure 1A). Nepheline syenites
in the study area are emplaced into the Yuzhuang group of

the Shangcheng series stratum (g!4), and the alkaline rocks
are near WE trending (Figure 1B). The alkaline rocks are
commonly 150-630 m wide and 85-90 km in length. They
are exposed for ~12.8-57.8 km?. Representative pictures
and photomicrographs of the nepheline syenites from the
study area are provided in Figure 2. The alkaline rocks are
all nepheline syenite with a granitic texture (Figure 2). The
nepheline syenites appear grey and celadon, mainly con-
taining 65-70% alkali feldspar (e.g. orthoclase, anortho-
clase, feldspar, and albite), 16-25% nepheline (e.g. cal-
cium nepheline), and 10-15% alkaline dark minerals (e.g.
aegirine augite, aegirine, and arfvedsonite). Sometimes, the
ring structure of pyroxene appears. Accessory minerals
include magnetite, ilmenite, zircon, apatite, and titanite.

Figure 2. Representative photos and photomicrographs showing the sample and petrographic features of the nepheline syenites from

Zijinshan. All samples display similar granitic textures.
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3. Analytical methods
3.1. U-Pb dating by LA-ICP-MS

Zircon was separated from one sample (HYKOI1) using
conventional heavy-liquid and magnetic techniques at the
Langfang Regional Geological Survey, Hebei Province,
China. Zircon separates were examined under transmitted
and reflected light and by cathodoluminescence petrogra-
phy at the State Key Laboratory of Continental Dynamics,
Northwest University, China, to reveal their external and
internal structures.

Laser ablation techniques were employed for zircon age
determinations (Table 1; Figure 3) using an Agilent 7500a
ICP-MS instrument equipped with a 193 nm excimer
laser, housed at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of
Geoscience, Wuhan, China. Zircon #91500 was used as a
standard and NIST 610 was used to optimize the results.
A spot diameter of 24 pm was used. Prior to LA-ICP-MS
zircon U-Pb dating, the surfaces of the grain mounts were
washed in dilute HNO3 and pure alcohol to remove any
potential lead contamination. The analytical methodology
is described in detail by Yuan et al. (2004). Correction
for common Pb was made following Andersen (2002).
Data were processed using the GLITTER and ISOPLOT
programs (Ludwig 2003) (Table 1; Figure 3). Errors for
individual analyses by LA-ICP-MS are quoted at the 95%
(1o) confidence level.

3.2.  Whole-rock major and trace elements, and Sr—Nd
isotopes

Fifteen samples were collected for analyses of whole-rock
major and trace elements, and 15 samples for Sr—Nd iso-
topes. Samples were trimmed to remove altered surfaces,
cleaned with deionized water, crushed, and powdered in an
agate mill.

Major elements were analysed with a PANalytical
Axios-advance (Axios PW4400) X-ray fluorescence
spectrometer at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (CAS), Guiyang. Fused glass
discs were prepared for analyses of major elements.
Analytical precision, as determined for the Chinese
National Standards GSR-1 and GSR-3, was better than 5%
for all elements (Table 2). Loss on ignition was obtained
using 1 g of powder heated to 1100°C for 1 h.

Trace elements were measured using a Perkin—Elmer
Sciex ELAN 6000 ICP-MS at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry,
CAS, Guiyang. Powdered samples (50 mg) were dissolved
in high-pressure Teflon bombs using a mixture of HF +
HNO3 and heated for 48 h at ~190°C (Qi et al. 2000).
Rh was used as an internal standard to monitor signal drift
during counting. Analyses of the international standard

LA-ICP-MS U-Pb isotopic data for zircon within the nepheline syenites from Zijinshan, Shanxi Province.

Table 1.

