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Wei Tu

School of Geology, Gansu Vocational University of Industry Technology, China

ABSTRACT

The basement of North China Craton (NCC) is a research hotspot in the field of Precambrian geology, as it contains
a great deal of information about the formation and evolution of continental lithosphere. In this paper, LA-ICP-MS
zircon U-Pb dating and trace element analysis has been carried out on a monzogranite sample from the basement of
the Xueye area in Western Shandong, North China. Although no concordia age can be obtained from the **Pb/***U and
27Pb/>*U data of the zircon grains, these data are distributed along a discordant line, the upper intersection of which
gives the formation age of the sample (2356Ma). The concentrations of some trace elements, such as U, Yb, Y, Hf, Th
and P, in the zircon grains strongly indicate that the sample is a product of continental crust magmatism. Besides, the
relative less extent of Eu anomalies as well as the high concentrations of Th and Pb of the zircon grains indicate that
the sample does not belong to anorogenic granitoid. Therefore, the monzogranite is orogenic and its formation may be
related to continent-continent or ocean-continent collision. As a result, it can be inferred that a rigid continental plate
had been formed by early Paleoproterozoic. Zircon grains in this sample have experienced different extent of alteration
since their formation. Most of the zircon grains that have been analyzed have experienced serious alteration, which
indicates that there has been intense hydrothermal activity in this area since early Paleoproterozoic.

Keywords: zircon; U-Pb age; trace elements; early
Paleoproterozoic; continental crust.

Magmatismo de la corteza continental del Paleoproterozoico temprano en el area de Xueye, oeste de Shandong, China:

evidencia de la datacion U-Pb y geoquimica de elementos traza del circon

RESUMEN

El basamento del Cratén del Norte de China (NCC) es un foco de investigacion en el campo de la geologia precambri-
ca, ya que contiene abundante informacién sobre la formacion y evolucion de la litosfera continental. En este trabajo
se realizo la datacién U-Pb de circon LA-ICP-MS y el andlisis de elementos traza en una muestra de monzogranito
del basamento del drea de Xueye, en el oeste de Shandong, norte de China. Aunque no se puede obtener una edad
certera a partir de los datos de ***Pb/>**U y *’Pb/**U de los granos de circdn, estos datos se distribuyen a lo largo de
una linea discordante, cuya interseccion superior proporciona la edad de formacién de la muestra (2356Ma). Las con-
centraciones de algunos elementos traza, como U, Yb, Y, Hf, Th y P, en los granos de circén indican firmemente que la
muestra es producto del magmatismo de la corteza continental. Ademas, la relativa menor extension de las anomalias
de Eu, asi como las altas concentraciones de Th y Pb de los granos de circén, indican que la muestra no pertenece a
un granitoide anorogénico. Por lo tanto, el monzogranito es orogénico y su formacién puede estar relacionada con la
colisién continente-continente u océano-continente. Como resultado, se puede inferir que una placa continental rigida
se habia formado en el Paleoproterozoico temprano. La mayoria de los granos de circén que se han analizado han
experimentado una alteracién grave, lo que indica que ha habido una intensa actividad hidrotermal en esta area desde
el Paleoproterozoico temprano.

Palabras clave: circon; datacion U-Pb; elementos
traza; Paleoproterozoico temprano; corteza continental.
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1. Introduction

The composition, ages, material sources and evolution processes of craton
basements are research hotspots in the field of earth science. Detailed research
on these issues is conducive to the understanding of the early evolutionary
history of the earth. The basement of North China Craton (NCC), which
was formed by the amalgamation of several small continental blocks (Zhao,
2009), has a very large outcrop area and has attracted much attention. Western
Shandong is a typical region for the outcrops of the Precambrian basement of
NCC (Wan et al., 2012) and is an ideal base for the research of the Precambrian
history of NCC. There are a great quantity of igneous rocks or metamorphic
igneous rocks in the Precambrian basement of Western Shandong (Wang et al.,
2008). The above-mentioned rocks have attracted wide attention of geologists
because they contain important information about the formation and evolution
of the continental lithosphere of this region.

