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Abstract The Ningzhen region of China is located in the
easternmost part of the middle-lower Yangtze River Cu-Fe
polymetallic metallogenic belt. From west to east, it
comprises five main intermediate—acidic intrusive com-
plexes: the Qilinmen, Anjishan, Xiashu—Gaozi, Shima, and
Jianbi complexes. Geochemical investigations show that
these five intrusive complexes exhibit high contents of
Si0,, at 64.74-73.40 wt%, Al,O3, at 14.15-17.37 wt%, and
K70 + Na,O, at 6.49-8.68 wt%. The majority of the
samples belong to the high-K calc-alkaline series, with a
few samples plotting in the calc-alkaline and tholeiitic
series. Trace element analysis shows that the samples are
enriched in large ion lithophile elements (LILE) and are
depleted in high field strength elements (HFSE).
The chondrite-normalized rare earth element (REE) pat-
terns are characterized by right-inclined curves, showing
light rare earth element (LREE) enrichment. In addition,
the (La/Yb)y ratios are high at 15.02-37.28, with an
average of 29.13, and slightly negative or none Eu
anomalies are present. In the (La/Yb)y—0Eu diagram, the
samples plot within the crust-mantle type field. Laser
ablation—inductively coupled plasma—mass spectrometry
(LA-ICP-MS) zircon U-Pb dating yielded ages of
122.0 £ 1.0 Ma, 106.1 £ 0.8 Ma, 108.7 & 1.4 Ma,
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103.5 £ 1.9 Ma, and 96.8 &= 1.7 Ma for the Qilinmen,
Anjishan, Xiashu—Gaozi, Shima, and Jianbi complexes,
respectively. On the basis of this research and knowledge
of several known metal deposits related to these com-
plexes, we suggest that the Mesozoic large-scale diagenesis
and metallogenesis in the Ningzhen region may have
ceased at 100 Ma or about 95 Ma.

Keywords Intermediate—acidic intrusive complexes - LA—
ICP-MS zircon U-Pb dating - Geochemistry - Geodynamic
setting - Ningzhen region

1 Introduction

The middle-lower Yangtze River belt constitutes one of
the most important metallogenic belts in China. This
metallogenic belt hosts a large number of polymetallic
deposits and includes several main types of ore systems
including Cu—Mo porphyry, Cu—Fe skarn, and strata-bound
deposits (Pan and Dong 1999; Mao et al. 2006, 2011). The
Ningzhen region in Jiangsu Province is located in the
easternmost part of the middle-lower Yangtze River belt,
where Mesozoic intermediate—acidic intrusive complexes
are extensively developed. These intermediate—acidic
intrusive complexes, listed in succession from west to east,
form the Qilinmen, Anjishan, Xiashu—Gaozi, Shima, and
Jianbi intrusive complexes (Fig. 1). Many previous petro-
logical and geochemical studies have been performed on
the complexes of the Ningzhen region (Mao and Zhao
1990; Xu et al. 2001). In recent years, studies on the Qil-
inmen (Chen et al. 2017), Anjishan (Zeng et al. 2013; Liu
et al. 2014; Wang et al. 2014a, b; Guan et al. 2015), Gaozi
(Sun et al. 2013), Shima (Sun et al. 2013; Guan et al.
2015), and Jianbi (Chen et al. 2017) complexes have
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Fig. 1 a Tectonic map and b distribution of Mesozoic complexes in the Ningzhen region (Xia 2000; Zeng et al. 2013). 1. Quaternary. 2. Upper
Cretaceous. 3. Cretaceous Yangchong Formation. 4. Cretaceous Shangdang Formation. 5. Sinian to Jurassic. 6. Diorite. 7. Diorite porphyrite. 8.
Granodiorite. 9. Quartz diorite. 10. Quartz diorite porphyrite. 11. Quartz monzonite. 12. Conjectural and actual fractures. 13. Lithofacies

boundary. 14. Sampling location. 15. Ningzhen region

obtained highly precise and accurate ages. In this study, we
use laser ablation—inductively coupled plasma—mass spec-
trometry (LA-ICP-MS) zircon U-Pb dating of the five
main intermediate—acidic intrusive complexes combined
with known highly precise and accurate ages of the other
metal deposits in this region to constrain the age of the
large-scale mineralization in this region. The geochronol-
ogy is the key to understanding the geodynamic setting and
tectonic evolution as well as the Mesozoic metallogenic
processes and is used to confirm the relationship of the ore
deposits and intrusive magmatic activity in this region. By
analyzing the major and trace element contents in the
complexes, this paper presents preliminary discussions on
the regional magma sources and evolution processes that
occurred in the Ningzhen region and offers an in-depth
discussion on the regional geodynamic setting and its
geological significance.

2 Geological setting

The Ningzhen region is located along the -eastern
boundary of the North China Craton at the northern
margin of the Yangtze Block, where Yanshanian mag-
matism is extensively developed (Fig. 1a). The stratigra-
phy in this region is divided into three units (Bureau of
Geology and Mineral Exploration of Jiangsu Province
1989): early and middle Proterozoic to Sinian basement
strata that have undergone slight migmatization and low-
grade metamorphism, Sinian to Triassic sedimentary
cover comprising a marine to terrestrial facies succession,
and Jurassic to Cretaceous superimposed cover compris-
ing a thick terrestrial succession of red clastic and vol-
canic intrusive rocks. The structural framework is
dominated by folds and faults and is comparatively
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complex in this region. The compound fold structure
consists of a series of parallel folds with E-W axes and
has an E-W orientation. The fault structures are charac-
terized mainly by E-W thrust faults on both sides of the
anticline and include NW- and NE-trending conjugate
shear faults. Magmatic activity in the Ningzhen region
occurred mainly in the Yanshanian followed by the
Himalayan, which included only a small amount of basic
magmatic activity. The regional magmatic activity in the
Yanshanian was intense as is characterized by multi-stage
and multi-period evolution. The intrusive rocks are loca-
ted mainly along the fault zones and in the cores of the
folds, and their lithology is mainly intermediate—acidic.

3 Samples and petrography

The Mesozoic intermediate—acidic intrusive complexes are
extensively developed in the Ningzhen region (Fig. 1b).
The Qilinmen complex covers an area of ~ 14 km?
trending NNW and dipping NEE. The main rock types in
the Qilinmen complex are granite porphyry, diorite por-
phyrite, and quartz diorite porphyry. The granite porphyry
samples, which were collected in Niutoushan at
32°03'44.3"N and 118°55'42.”E, have not undergone
weathering. They contain a few melanocratic minerals and
exhibit a porphyritic texture and blocky structure. The
phenocryst composition is 15-20% plagioclase, 8—10%
quartz, and 4-6% K-feldspar. The matrix has a granitic
microstructure and consists of K-feldspar, plagioclase,
quartz, and a small amount of biotite. The accessory min-
erals include zircon, magnetite, and apatite (Fig. 2a).