Age (MA)

Isotopic ratios

Hyk 01

lo 207Pb/235U 1o 206Pb/238U 1o 207Pb/206 1o 207Pb/235U 1o 206Pb/238U lo

U(ppm) Pb(ppm) Th/U 2°Pb/?°Pb

Th(ppm)

Spot

520
522
527
524
529
523
521
531
531

524
521

32
45

517

0.0009
0.0008
0.0008
0.0008
0.0008
0.0007
0.0008
0.0007
0.0008
0.0013
0.0009
0.0008

0.041

0.0153
0.0188
0.0231
0.0186
0.0167
0.0179
0.0182
0.0158
0.0181
0.0343
0.0200
0.0160

0.6750
0.6713
0.6963
0.6655
0.6653
0.6598
0.6755
0.6786
0.6774
0.6689
0.6721
0.6759

0.0014
0.0017
0.0021
0.0016
0.0014
0.0016
0.0015
0.0013
0.0015
0.0030
0.0017
0.0014

0.0557
0.568

2.16
2.40
3.11
2.65
242
1.92
1.32
2.50
2.61
2.25
2.06
1.70

204

2113

979
367
383
448
404

11

483

0.0844
0.0852
0.0847
0.0856
0.0845
0.0842
0.0859
0.0859
0.0846
0.0850
0.0853

87.2
115

881
1190
1187

979

735
1007
1962

936

251

903
1490

14

11

537
518
518
514
524
525
525

56
44
39
45

562
477

0.0589
0.0566
0.0561
0.0564
0.0578
0.0570
0.0569
0.0577
0.0571
0.0573

116

10

11

454

97.1

467

74.0
107

384
764
784
358

11
11

42
4
4

522
490

190

11

21

486
518

90.6
25

524
526
528

520
522
524

86
47

112
439

10

11

12
10

495
502

90.0
153

36

877

12

1299
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Figure 3. LA-ICP-MS zircon U-Pb concordia diagrams for the nepheline syenites from Zijinshan, Shanxi Province.

GBPG-1 indicated a precision generally better than 5% for
all elements. Analyses of the international standards OU-
6 and GBPG-1 were in close agreement with recommended
values (Table 3).

For analyses of Rb—Sr and Sm—Nd isotopes, sample
powders were spiked with mixed isotope tracers, dissolved
in Teflon capsules with HF 4+ HNOj3 acids, and separated
by conventional cation-exchange techniques. Isotopic mea-
surements were performed on a Finnigan Triton Ti thermal
ionization mass spectrometer at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry,
CAS, Guiyang. Procedural blanks were <200 pg for Sm
and Nd and <500 pg for Rb and Sr. Mass fractionation
corrections for Sr and Nd isotopic ratios were based on
865r/88Sr = 0.1194 and 'ONd/'*Nd = 0.7219, respec-
tively. Analyses of standards during the period of analysis
yielded the following results: NBS987 gave 87Sr/30Sr =
0.710246 + 16 (20) and La Jolla gave 'Nd/'*Nd =
0.511863 £+ 8 (20). The analytical results for Sr—Nd
isotopes are presented in Table 4.

4. Results
4.1. LA-ICP-MS U-Pb age determinations

Euhedral zircon grains in samples HYKOI1 are clean and
prismatic, with magmatic oscillatory zoning. Twelve grains
gave a weighted mean 2°°Pb/?33U age of 525.7+ 2.8 Ma
(lo) (95% confidence interval) for HYKO1 (Table 1;
Figure 3). These determinations are the best estimates of
the crystallization ages of the nepheline syenites. In addi-
tion, no inherited zircon characteristics are observed.

4.2. Major and trace elements

Tables 2 and 3 show representative whole-rock major and
trace element data for the studied nepheline syenites, which
have high SiO; (59-61 wt.%), Al,O3 (20.4-21 wt.%),
NayO (8.3-9.6 wt.%), and K,O (5.4-5.6 wt.%) contents,
and low Fe;O3 (1.73-1.95 wt.%), MgO (0.06-0.11 wt.%,
Mg# = 6.9-11), CaO (0.67-0.83 wt.%), and P,Os
(0.001-0.003 wt.%) contents.

In a plot of alkalis (Na,O + K,O) versus SiO;
(Figure 4A), the nepheline syenites plot in the fields of the
foid syenite series. In K, O versus SiO; plots (Figure 4B),
the syenites plot in the shoshonitic fields. In a plot of the
molar ratios of Al;03/(NaO 4+ K,0) and Al;03/(CaO +
NayO + K,0), the rocks are mostly peraluminous; some
samples fall between the boundary of metaluminous and
peralkaline rocks (Figure 4C).