Similar to cratons from other regions of the world, the formation of NCC
also includes formation of continental cores (Liu et al., 2024), vast growth of
continental crust, collision of small continental plates and cratonization (Zhai
and Santosh, 2011; Zhai, 2019; Sun et al., 2021). However, for NCC, there
are still disagreements on the time of each stage. Some scholars believe that
the peak time of continental crust growth is about 2500Ma and the time of
cratonization is about 2300Ma (Zhai and Santosh, 2013; Zhao et al., 2016).
While other scholars proposed that cratonization of NCC mainly occurred
at about 1850Ma (Kusky and Li, 2003; Peng et al., 2014). However, related
research achievements are mainly about Archean magmatism (e.g., Ma et
al., 2020; Shan et al., 2021; Wang et al., 2022; Yang et al., 2022), and there
are relatively few achievements which are related to Proterozoic magmatism
(Wang, 1990; Cao et al., 2017). As a result, it is necessary to improve the
research on Proterozoic igneous rocks or metamorphic igneous rocks of this
region, which is of great significance for a more complete understanding of the
formation and evolution of the Precambrian basement of this region and even
that of the whole NCC.

Besides, whole rock geochemistry has been widely used as evidence for
the formation and evolution of NCC (e.g., Diwu et al., 2011; Dora et al., 2021),
while the components of single minerals have been rarely used. Compared to
whole rocks, single minerals have more stable structure and composition. As a
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result, the geochemical data of single minerals have better comparability and
higher sensitivity. With rapid development and popularization of microbeam
analysis techniques (e.g., LA-ICP-MS), the costs of the chemical analysis of
single minerals have been greatly reduced and the precision has been greatly
elevated, which provides favorable conditions for genetic mineralogy research
related to chemical composition. Zircon is a common accessory mineral in
various kinds of rocks. They can retain some age and chemical information
after experiencing multiple episodes of geological events (Grimes et al., 2007).
As a result, their isotope and trace element components are of great value for
the understanding of the genesis. Besides, zircon is frequently used in isotope
dating. A great deal of research has been done and abundant achievements have
been accumulated on the relationship between the trace element composition
and the genesis of zircon (Grimes et al., 2007). There are abundant zircon
grains in igneous rocks, especially acid intrusive rocks. Besides, trace element
composition of igneous zircon is very sensitive to source rock types and
crystallizing environments (Belousova et al., 2002). Therefore, detailed research
on zircon grains from acid intrusive rocks is conducive to the understanding
of the origin, evolution, and tectonic background of the magma. In this paper,
zircon grains of a monzogranite sample from the basement of NCC have been
taken as the research object, U-Pb dating and trace element analysis have been
carried out in order to provide more information about the formation, especially
the cratonization of NCC.

2. Geological background, sampling and petrographic characteristics

The region of Western Shandong, which is also called Western
Shandong Continental Plate, is a relatively stable block located in the west of
Shandong Province (Geng et al., 2014). To the east, west and south, Western
Shandong Continental Plate is connected to three other continental plates
(Bohai Continental Plate, Hebei-Liaoning Continental Plate and Henan-Anhui
Continental Plate) by faults, and its northern part is covered by Bohai Sea
(Fig. 1) (Geng et al., 2014). Western Shandong Continental Plate has a binary
structure which is typical for a platform (Geng et al., 2014). The Precambrian
basement of Western Shandong Continental Plate is widely exposed, and its
Phanerozoic sedimentary cover lies unconformably upon the Precambrian
basement (Geng et al., 2014).
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Figure 1. The tectonic location of Western Shandong Continental Plate (1-Tianshan-Xing’an-Mongolian Orogenic System, 2-Tarim Continental Plate Zone, 3-Yinshan-
Northern Hebei Continental Plate, 4-Ordos Continental Plate, 5-Wutai-Taihang Continental Plate, 6-Hebei-Liaoning Continental Plate, 7-Western Shandong Continental
Plate, 8-Bohai Continental Plate, 9-Henan-Anhui Continental Plate, 10-Qinling-Qilianshan-Kunlunshan Orogenic System, 11-Tibet-Sanjiang Orogenic System, 12-Yangtze
Continental Plate Zone, North China Continental Plate Zone includes 3, 4, 5, 6, 7, 8 and 9, after Geng et al., 2014).



The monzogranite sample in this study (SDTS-1) was collected beside No.
327 Provincial Road and near Lijiazhuang Village, Laiwu District, Jinan City. The
detailed sampling location is in Figure 2. There is a large area of Paleoproterozoic
intrusive or metamorphic intrusive rocks around the sampling location. To the
west and not far from the sampling location, there are a large area of Neoarchean
intrusive rocks or metamorphic intrusive rocks, while to the north and not far
from the sampling location, there are a large area of Paleozoic strata (Fig. 2).