The Anjishan complex has been the subject of previous
geochemical studies (Xu et al. 2001, 2002; Zeng et al.
2013). Its main rock types are granodiorite porphyry and
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Fig. 2 Representative photomicrographs of the five intrusive rocks from the Ningzhen region. P/ plagioclase, Kfs potash feldspar, Qfz quartz,

Am amphibole, Bt biotite

quartz diorite porphyrite. The studied granodiorite por-
phyry  samples, situated at 32°06'19.4”"N  and
119°04/40.3"E, exhibit no weathering, and they have a
porphyritic texture and blocky structure. The phenocrysts
composition is 10-15% plagioclase, 5-8% hornblende,
2-5% K-feldspar, and 1-3% quartz. The matrix has a
granitic microstructure and consists of K-feldspar, plagio-
clase, quartz, and a small amount of biotite. The accessory
minerals include sphene, zircon, and apatite (Fig. 2b).

The main rock types in the Xiashu—Gaozi complex
include quartz diorite porphyrite, granodiorite, monzonitic
granite, quartz diorite, and quartz monzonite. The quartz
diorite porphyrite samples, situated at 32°09'42.9"N and
119°07'10.7"E, exhibit slight alteration and have a por-
phyritic texture and blocky structure. The phenocrysts are
dominated by plagioclase, followed by hornblende, and
biotite. The matrix has an anhedral to subhedral structure
and consists of quartz, hornblende, biotite, and a small
amount of pyroxene. The accessory minerals include apa-
tite, sphene, and magnetite (Fig. 2c).

The Shima complex is located to the southwest of
Zhenjiang City and covers an area of ~ 34 km?; its main
rock types are granodiorite porphyry, diorite porphyrite,
and syenite granite. The granodiorite porphyry samples,
situated at 32°08'14.9”N and 119°17'40.7"E, exhibit slight
alteration and have a porphyritic texture and blocky
structure. The phenocrysts are dominated by plagioclase
and K-feldspar, followed by hornblende, and biotite. The
matrix has a crystal microstructure and consists of
K-feldspar, plagioclase, quartz, and small amounts of

hornblende and biotite. The accessory minerals include
apatite, sphene, zircon, and magnetite (Fig. 2d).

The Jianbi complex trends E-W and is located in Jianbi
Town, Zhenjiang City. The bedrock area is ~ 46 km?.
The main rock types in the Jianbi complex are monzonitic
granite, quartz diorite porphyry, and quartz monzonite
porphyry. The monzonitic granite is genetically related to a
W-Mo deposit. The samples, situated at 32°10’38.3"N and
119°33'06.4"E, exhibit no weathering and have a hypid-
iomorphic granular texture and blocky structure. The main
minerals are 30-40% plagioclase, 25-30% K-feldspar, and
15-20% quartz. The melanocratic minerals are hornblende
and biotite, each at 5%. The accessory minerals include
sphene, zircon, and apatite, with a total content of ~ 5%
(Fig. 2e).

4 Analytical methods

The zircon crystals were separated by using the conven-
tional heavy liquid and magnetic techniques described in
detail by Dubé et al. (1996). The original rock samples
were crushed into powder. Then, heavy mineral separation
was performed using an electromagnetic separator, and a
binocular microscope was used to select zircon grains with
good crystallinity and transparency (Romeo et al. 2006).
The zircons were set in an epoxy mount, which was pol-
ished and buffed. Prior to LA-ICP-MS zircon U-Pb iso-
tope analysis, the morphology and internal structures of
these zircons were studied using a binocular microscope
and cathodo luminescence (CL) imaging to determine
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appropriate points for the analysis. The CL observation and
photography as well as LA-ICP-MS zircon U-Pb isotope
analysis were conducted at the State Key Laboratory of Ore
Deposit Geochemistry (SKLODG), Institute of Geochem-
istry, Chinese Academy of Sciences. Laser sampling was
performed by using a GeoLas Pro 193 nm ArF excimer
laser. An Agilent 7500 x ICP-MS instrument was used to
acquire ion-signal intensities. He was applied as a carrier
gas and was mixed with Argon via a T-connector before
entering the ICP-MS. Each analysis incorporated a back-
ground acquisition of approximately 30 s gas blank fol-
lowed by 60 s of data acquisition from the sample. Off-line
selection and integration of background and analyte sig-
nals, time-drift correction, and quantitative calibration for
trace element analyses and U-Pb dating were performed by
using ICPMSDataCal software (Liu et al. 2008, 2010a, b).
Zircon 91500 was used as the external standard for U-Pb
dating and was analyzed twice every six to eight analyses
(i.e., two zircon 91500 + six—eight samples + two zircon
91500). Uncertainty of the preferred values for the external
standard 91500 was propagated to the final results of the
samples. Concordia diagrams and weighted mean calcula-
tions were developed by using the Isoplot program (Lud-
wig 2003). Because 2*’Pb/>°°Pb is sensitive to the common
Pb corrections, the 2°°Pb/>*®U age is generally used for
rocks younger than about 1000 Ma (Black et al. 2003). No
common Pb correction was applied to the samples owing to
the very low **Pb counts and its poor analytical precision.
The trace amount of common Pb did not affect the
206p, 2381y ages. Therefore, 206p, 2381y ages, which are
precise and stable, were used to calculate the crystallization
ages for the samples.

Fresh parts of all original rock samples were carefully
selected to avoid the weathered sections, and the samples
were then were crushed to 200-mesh size. The major ele-
ment abundances in whole rocks were determined on fused
glass discs by using an AXIOS-PW4400 X-ray fluores-
cence (XRF) instrument at SKLODG, Institute of Geo-
chemistry, Chinese Academy of Sciences. The accuracy
was monitored by using Chinese national standard GSR-3.
The accuracy for major elements was better than & 2%.
The loss-on-ignition (LOI) was determined by the weight
loss of a powered sample after 1 h at 1000 °C (Sun et al.
2017a, b, c).

The trace element concentrations were analyzed using a
Perkin-Elmer Sciex Elan DRC-e quadrupole ICP-MS at
SKLODG. For each sample, 50 mg of powder was dis-
solved using a mixture of HF and HNOj; in a Teflon bomb
for 48 h at 190 °C. Rh was used to monitor signal drift
during data acquisition. International standards GBPG-1
and OU-6 and Chinese national standards GSR-1 and GSR-
3 were used to monitor accuracy. The difference between
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our results and the recommended values for the standards
was generally better than & 10% (Sun et al. 2017a, b, c).