All of the samples show high light rare earth ele-
ments [e.g. (La/Yb)y = 29.1-36.1] (Table 3; Figure 7A),
as well as high contents of Rb (226-255 ppm),
Th (81.8-93 ppm), U (18.2-21.3 ppm), Pb (48.3-55 ppm),
Zr (1240-1370 ppm), and Hf (24.3-26.8 ppm) (Table 3;
Figure 7B). All the nepheline syenites have negative Eu
anomalies (Eu/Eu* = 0.5-0.6) (Table 3; Figure 7A). In a
primitive mantle-normalized trace elemental diagram, the
nepheline syenites are characterized by enrichment in Rb,
Th, U, Pb, Zr, and Hf, and depletion in Ba and high field
strength elements (Sr, P, and Ti) (Figure 7B). The nepheline
syenites show regular trends of increasing Al,O3 and CaO,
slight decreasing Zr with increasing SiO, (Figures 6B,
5E, and 6E). There are no apparent correlations, however,
between other oxides, trace elements, and SiO; (Figures 6
and 7).
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Figure 5.
Zijinshan, Shanxi Province.

(Figure 7B), which is consistent with the involvement
of crustal compositions (Rudnick and Fountain 1995).
In combined studies of chondrite-normalized REE dia-
grams (Figure 7A), some of the trace element contents
and ratios, for example, Th, Pb, and Eu/Eu*, indicate
that an upper crustal component, but not the middle—lower
crust, is involved in the generation of the nepheline
syenites (Rudnick and Fountain 1995). The peralumi-
nous, silica-rich composition of the nepheline syenite

Whole-rock SiO, versus SiO,, TiO,, Al,O3, Fe,0s3,

SiO, (wt. %)

MgO, CaO, Na,0, K,0, and P,0s for the nepheline syenites from

further suggests an important contribution of metasedi-
mentary material among its sources. The lack of corre-
lation between the eng (f) values and Nd concentrations
for the nepheline syenite (Figure 8B), however, precludes
assimilation and fractional crystallization as a major pro-
cess during the late evolutionary stages, at a shallow
crustal level. The granitoid rocks have low initial 8”Sr/%0Sr
ratios (0.7042—0.7043) and slightly positive eng (¢) values
(0.7-0.8) (Table 4; Figure 8A). Therefore, the geochemical
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Figure 6. Whole-rock SiO, versus Cr, Ni, Rb, Sr, Ba, and Zr for the nepheline syenites from Zijinshan.

and Sr—Nd isotopic signatures of the nepheline syenites are
mainly inherited from a depleted source.

5.2.  Fractional crystallization

The variable Mg* (6.9-11) and low element content,
such as Cr (0.12-6.05 ppm) and Ni (0.31-2.16 ppm)
(Table 3), of the nepheline syenite are consistent with slight
fractionation. For the studied nepheline syenites, Al,O3
and CaO show a positive correlation with SiO; (Figure 6B
and 6E), which is probably related to the fractionation of
plagioclase. Plagioclase fractional crystallization is further
supported by the negative Eu and Sr anomalies observed in
the studied nepheline syenites (Figure 7A and 7B). In addi-
tion, the presence of negative P and Ti anomalies in the
analysed samples (Figure 7B) supports the fractionation
of Ti-bearing oxides (e.g. rutile, ilmenite, and titanite) and
apatite.

The nepheline syenites show slightly decreasing Zr
with increasing SiO; (Figure 6F), indicating that zircon

was relatively saturated in the magma and was also a major
fractionating phase controlled by fractional crystallization
(Li et al. 2007). Zircon saturation thermometry (Watson
and Harrison 1983) provides a simple and robust means of
estimating magma temperatures from bulk-rock composi-
tions. The calculated zircon saturation temperatures (7z;)
of the nepheline syenites were 1032-1056°C (Table 2),
representing the crystallization temperature of the magma.

5.3. The source and petrogenetic model

The high silica contents (59.26-60.44 wt.%), relatively
low concentrations of MgO (0.06-0.11 wt.%, or Mg” s),
Cr (0.12-6.05 ppm), Ni (0.31-2.16 ppm), and 87Sr/3¢Sr
(0.7042—0.7043), and positive eng (¢) (0.7-0.8) suggest that
the nepheline syenites were derived by crustal assimila-
tion and fractional crystallization, or from a felsic rather
than mafic—ultramafic source. The lack of crust assim-
ilation, however, precludes the first probability. Crustal
rocks can be recommended as possible sources because
experimental evidence shows that partial melting of any
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of the older, exposed crustal rocks (e.g. Hirajima et al.
1990; Yang et al. 1993; Zhang et al. 1994, 1995; Kato
et al. 1997) and lower crustal intermediate granulites (Gao
et al. 1998a, b) in the deep crust would produce high-Si,
low-Mg liquids (i.e. granitoid liquids; Rapp et al. 2003),
as the nepheline syenite magmas present in the Shanxi
alkaline rocks. Moreover, the Sr—Nd isotopic signatures of
the nepheline syenites are incomparable with the associated
and homochronous mafic dikes in the study area in terms
of favouring their derivation from felsic magmas and are
non-similar to the parental magmas of the mafic rocks in
the mantle source.