The main minerals of the monzogranite sample are quartz (Fig. 3a, Fig.
3b), alkaline feldspar (Fig. 3a) and plagioclase (Fig. 3b), the proportions of
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which are 40%, 30%, 25%, respectively. Plagioclase has been obviously
altered. This sample is of holocrystalline texture, hypidiomorphic-granular
texture and inequigranular texture, besides skeletal texture, myrmetic
texture (Fig. 3c) and poikilitic texture (Fig. 3d) can also be seen in this
sample, which reflects the complexity of the evolution and crystallization
processes of magma (Jia and Huang, 1994). In addition, this sample has a
large quantity of fluid inclusions (Fig. 3e and Fig. 3f), most of which are
distributed along fractures, indicating that it has been greatly influenced by
hydrothermal activity after its formation.
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Figure 2. Geological map of the Xueye area of Western Shandong Continental Plate with the location of the monzogranite sample in this study (1-Quaternary, 2-iron
vein, 3-early Cretaceous quartz veins, 4-early Cretaceous intrusive rock or metamorphic intrusive rock, 5-Paleozoic strata, 6-Mesoproterozoic intrusive rock or
metamorphic intrusive rock, 7-Paleoproterozoic pegmatite vein, 8- Paleoproterozoic intrusive rock or metamorphic intrusive rock, 9-Neoarchean strata, 10-Neoarchean
intrusive rock or metamorphic intrusive rock, 11-unknown geological bodies, 12-sampling location, modified from the 1:250000 geological map series of National
Geological Archive of China, the location of this map is as in Fig. 1).

Figure 3. Optical microscopic photos of the monzogranite sample (SDTS-1) (using crossed polarizers). (a) Alkaline feldspar (Af) and quartz (Q). (b) Plagioclase (P1) and
quartz (Q). (¢) Quartz (Q) of myrmetic texture in plagioclase (P1). (d) Quartz (Q) included by alkaline feldspar (Af). (e) Fluid inclusions (FI) in quartz. (f) Fluid inclusions
(FI) in alkaline feldspar.
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3. Sample processing and analysis methods

The selection of zircon was conducted in the laboratory of Hebei
Regional Geological and Mineral Investigation and Research Institute.
524 zircon grains have been selected. These zircon grains were then sent to
Wuhan SampleSolution Analytical Technology Co., Ltd. for target preparation,
cathodoluminescence photographing, LA-ICP-MS in situ element and isotope
analysis and dating. 200 were picked out from the 524 zircon grains for target
preparation. The target is 2.54 cm in diameter and its polishing degree met the
requirement of the analysis. An Agilent 7900 ICP-MS instrument and a coherent
193 nm excimer laser ablation system (GeoLas HD) were used for LA-ICP-MS
in situ element and isotope analysis and dating. The energy, frequency and spot
size of the laser were set to 80 mJ, 5 Hz and 32 pm, respectively. The software
for data processing is ICPMSDATACAL10.8 (Liu et al., 2008, 2010). The
cathodoluminescence photos of the 25 zircon grains analyzed in this study and
the sites of the analysis spots are shown in Figure 4. NIST610 and Tanz (Hu et
al., 2021) were used as the standard samples for trace element calibration and
isotope ratio calibration, respectively. GJ-1, 91500 and Plesovice were used as
the standard samples for isotope ratio monitoring. Before and after the analysis
of several test samples, Tanz has been analyzed. At the beginning and end of the
whole analysis procedure, NIST610 and Tanz have both been analyzed. GJ-1,
91500, and PleSovice were also taken as test samples. The obtained concordia
ages for GJ-1, 91500, and Plesovice are 601.5+1.7 Ma (15; MSWD=0.076),
1064+5.1 Ma (1o; MSWD=0.0014) and 335.1+1.2 Ma (1o; MSWD=0.21),
respectively, which are in agreement with the reported or recommended
values (GJ-1 = 599.8+1.7 Ma (Liu et al., 2010), 91500 = 1063.8+6.6 Ma
(Luan et al., 2019), Plesovice = 337.9+2.8 Ma (Peng et al., 2017)) within the
uncertainty ranges.