5 Results

The results of LA-ICP-MS zircon U-Pb dating of the five
typical complexes from the Ningzhen region, including
common Pb correction, are shown in Table 1. The errors
for each data analysis point, also listed in Table 1, were all
1 . The CL images are shown in Fig. 3, and the concordia
plots are shown in Fig. 4.

The zircon grains from the Qilinmen granite porphyry
are mostly large, long-columnar, and idiomorphic with
lengths of ~ 110-200 pm and widths of ~ 50-80 pum.
Their internal structure was largely uniform and clear and
showed well-developed oscillatory zoning, which is char-
acteristic of magmatic zircons (Fig. 3a). The contents of Th
and U were high, at 338-1187 ppm and 447-1482 ppm,
respectively. The ratio of Th/U ranged between 0.40 and
0.89 (Table 1), slightly larger than 0.50, with an average of
0.64 (n = 15). Positive correlation is present between the
Th and U, which is also consistent with the general char-
acteristics of magmatic zircons (Hoskin and Black 2000).
The dates of 15 points were in agreement with each other,
showing no large age fluctuations. This indicates that the
U-Th-Pb isotopic system of the zircons was not affected
by later magmatic activity, tectonic activity, or metamor-
phism and that the system was closed. The 15 data points
were clustered in the concordia plots (Fig. 4a), and the
weighted average age was 122.0 &+ 1.0 Ma (n = 15,
MSWD = 0.15), which dates the emplacement age of the
Qilinmen complexes to the Early Cretaceous.

The zircon grains from the Anjishan granodiorite por-
phyry were mostly large, long-columnar, and idiomorphic,
although a few were incomplete; their lengths and widths
were ~ 130-190 ym and ~ 40-70 pm. Their internal
structure was largely uniform and clear and showed well-
developed oscillatory zoning, which is a characteristic of
magmatic zircons (Fig. 3b). The contents of Th and U were
high, at 977-3530 ppm and 1006-2043 ppm, respectively.
The ratio of Th/U was 0.97-1.73 (Table 1) with an average
of 1.32 (n = 15) and was typically greater than 0.50. A
positive correlation exists between the Th and U, which is
also consistent with the general characteristics of magmatic
zircons. The dates of 15 points were in agreement with
each other, with no large fluctuations in age. This indicates
that the U-Th-Pb isotopic system of the zircons was not
affected by later magmatic activity, tectonic activity, or
metamorphism and that the system was closed. The 15 data
points were clustered in the concordia plots (Fig. 4b), and
the weighted average age was 106.1 + 0.8 Ma (n = 15,
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Table 1 LA-ICP-MS zircon U-Pb ages of the five complexes in the Ningzhen region

Spot Concentrations (ppm) Th/U U-Th-Pb isotopic ratios

Pbiotal Th U 207py,206pp, lo 207pp235y lo 206pp,238y lo

QLM-2 (granite porphyry)

QLM-2-1 47.7 476 865 0.55 0.0531 0.0022 0.1419 0.0063 0.0193 0.0003
QLM-2-2 66.6 693 986 0.70 0.0449 0.0017 0.1191 0.0046 0.0191 0.0002
QLM-2-3 45.5 413 842 0.49 0.0517 0.0021 0.1377 0.0058 0.0192 0.0003
QLM-2-4 108.1 1187 1482 0.80 0.0471 0.0018 0.1243 0.0047 0.0191 0.0003
QLM-2-5 51.3 509 974 0.52 0.0490 0.0021 0.1297 0.0055 0.0191 0.0002
QLM-2-6 76.1 604 1064 0.57 0.0527 0.0020 0.1105 0.0039 0.0153 0.0002
QLM-2-7 80.0 841 1267 0.66 0.0496 0.0017 0.1297 0.0043 0.0190 0.0002
QLM-2-8 74.0 765 1062 0.72 0.0557 0.0021 0.1461 0.0055 0.0190 0.0003
QLM-2-9 42.5 361 912 0.40 0.0540 0.0022 0.1415 0.0056 0.0191 0.0002
QLM-2-10 97.9 1034 1443 0.72 0.0490 0.0017 0.1301 0.0045 0.0192 0.0002
QLM-2-11 30.7 399 447 0.89 0.0720 0.0030 0.1898 0.0084 0.0191 0.0003
QLM-2-12 65.2 560 1117 0.50 0.0611 0.0032 0.1691 0.0082 0.0202 0.0003
QLM-2-13 514 338 768 0.44 0.0829 0.0044 0.2268 0.0124 0.0195 0.0003
QLM-2-14 50.5 532 739 0.72 0.0511 0.0022 0.1355 0.0058 0.0192 0.0003
QLM-2-15 42.1 405 756 0.54 0.0529 0.0021 0.1418 0.0061 0.0192 0.0003
AJS-7 (granodiorite porphyry)

AJS-7-1 212.8 2280 1535 1.49 0.0517 0.0031 0.1167 0.0070 0.0165 0.0002
AJS-7-2 173.4 1805 1387 1.30 0.0593 0.0032 0.1341 0.0072 0.0165 0.0003
AJS-7-3 96.6 977 1006 0.97 0.0503 0.0036 0.1138 0.0079 0.0164 0.0003
AJS-7-4 180.7 1852 1606 1.15 0.0528 0.0027 0.1195 0.0060 0.0165 0.0003
AJS-7-5 205.1 2108 1529 1.38 0.0490 0.0026 0.1104 0.0056 0.0165 0.0003
AJS-7-6 157.3 1601 1209 1.32 0.0535 0.0033 0.1203 0.0072 0.0165 0.0003
AJS-7-7 147.4 1584 1247 1.27 0.0534 0.0032 0.1199 0.0068 0.0166 0.0003
AJS-7-8 168.2 1769 1354 1.31 0.0486 0.0025 0.1114 0.0059 0.0166 0.0002
AJS-7-9 199.4 2036 1567 1.30 0.0487 0.0025 0.1112 0.0059 0.0166 0.0002
AJS-7-10 169.7 1760 1423 1.24 0.0463 0.0026 0.1061 0.0060 0.0165 0.0003
AJS-7-11 145.8 1528 1244 1.23 0.0536 0.0036 0.1197 0.0076 0.0166 0.0003
AJS-7-12 135.8 1410 1172 1.20 0.0476 0.0027 0.1075 0.0059 0.0165 0.0003
AJS-7-13 237.2 2560 1794 1.43 0.0491 0.0028 0.1107 0.0060 0.0165 0.0002
AJS-7-14 329.9 3530 2043 1.73 0.0469 0.0022 0.1062 0.0050 0.0165 0.0002
AJS-7-15 239.0 2658 1730 1.54 0.0539 0.0027 0.1225 0.0058 0.0166 0.0002
XG-6 (quartz diorite porphyrite)