At present, models proposed for the generation of
syenites may be divided into three groups. First, syenite
magmas may originate by partial melting of crustal rocks
resulting from an influx of volatiles (e.g. Lubala et al.
1994) or in a closed system at pressures typical of the
base of over-thickened crust (Huang and Wyllie 1981).
Second, syenite magmas may be products of partial melt-
ing of metasomatized mantle (Sutcliffe ef al. 1990; Lynch
et al. 1993) or the residual melts formed by differenti-
ation of alkali basalt magma (Parker 1983; Brown and
Becker 1986; Thorpe and Tindle 1992). Third, syenites may
result from magma mixing processes, particularly mixing
of basic and silicic melts with subsequent differentiation

of the hybrid liquids (Barker et al. 1975; Sheppard 1995;
Zhao et al. 1995; Litvinovsky et al. 2002) or by mixing
of mantle-derived, silica-undersaturated alkaline magmas
with lower crustally derived granitic magmas (e.g. Dorais
1990).

Several extensive studies on the Mesozoic alkaline
complex in Zijishan, Shanxi Province, have been con-
ducted. For example, Liu (2008) previously studied
Zijinshan alkaline complexes (including some nepheline
syenites) and suggested that petrogenesis is related to WN-
trending subduction and extrusion of the Pacific block. The
activity of the Pacific block extends to middle and west-
ern China and yields a large-scale alkaline complex in
Zijinshan. The petrogenetic model is mainly due to magma
mixing. Yang et al. (2009) investigated some Zijinshan
alkaline rocks in Shanxi Province; they proposed that the
formation of alkaline rocks could be attributed to astheno-
spheric upwelling, which triggers alkaline magmatism,
tectonic transformations, lithosphere thinning, underplat-
ing of the mantle magma, and tectonothermal events within
Shandong Province and the NCC. In addition, Ying et al.
(2007) considered that the Zijinshan alkaline complex is
generated in an extensional environment. Nevertheless,
detailed research on the Palaecozoic alkaline rocks in
Zijinshan, Shanxi Province, has not been conducted on
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the basis of the above discussions. Nepheline syenites
do not appear to be derived from mantle sources, which
directly preclude the second and third models. We thus
prefer the first model to interpret the petrogenesis of the
nepheline syenites, specifically, nepheline syenite magmas
originating from the partial melting of crustal rocks.

6. Conclusions

Based on the geochronological, geochemical, and Sr—Nd
isotopic data, the following conclusions concerning the
origins of the nepheline syenites can be drawn.

(1) The U-Pb zircon age data indicate that the studied
Zijinshan nepheline syenites crystallized at 525.7
+ 2.8 Ma.

(2) The nepheline syenites belong to the foid syenite
magma series and show shoshonitic whole-
rock affinities based on their KO and NayO
contents. The rocks have high light rare earth

elements [(La/Yb)y =29.1-36.1], show negative
Eu anomalies (§Eu = 0.5-0.6), positive anomalies
in Rb, Th, U, Pb, Zr, and Hf, and are depleted in
Ba and high field strength elements (P and Ti).
The studied rocks all show relatively low radio-
genic Sr (37Sr/80Sr); (0.7042—0.7043) and positive
end (1) (0.7-0.8), suggesting origination from a
depleted felsic crust source.

(3) The parent magmas probably originated via frac-
tional crystallization of plagioclase and Fe-Ti
oxides (e.g. rutile, ilmenite, titanite, etc.), apatite,
and zircon during the ascent of alkaline rocks
with negligible crustal contamination. Zircon sat-
uration temperatures (7z;) of the felsic rocks
are 1032-1056°C, approximately representing the
crystallization temperature of the alkaline magma.
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