For LA-ICP-MS analysis, the absolute quantity of the material ablated
varies during each run, due to differences in the sample matrix and the related
absorption behaviour of the wavelength used for ablation (Liu et al., 2008). An
internal standard is generally used to correct the variations, which means that
the concentration of at least one element must be known before the analysis

(Liu et al., 2008). Because zircon has simple chemical composition, the internal
standard can be determined according to the constant stoichiometry (Liu et al.,
2008). To conduct quantitative analysis by LA-ICP-MS, the relative sensitivity
for each element is usually calibrated using both external calibration and
internal standardization (Liu et al., 2008). In this study, NIST610 was chosen as
the reference material and Si was chosen as the internal standard element. The
concentration of Si in zircon was set to be 15.3%, i.e., the concentration of SiO,
was set to be 32.7%.

Tanz was chosen as the external standard for U-Pb dating and it would be
analyzed before and after the analysis of several test samples (Liu et al., 2010).
Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using a linear
interpolation method (Liu et al., 2010).

4. Analysis results and discussion

4.1. U-Pb Dating

The results and standard deviations of ?’Pb/?**U and 2*Pb/**U ratios of
the 25 zircon grains are listed in Table 1. 27Pb/%°U and **Pb/**U ages and
their standard deviations are also listed in Table 1. In this study, common lead
corrections (**Pb method) have been carried out on part of the data. Because
isotopes with the mass number 204 include **Pb and 2*Hg, it is necessary to
deduct **Hg, the quantity of which can be calculated from that of **Hg. The
quantities of 2°Pb, 2’Pb and **Pb in common lead can be calculated according
to the quantity of 2*Pb, lead isotope evolution model of the earth and the
estimated age of the sample (**Pb/>8U age). Isotope ratios and ages as well
as their standard deviations after corrections are listed in Table 2. Common
lead corrections have not been carried out on the points No. 5, No. 10, No.
14 and No. 23, because they didn’t contain common lead. Fig. 5 and Fig. 6
are 2°Pb/2¥U-2"Pb/>*U diagrams before and after common lead corrections,
respectively. By comparing the two figures, it can be seen that data before
corrections are more dispersive than those after corrections, indicating that the
common lead corrections have a good result.

Figure 4. Cathodoluminescence photos of the 25 zircon grains analysed in this study (circles in the photos represent LA-ICP-MS analysis spots, 32 pm across).
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From Figure 6, no concordia age can be obtained from the 2*Pb/2*U
and *’Pb/*’U data of the zircon grains, therefore, a discordant line was drawn
(Fig. 7). The ages of the upper and lower intersections of the discordant line
and the concordia line are 2356+26[+27] and 100.8+7.0 Ma, respectively. As
can be seen from Fig. 6, most zircon grains have experienced severe lead loss,
which caused the 2°Pb/?*U and 2Pb/*U ages to be much lower than the real
age of the sample. Besides, considering all samples in Fig. 6, the ages of the
lower intersections are relatively dispersive, indicating that the U-Pb system
may have experienced multi-stage evolution or that radiogenic lead may have
experienced continuous diffusion loss with time (Li et al., 2004). However,
the upper intersections can still reflect the formation time of the sample
approximatively (Li et al., 2004). Therefore, the sample was formed in early
Paleoproterozoic.