XG-6-1 18.4 493 460 1.07 0.0735 0.0064 0.1573 0.0105 0.0169 0.0005
XG-6-2 18.2 384 350 1.10 0.0702 0.0066 0.1628 0.0198 0.0168 0.0004
XG-6-3 10.9 631 497 1.27 0.0598 0.0059 0.1614 0.0117 0.0172 0.0003
XG-6-4 14.6 683 578 1.18 0.0689 0.0048 0.1540 0.0122 0.0170 0.0003
XG-6-5 14.1 724 608 1.19 0.0597 0.0047 0.1626 0.0109 0.0171 0.0004
XG-6-6 13.7 492 471 1.04 0.0683 0.0070 0.1568 0.0134 0.0172 0.0002
XG-6-7 11.6 573 495 1.16 0.0614 0.0065 0.1617 0.0163 0.0165 0.0003
XG-6-8 11.8 465 513 0.91 0.0639 0.0063 0.1624 0.0117 0.0167 0.0004
XG-6-9 13.1 476 466 1.02 0.0707 0.0053 0.1586 0.0156 0.0165 0.0003
XG-6-10 17.5 671 580 1.16 0.0756 0.0060 0.1570 0.0118 0.0174 0.0003
XG-6-11 144 602 585 1.03 0.0677 0.0058 0.1547 0.0115 0.0167 0.0002
XG-6-12 14.0 487 461 1.06 0.0711 0.0050 0.1592 0.0102 0.0171 0.0005
XG-6-13 153 747 613 1.22 0.0690 0.0065 0.1562 0.0120 0.0169 0.0004
XG-6-14 15.8 480 487 0.99 0.0547 0.0052 0.1625 0.0113 0.0168 0.0004
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Table 1 continued

Spot Concentrations (ppm) Th/U U-Th-Pb isotopic ratios
Pbiotal Th U 207pp29%6py lo 207pp/235y lo 205pp/238y lo

XG-6-15 12.8 643 706 0.91 0.0754 0.0053 0.1582 0.0115 0.0167 0.0002
SM-1 (granodiorite porphyry)
SM-1-1 6.7 410 291 1.41 0.0623 0.0101 0.1272 0.0086 0.0169 0.0006
SM-1-2 7.2 394 288 1.37 0.0632 0.0087 0.1185 0.0113 0.0164 0.0004
SM-1-3 16.0 707 592 1.19 0.0502 0.0040 0.1179 0.0077 0.0153 0.0003
SM-1-4 12.2 487 526 0.93 0.0540 0.0035 0.1174 0.0069 0.0158 0.0003
SM-1-5 18.7 323 566 0.57 0.1113 0.0063 1.2370 0.0990 0.0632 0.0045
SM-1-6 9.3 387 415 0.93 0.0599 0.0041 0.1303 0.0085 0.0165 0.0003
SM-1-7 9.8 465 450 1.03 0.0582 0.0033 0.1205 0.0080 0.0158 0.0002
SM-1-8 10.4 540 553 0.98 0.0544 0.0039 0.1140 0.0073 0.0162 0.0002
SM-1-9 8.2 576 512 1.13 0.0610 0.0054 0.1244 0.0061 0.0164 0.0004
SM-1-10 13.5 646 587 1.10 0.0538 0.0033 0.1162 0.0071 0.0161 0.0003
SM-1-11 12.1 539 504 1.07 0.0565 0.0067 0.0991 0.0076 0.0157 0.0002
SM-1-12 8.8 434 436 1.00 0.0721 0.0081 0.0998 0.0092 0.0163 0.0003
SM-1-13 16.4 458 443 1.03 0.0855 0.0072 0.1224 0.0066 0.0163 0.0004
SM-1-14 7.8 601 582 1.03 0.0708 0.0047 0.1315 0.0058 0.0168 0.0005
SM-1-15 13.5 453 419 1.08 0.0572 0.0030 0.1246 0.0065 0.0160 0.0003
JB-3 (monzonitic granite)
JB-3-1 29.5 402 379 1.06 0.0576 0.0036 0.1195 0.0072 0.0150 0.0003
JB-3-2 8.7 121 89 1.37 0.0814 0.0070 0.1673 0.0130 0.0151 0.0004
JB-3-3 20.2 301 143 2.11 0.0810 0.0088 0.1612 0.0154 0.0151 0.0004
JB-3-4 10.2 145 112 1.30 0.0815 0.0074 0.1507 0.0115 0.0151 0.0004
JB-3-5 10.1 123 99 1.25 0.0827 0.0077 0.1601 0.0134 0.0151 0.0004
JB-3-6 14.6 174 123 1.41 0.0864 0.0063 0.1812 0.0136 0.0151 0.0004
JB-3-7 23.6 355 261 1.36 0.0605 0.0055 0.1228 0.0095 0.0154 0.0003
JB-3-8 133 181 126 1.43 0.0778 0.0072 0.1571 0.0130 0.0150 0.0004
JB-3-9 19.6 260 120 2.17 0.1151 0.0093 0.2259 0.0152 0.0152 0.0004
JB-3-10 13.8 184 126 1.46 0.0842 0.0069 0.1670 0.0120 0.0151 0.0004
JB-3-11 18.3 262 161 1.63 0.0774 0.0061 0.1567 0.0119 0.0151 0.0003
JB-3-12 14.7 208 134 1.55 0.0845 0.0080 0.1700 0.0152 0.0151 0.0003
JB-3-13 10.8 130 201 0.65 0.0686 0.0049 0.1450 0.0099 0.0155 0.0003
JB-3-14 8.5 114 93 1.23 0.0790 0.0072 0.1567 0.0121 0.0151 0.0004
JB-3-15 10.9 155 96 1.61 0.1035 0.0117 0.2084 0.0199 0.0154 0.0005
Spot Ages (Ma)

207pb/2%ph lo 27pp/>U lo 205ph/>¥y lo
QLM-2 (granite porphyry)
QLM-2-1 332 99 135 6 123 2
QLM-2-2 253 86 114 4 122 1
QLM-2-3 272 93 131 5 122 2
QLM-2-4 54 89 119 4 122 2
QLM-2-5 146 100 124 5 122 1
QLM-2-6 317 117 116 4 127 1
QLM-2-7 176 80 124 4 121 2
QLM-2-8 439 83 138 5 121 2
QLM-2-9 372 89 134 5 122 1
QLM-2-10 146 86 124 4 122 1
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Table 1 continued

Spot Ages (Ma)

97pb/>%0pPh lo 297pp/>y lo 2%pp/>38y lo
QLM-2-11 987 117 176 7 122 2
QLM-2-12 643 114 159 7 129 2
QLM-2-13 1278 104 208 10 125 2
QLM-2-14 243 98 129 5 122 2
QLM-2-15 324 89 135 5 123 2
AJS-7 (granodiorite porphyry)
AJS-7-1 272 139 112 6 105 1
AJS-7-2 576 123 128 6 105 2
AJS-7-3 209 163 109 7 105 2
AJS-7-4 320 117 115 5 105 2
AJS-7-5 146 158 106 5 106 2
AJS-7-6 350 137 115 7 105 2
AJS-7-7 346 135 115 6 106 2
AJS-7-8 128 - 72 107 5 106 2
AJS-7-9 200 120 107 5 106 2
AJS-7-10 9 133 102 6 106 2
AJS-7-11 354 152 115 7 106 2
AJS-7-12 80 130 104 5 105 2
AJS-7-13 154 135 107 5 106 1
AJS-7-14 43 107 102 5 106 1
AJS-7-15 369 111 117 5 106 1
XG-6 (quartz diorite porphyrite)
XG-6-1 251 118 145 8 111 2
XG-6-2 429 183 128 8 113 3
XG-6-3 243 129 109 6 109 2
XG-6-4 192 93 112 4 109 2
XG-6-5 288 102 116 12 106 3
XG-6-6 267 133 103 5 107 2
XG-6-7 262 135 127 8 108 2
XG-6-8 401 148 152 10 100 3
XG-6-9 249 177 107 8 110 2
XG-6-10 354 136 162 10 111 2
XG-6-11 319 107 130 11 108 2
XG-6-12 323 105 146 9 109 3
XG-6-13 297 170 120 8 107 2
XG-6-14 368 221 167 11 112 2
XG-6-15 272 113 141 9 109 2
SM-1 (granodiorite porphyry)
SM-1-1 632 316 121 17 102 2
SM-1-2 720 185 138 10 106 3
SM-1-3 710 237 114 7 103 2
SM-1-4 848 280 143 12 103 1
SM-1-5 1821 77 772 47 394 27
SM-1-6 547 213 123 7 105 2
SM-1-7 627 288 119 8 100 2
SM-1-8 395 154 112 8 97 3
SM-1-9 646 166 137 10 104 2
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Table 1 continued

Spot Ages (Ma)

207pp/2%%pp lo 207pp/ 3y lo 206pp/238y lo
SM-1-10 820 181 105 103 1
SM-1-11 694 175 148 102 1
SM-1-12 725 338 172 14 113 4
SM-1-13 887 149 186 15 101 3
SM-1-14 680 254 183 8 96 5
SM-1-15 788 174 110 105 2
JB-3 (monzonitic granite)
JB-3-1 522 135 115 7 96 2
JB-3-2 1231 169 157 11 97 3
JB-3-3 1221 216 152 13 97 2
JB-3-4 1235 178 143 10 97 3
JB-3-5 1261 151 151 12 97 3
JB-3-6 1346 143 169 12 97 2
JB-3-7 620 196 118 9 99 2
JB-3-8 1143 185 148 11 96 3
JB-3-9 1881 146 207 13 97 2
JB-3-10 1298 161 157 10 97 3
JB-3-11 1131 158 148 10 97 2
JB-3-12 1306 184 159 13 97 2
JB-3-13 887 149 137 9 99 2
JB-3-14 1172 177 148 11 97 3
JB-3-15 1687 209 192 17 98 3

MSWD = 0.90), which dates the emplacement age of the
Anjishan complexes to the Early Cretaceous.

The zircon grains from the Xiashu—Gaozi quartz diorite
porphyrite were mostly large, long-columnar, and
idiomorphic, although a few were incomplete; their lengths
and widths were ~ 100-180 um and ~ 40-80 pum,
respectively. Their internal structure was uniform and clear
and showed well-developed oscillatory zoning, which is
characteristic of magmatic zircons (Fig. 3c). The contents
of Th and U were high, at 384-747 ppm and 350-706 ppm,
respectively. The ratio of Th/U ranged between 0.91 and
1.27 with an average of 1.09 (n = 15) and was typically
greater than 0.50 (Table 1). A positive correlation was
present between the Th and U, which was also consistent
with the general characteristics of magmatic zircons. The
dates of 15 points were in agreement with each other, with
no large fluctuations in age. This indicates that the U-Th-
Pb isotopic system of the zircons was not affected by later
magmatic activity, tectonic activity, or metamorphism and
that the system was closed. The 15 data points were clus-
tered in the concordia plots (Fig. 4c), and the weighted

@ Springer

average age was 108.7 £ 1.4 Ma (n = 15, MSWD = 0.45),
which dates the emplacement age of the Xiashu—Gaozi
complexes to the Early Cretaceous.

The zircon grains from the Shima granodiorite porphyry
were large, long-columnar, and idiomorphic, although a
few were incomplete and asymmetric; their lengths and
widths were ~ 120-160 pm and ~ 50-80 pm, respec-
tively. Their internal structure was largely uniform and
clear and showed well-developed oscillatory zoning, which
is characteristic of magmatic zircons (Fig. 3d). The con-
tents of the Th and U are 387-707 ppm and 288-592 ppm,
respectively. The ratio of Th/U ranged between 0.93 and
1.41 (Table 1) with an average of 1.09 (n = 14) and was
typically greater than 0.50. A positive correlation is present
between the Th and U, which is also consistent with the
general characteristics of magmatic zircons. At 394 Ma,
the age of one zircon was obviously older than that of the
other fourteen. We speculate that the early zircon crystal-
lization was inherited by early magmatic activity; there-
fore, the age of this zircon was eliminated when calculating
the diagenetic age. In this case, the 14 2°°Pb/***U dates
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Fig. 3 CL images of selected
zircons from the five intrusive
rocks

a Qilinmen complex

b Anjishan complex

¢ Xiashu-Gaozi complex
d Shima complex

¢ Jianbi complex
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Fig. 4 Zircon LA-ICP-MS U-Pb concordia plots for the five complexes

obtained by the LA-ICP-MS method were distributed on
or near the U/Pb harmonic line in the concordia plots
(Fig. 4d), and the weighted average age was
103.5 = 1.9 Ma (n = 14, MSWD = 1.20), which dates the
emplacement age of the Shima complexes to the Early
Cretaceous. The scattered *°’Pb/**U numerical values in

the sample concordia plots may be attributed to the inac-
curacy of the 2°’Pb count.