4.2. Zircon Trace Element Analysis

According to in situ microprobe analysis, there are many kinds of trace
elements in zircon, of which the ones with high concentrations include Hf, Y, P,
U, Th and REE (Hoskin and Schaltegger, 2003). Trace element concentrations
as well as some parameters and ratios are listed in Table 3 and Table 4. The
intracrystalline distribution of Th and U in igneous zircon is heterogeneous,
but the Th/U ratios vary much less (Hoskin and Schaltegger, 2003). The
Th/U ratios of igneous zircon are generally greater than 0.5, however, those
of metamorphic zircon are generally around 0.01 or even lower (Hoskin and
Schaltegger, 2003). The average of the Th/U ratios of the 25 zircon grains in
this study is 0.70, indicating that they are typical igneous zircon (Hoskin and
Schaltegger, 2003). The partition coefficient of U between zircon and melt
is similar to that of Yb, i.e., they have similar compatibility in zircon, which
means that the U/Yb ratio of zircon reflects that of the melt in which zircon
crystallized (Grimes et al., 2007). The average U/Yb ratios of zircon from
different sources are completely different, for example, the average U/YD ratio
of zircon from oceanic gabbro is about 0.18 and that of zircon from continental
granitoid is about 1.07 (Grimes et al., 2007). The average U/Yb ratio of the
25 zircon grains in this study is 4.65, which is closer to that of zircon from
continental granitoid. Besides, trace elements, such as U, Yb, Hf, Y, Th and
P, can be used to discriminate zircons crystallized in continental or oceanic
crust settings (Grimes et al., 2007). These zircon grains generally have high
U and Th concentrations, but have relatively low Yb and Hf concentrations. In
U-Yb diagram, most of the data have been plotted in continental zircon zone
(Fig. 8a). In U/Yb-Hf diagram, all of the data have been plotted in continental
zircon zone (Fig. 8b). In U/Yb-Y diagram, most of the data have been plotted
in or near continental zircon zone, while none of the data have been plotted in
oceanic crust zircon zone (Fig. 8c). In Th-Yb diagram, most of the data have
been plotted in continental zircon zone (Fig. 8d). In Th/Yb-Hf diagram, most
of the data have been plotted in continental zircon zone (Fig. 8¢). In Th/Yb-P
diagram, most of the data have been plotted in or near continental zircon zone
(Fig. 8f). Additionally, trace elements of zircon can also be used to discriminate
genetic types of granitoid (Li et al., 2021). These zircon grains have low extent
of Eu anomalies but high concentrations of Th and Pb. In Fig. 8g and 8h, most
of the data have been plotted in or near S-type or I-type zones, while none of
the data have been plotted in A-type zones. The above diagrams indicate that
the monzogranite sample is a product of terrigenous magmatic activity and its
genetic type is S-type or I-type. In Figs. 8c-8h, some or most of the data are fall
outside the representative zones, the main reason for this trend is hydrothermal
activity. Some of the zircon grains may have experienced severe hydrothermal
alteration. The Cl-normalized REE patterns of the zircon grains of the sample
are similar to those of orogenic granitoid (I-type and S-type), but quite different
from those of anorogenic granitoid (A-type) (Fig. 9). Therefore, this sample
belongs to orogenic granitoid and its formation may be related to continent-
continent collision or ocean-continent collision.
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Figure 5. 2°Pb/2*U-"Pb/*>U diagram of zircon before common lead corrections
with the concordia line (the error ellipses correspond to two standard deviations).

Figure 6. 2°Pb/>8U-*"Pb/*U diagram of zircon after common lead corrections
with the concordia line (the error ellipses correspond to two standard deviations).

Figure 7. 2°Pb/>8U-*"Pb/2*U diagram of zircon after common lead corrections
with the concordia line and a discordant line (the error ellipses correspond to
two standard deviations, two ages in the figure are ages for the lower and upper
intersections, MSWD stands for mean squared weighted deviation).
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Figure 8. Zircon trace element discrimination diagrams. (a) U-Yb diagram. (b) U/Yb-Hf diagram. (c) U/Yb-Y diagram. (d) Th-Yb diagram. (e) Th/Yb-Hf diagram. (f) Th/
Yb-P diagram. (g) (Nb/Pb),-6Eu diagram. (h) Th-Pb diagram. (a), (b), (c), (d), (¢) and (f) are according to Grimes et al., 2007. () and (h) are according to Li et al., 2021.
Trace element concentrations of CI carbonaceous chondrite used for (g) are from McDonough and Sun, 1995. In Figures (a) to (f), 1 means continental crust zircon, 2
means ocean crust zircon.
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Figure 9. Zircon Cl-normalized REE patterns of the sample in this study and
samples from well-established continental settings (gray zones: the sample in this
study, dashed line in a: continental orogenic granitoid, dashed line in b: continental
anorogenic granitoid)

5. Conclusions

U-Pb isotope analysis of zircon from a monzogranite sample from
the Xueye area of Western Shandong indicates that the age of the sample is
2356+26[+27] Ma (early Paleoproterozoic). Zircon geochemistry of the sample
indicates that it is a product of continental crust magmatic activity, which may
be related to continent-continent or ocean-continent collision. Therefore, a rigid
continental plate had been formed by early Paleoproterozoic in this region.
Zircon grains in this sample have experienced different extent of alteration
since their formation. Most of the zircon grains that have been analyzed have
experienced serious alteration, which indicates that there has been intense
hydrothermal activity in this region since early Paleoproterozoic.
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