The zircons from the Jianbi monzonitic granite were
long-columnar, euhedral, and subhedral, exhibiting lengths
of ~ 140-200 ym and widths of ~ 50-90 pm. Their
internal structure was relatively uniform and clear and
showed well-developed oscillatory zoning, which is
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characteristic of magmatic zircons (Fig. 3e). The contents
of Th and U are 114-402 ppm and 89-379 ppm, respec-
tively. The ratio of Th/U ranges between 0.65 and 2.17
(Table 1) with an average of 1.44 (n = 15) and was typi-
cally greater than 0.50. A positive correlation exists
between the Th and U, which is also consistent with the
general characteristics of magmatic zircons. These results
indicate that the zircons from the Jianbi complexes are
magmatic in origin. The 15 °°Pb/**®U dates obtained by
the LA-ICP-MS method were distributed on or near the
U/Pb harmonic line in the concordia plot (Fig. 4e), and the
weighted average age was 96.8 £ 1.7 Ma (n =15,
MSWD = 0.40), which suggests that the Jianbi complexes
were emplaced in the Early Cretaceous.

6 Lithogeochemistry
6.1 Major element geochemical characteristics

In this paper, lithogeochemical research was conducted on
31 representative samples; their major (wt%) and trace
element (ppm) analysis results and relevant parameters are
listed in Table 2.

As shown in Table 2 and Fig. 5, the intermediate—acidic
intrusive complexes had high SiO, and relatively high
MgO contents at maximum values of 73.40 and 2.25 wt%,
respectively, and displayed significant positive Sr anoma-
lies and negative Ta, Nb and Ti anomalies, resembling
those of adakitic rocks (Martin 1999; Xu et al. 2002). The
total alkali (K,O 4+ Na,O) content was generally high,
ranging from 6.49 to 8.68 wt%, with an average of 7.62
wt%. In the K,O versus SiO, major element diagram
(Fig. 5a), most of the intermediate—acidic rock samples
plotted within the high-K calc-alkaline series, with a few
situated within the calc-alkaline series. In the MgO versus
SiO, major element diagram (Fig. 5b), most samples of
Anjishan, Xiashu—Gaozi, and Shima fell in the overlap
region between subducted oceanic slab-derived adakites
and thickened lower crust-derived adakites. Moreover,
most samples of Qilinmen and Jianbi fell in the region of
metabasaltic and eclogite experimental melts. As illus-
trated in Harker diagrams (Fig. 6), each oxide shows a
good correlation with SiO,. The SiO, is positively corre-
lated with K,O; however, it is negatively correlated with
Na,O, TiO,, Al,O3, FeOT, MgO, Ca0, and P,0s.

6.2 Trace element geochemical characteristics
The REE content was generally high in the intermediate-
acidic intrusive complexes of the Ningzhen region; the

2REE ranged from 70.68 to 184.59 ppm with an average
of 148.60 ppm. The chondrite-normalized REE patterns of
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the five complexes were essentially similar. The REE
patterns also exhibited right-inclined curves. They are
characterized by enrichment in light rare earth elements
(LREE) and depletion in heavy rare earth elements
(HREE), showing high (La/Yb)y ratios of 15.02-37.28 and
slightly negative Eu anomalies (Fig. 7a, Table 2). These
characteristics indicate that the magmatic evolution process
in the Ningzhen region was consistent. The numerical
values of dEu in the five complexes ranged between 0.69
and 1.13, with an average of 0.90; the majority show
slightly negative Eu anomalies, and the minority show
slightly positive Eu anomalies. The positive Eu anomalies
suggest that no plagioclase fractional crystallization
occurred during the formation process of the intrusive
rocks or that the crystallization time was short. In addition,
the (La/Yb)y ratio in the intermediate—acidic intrusive
complexes ranged from 15.02 to 37.28, which is generally
higher than that in both the lower crust and upper crust, at
(La/Yb)n = 5.30 and 15.50, respectively (Rudnick and Gao
2003). This suggests that the complexes in the Ningzhen
region experienced intense REE differentiation.

The primitive-mantle-normalized trace element patterns
(Fig. 7b) show that all five complexes are enriched in
LILE, including Rb, Ba, and K, and are strongly depleted
in HFSE, including Nb, Ta, P, Zr, and Ti. Therefore, the
trace element curve gradually decreases toward the right.
The trace element geochemical characteristics show that
fractional crystallization in the magmatic evolution process
may have involved apatite, Ti—rich minerals, and horn-
blende. This result corroborates the REE analysis results.
In the (La/Yb)N—0Eu diagrams (Fig. 8), the samples all plot
in the crust-mantle type field. The crust-mantle mixing
(crust-mantle type) has been used by many researchers
recently to study the genesis of granitoids (Castro et al.
1991; Liu and Li 2001; Nguyen and Kozo 2003; Chen et al.
2009). The genesis of granitoids has a close relationship
with crust-mantle interaction. The granitoid components
may be derived from the mantle as well as the crust.
Moreover, it is believed that crust-mantle mixing in various
degrees might form many types of granitoids. Granitic
magma is formed by the mixing of crustal materials with
mantle materials by subduction, detachment, underplating,
mantle pluming, or other processes. The petrological,
geochemical, isotopic, and geochronological characteris-
tics of granitoids could be used to determine whether the
genesis of a granitoid is related to crust-mantle interaction.
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Fig. 5 Selected major element diagrams of a K,O versus SiO, (Peccerillo and Taylor 1976; Middlemost 1985) and b MgO versus SiO, (Defant
and Drummond 1990; Atherton and Petford 1993; Ding et al. 2016). Data sources: Qilinmen complexes (Chen 1984; Xia 2000); Anjishan
complexes (Chen et al. 1980, 1984; Ning and Chen 1989; Xia 2000; Xu et al. 2001; Zeng et al. 2013); Xiashu—Gaozi complexes (Chen 1984; Xia
2000; Sun 2012); Shima complexes (Chen 1984; Xia 2000; Sun 2012); Jianbi complexes (Yang et al. 1985; Zhu 1987; Zhen and Chen 1988; Xia
2000); and others (Table 2). The reference data are identified by black symbols; our data are marked by red symbols

7 Discussion
7.1 Timing of diagenesis and metallogenesis

The Ningzhen region is an important part of the middle-
lower Yangtze River Fe—Cu—Au polymetallic metallogenic
belt. Many previous studies have investigated the geology,
geochronology, geochemistry, and isotope geochemistry of
these magmatic rocks (Xia 2000; Zeng et al. 2013; Wang
et al. 2014a, b). The geological and geochronological data
show that the Ningzhen Mountains are an important part of
the calc-alkaline series in the middle-lower Yangtze River
belt, which formed 122-96 Ma. From west to east, this
region is composed mainly of six homologous complexes
that gradually change in composition from intermediate—
acidic to acidic: the Qilinmen, Anjishan, Xiashu-Gaozi,
Xingiao, Shima, and Jianbi complexes (Mao and Zhao
1990). Geochemical research on the trace elements and
REE of the five complexes in this study show that the
magma source is crust-mantle type in the Ningzhen region,
which has the same evolutionary trend.

The age of magmatic intrusion in the Ningzhen region
reported in literature is variable (Table 3). Regardless of
these age differences, the existing geochronological data
indicate that the complexes in this region formed during the
Early Cretaceous, belonging to the Late Yanshanian. In the
present study, LA-ICP-MS zircon U-Pb dating yielded
ages of 122.0 £+ 1.0 Ma, 106.1 + 0.8 Ma,
108.7 £ 1.4 Ma, 103.5 4+ 1.9 Ma, and 96.8 £+ 1.7 Ma for
the Qilinmen, Anjishan, Xiashu—Gaozi, Shima, and Jianbi
complexes, respectively. The published emplacement ages
of the five complexes are ~ 102, ~ 106-109, ~ 109,

~ 102-103, and ~ 109 Ma, respectively (Table 3). The
formation age of the intermediate—acidic intrusive

@ Springer

complexes is bounded by the above ages. Therefore, it is
believed that magmatic emplacement occurred during the
Early Cretaceous.

The emplacement sequence of the magmatic rocks is
consistent across the Ningzhen region. The results show
that the emplacement sequence, from early to late, is
diorite porphyrite, quartz diorite porphyrite, granodiorite
porphyry, monzonitic granite, and granite (Ning and Chen
1989). The granitoid complex zonation shows a single
complex comprised from the edge to the interior phase of
quartz diorite porphyrite, quartz monzonite porphyry
(granodiorite porphyry), and monzonitic granite (Mao and
Zhao 1990). The geological, geochemical, and isotopic
characteristics of the intrusive complexes in the Ningzhen
region indicate that the diagenetic sequence is augite
diorite, diorite or quartz diorite, granodiorite or monzonitic
granite, and granite (Chen et al. 1987). The above obser-
vations are consistent with the evolution sequence of
Bowen’s reaction series. According to the emplacement
ages of the five complexes, they decrease in age from west
to east and gradually change in composition from neutral to
acidic.

Several mineralization ages have been obtained recently
in the Ningzhen region. For example, the Anjishan and
Tongshan Cu(Mo) deposits show a direct relationship with
the Anjishan and Xiashu—Gaozi complexes, respectively
(Wang et al. 1997), and the Cishantou skarn iron deposit is
related directly to Xiashu—Gaozi complex (Sun et al. 2013).
Similarly, the metallogenic age of the Weigang magnetite
deposit was reported to be about 102.5 Ma, which is
related directly to the Shima complex (Guan et al. 2015).
Moreover, the Sm—Nd isochron age of the fluorite of the
hydrothermal II stage is 93.7 & 3.1 Ma, which represents
the main ore-forming epoch/stage of the Lunshan gold
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deposit located in the middle of the Anjishan and Shima
complexes (Lu et al. 2017). In addition, the Jianbi porphyry
Mo(W) deposit is related directly to the Jianbi monzonitic
granite (Ma and Wang 2003). Thus far, however, no
deposit has shown a direct relationship with related the

Qilinmen complex.

The zircon U-Pb dates indicate that Mesozoic inter-

initiation of the mineralization are temporally and possibly
genetically related. Therefore, the aforementioned metal
deposits belong to one set of the Early Cretaceous poly-
metallic metallogenic events in the middle-lower Yangtze
River metallogenic belt. Thus, we suggest that the Meso-

zoic large-scale diagenesis and metallogenesis in the

mediate—acidic intrusive complexes in the Ningzhen region
were emplaced during the Early Cretaceous, ranging from
109 Ma to 97 Ma. These ages suggest that crystallization

of the intermediate—acidic

intrusive complexes

and

Ningzhen region may have ceased 100 Ma or about 95 Ma.
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Fig. 8 (La/Yb)x—O(Eu) diagram for the Ningzhen complexes. The
data sources are the same as those given in Fig. 7. The reference data
are represented by black symbols; our data are shown by red symbols

7.2 Petrogenesis

The Harker diagrams for the five complexes in the
Ningzhen region (Fig. 6) indicate that SiO, is positively
correlated with K,O. Conversely, SiO, is negatively cor-
related with Na,O, TiO,, Al,O3, FeOT, MgO, CaO, and
P,0Os, which reflects that the five complexes have a close
genetic relationship and cognate magma evolution. During
the magmatic evolution, fractional crystallization of mafic
minerals such as pyroxene and hornblende played a major
role. The trace element and REE geochemical character-
istics also show similarity across the five complexes
(Fig. 7), which indicates a common magma source and
magmatic evolution.

@ Springer

The REE patterns of the intermediate—acidic complexes
are characterized by enrichment in LREE and depletion in
HREE in addition to slightly negative or none Eu anoma-
lies (Fig. 7a); the REE patterns exhibit right-inclined
curves. The REE patterns also show high (La/Yb)y ratios,
which are in accord with the geochemical signature of
adakitic rocks. In summary, the intermediate—acidic com-
plexes in the Ningzhen region are part of the Early Cre-
taceous adakite succession in eastern China. The
intermediate—acidic complexes show chondrite-normalized
REE patterns similar to those in samples from Wushan,
Lishui, and Ningwu in the middle-lower Yangtze River belt
(Gao et al. 2007; Jiang et al. 2008).

In the (La/Yb)y—0(Eu) diagram (Fig. 8), the studied
samples all plot in the crust-mantle-type field. This pre-
liminary study indicates that the initial magma formed
through interaction of the upper mantle and the crust and
then underwent fractional crystallization in the lower crust
before being emplaced as intrusive complexes. Therefore,
the samples belong to multi-stage homologous intrusive
complexes, showing a clear trend in composition from
neutral to acidic during their evolution. Ning and Chen
(1989) found picotite, anatase, and homologous basic
xenoliths in complexes in the Ningzhen region; the
87S1/%°Sr ratio in apatite was 0.7066 + 0.0020. This evi-
dence also excludes the possibility of the initial magma
being directly sourced from the upper mantle or from re-
melting of crustal sediments.

Geologists divided adakitic rocks into four origin types
as follows: (1) adakitic rock produced by direct partial
melting of the lower crust (Atherton and Petford 1993); (2)
adakitic rock generated by partial melting of delaminated
lower crust (Xu et al. 2002; Wang et al. 2004); (3) adakitic
rock by differentiation of a basaltic magma at high pressure
condition (Castillo et al. 1999; Xiong 2006); (4) adakitic



Acta Geochim (2019) 38(2):241-261

257

Table 3 Ages of the complexes in the Ningzhen region

Complex Lithology Test method Age (Ma) Data sources
Qilinmen Granite porphyry U-Pb 1024 £ 1.2 Chen et al. (2017)
Qilinmen Granite porphyry U-Pb 122.0 £ 1.0 This study
Anjishan Granodiorite porphyry U-Pb 106.9 + 0.9 Zeng et al. (2013)
Anjishan Granodiorite porphyry U-Pb 108.8 £ 1.2 Liu et al. (2014)
Anjishan Dioritic porphyry U-Pb 108.8 £ 1.5 Wang et al. (2014a, b)
Anjishan Granodiorite porphyry and quartz diorite U-Pb 107.0 — 108.0 Guan et al. (2015)
Anjishan Granodiorite porphyry U-Pb 106.1 £+ 0.8 This study
Xiashu-Gaozi Quartz diorite porphyrite U-Pb 109.1 £ 1.9 Sun et al. (2013)
Xiashu-Gaozi Quartz diorite porphyrite U-Pb 108.7 + 1.4 This study

Shima Granodiorite U-Pb 101.6 + 1.1 Sun et al. (2013)
Shima Quartz diorite porphyrite U-Pb 1025 £ 1.1 Guan et al. (2015)
Shima Granodiorite porphyry U-Pb 103.5 £ 1.9 This study

Jianbi Monzonitic granite U-Pb 109.3 £ 1.1 Chen et al. (2017)
Jianbi Monzonitic granite U-Pb 96.8 £ 1.7 This study

rock by magma mixing (Guo et al. 2007; Chen et al. 2013).
In this study, the major element geochemical characteris-
tics of the complexes were high SiO, content and relatively
high MgO and AlL,O; contents. These complexes also
display significant positive Sr anomalies and negative Ta,
Nb, and Ti anomalies. In addition, the geochemical char-
acteristics of the trace elements in the five complexes were
as follows: the chondrite-normalized REE patterns were
basically similar, exhibiting right-inclined curves. The
patterns had high (La/Yb)y ratios and slightly negative Eu
anomalies. The primitive-mantle-normalized trace element
patterns were also similar in that they were rich in LILE
including Rb, Ba, and K and low in HFSE such as Nb, Ta,
P, and Ti. The geochemical characteristics of these major
and trace elements indicate that the process of magmatic
evolution is consistent in the Ningzhen region. The com-
plexes from this region have high Mg# (> 50) (Wang et al.
2014a, b; Xu et al. 2014), high Sr/Y ratios coupled with
low Y (Xu et al. 2002; Wang et al. 2014a, b), low &xac
values (26.8-29.7) and '**Nd/'*Nd ratios < 0.5123 (Xu
et al. 2002), and high ¥’Sr/*°Sr ratios (0.7053-0.7066)
(Ning and Chen 1989; Xu et al. 2002). These characteris-
tics are inconsistent with origins from slab melting or plate
subduction. Previous studies have suggested that the
lithosphere in eastern China was thick in the Mesozoic,
measuring more than ~ 40 km in Ningzhen region before
the underplating of basaltic magma and delamination of the
lower crust occurred (Xu and Ma 2003; Wu et al. 2007). At
the latter stage, the crust began to thin gradually before
reaching the present thickness of approximately 30 km as
measured by geophysical techniques (Wang and Li 1992).
Thus, we infer that the lower crust subsided into the
underlying mantle, and the lower crust which entered the

mantle partially melted to form adakitic melt. As this
adakitic melt then ascended, the MgO content and Mg#
value of the adakitic rocks increased from interaction with
mantle rocks. This led us to conclude that the adakitic
rocks most likely originated from the partial melting of the
delaminated lower crust.

7.3 Geodynamic setting

The difference in crustal thickness indicates that the
lithosphere of eastern China has been thinned since the
Mesozoic. A thick overriding plate is favorable for the
formation of magmatic rocks over volcanic rocks. More-
over, it favors magma evolution and prevents the leakage
of magmatic fluids, both of which promote porphyry
deposits (Sun et al. 2017a, b, ¢). A summary by Mao et al.
(2003) suggests that large-scale mineralization in the North
China Craton and its adjacent areas occurred during three
periods: 200-160, 140, and 130-110 Ma. It is proposed
that the geodynamic setting of the third period is related to
the thinning of the lithosphere, which is directly related to
our discussion. Although the occurrence time and mecha-
nism of the lithospheric thinning events are still under
debate, most geologists believe that the interaction between
the Paleo-Pacific Plate and the overlying continental crust
was the main driving force of lithospheric thinning in
eastern China (Mao et al. 2003; Wu et al. 2003; Sun et al.
2007). The lithospheric thinning events should have a
starting time, a maximum thinning time, and an end time;
thus, the time constraint is indirect (Wu et al. 2003). The
peak periods of lithospheric thinning may correspond to the
most intense periods of diagenesis and mineralization.
Although dating of the lithospheric thinning events remains
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controversial, the zircon U-Pb dating of the five magmatic
rocks are in the third large-scale mineralization
(130-110 Ma), and the lithosphere of Ningzhen region
thinned during the formation of five magmatic rocks.

We suggest that the Late Mesozoic in eastern China,
which includes the Ningzhen region, was a period of tec-
tonic regime transformation. The area was influenced by a
change in the tectonic regime of the Pacific Plate, resulting
in a transformation from a compressional to extensional
setting and the associated reduction in crustal thickness
(Wu et al. 2003). After thinning, the gravitational insta-
bility of the lithosphere increased and led to deep litho-
spheric mantle and lower crust delamination followed by
large-scale asthenospheric upwelling. The basic magma
then intruded into the base of the lower crust, leading to
partial melting and magma mixing in the lower crust.
Eventually, the magma was emplaced and formed a crust-
mantle type complex. During the process of lower crust
delamination, if granitic magma was generated and
emplaced into the upper crust, the resulting granitic rocks
could have trace element signatures. For example, during
the crystallization of partial melting relics under high-
pressure conditions, the ratios of La/Yb in magma should
be high owing to the remnants of garnet and hornblende
(Xu and Qiu 2010); this corresponds to the high ratios of
(La/Yb)y found in the five complexes in this study.

Previous geochronological studies conducted on the
Yanshanian magmatic rocks in the middle-lower Yangtze
River belt concluded that three main periods of mineral-
ization occurred (Wu et al. 2005; Xie et al. 2008). The first
period of magmatic activity occurred 145-136 Ma (Zhou
et al. 2007; Wu et al. 2012; Wang et al. 2015, 2016; Duan
and Jiang 2018) when magmatic rocks were formed mainly
in the southeast regions of Hubei, Tongling, and Anqing.
The second period occurred between 135 and 127 Ma
(Zhou et al. 2008a, b, 2013; Nie et al. 2017; Sun et al.
2017a, b, c¢; Liu et al. 2018) when magmatic rocks were
produced mainly in the Luzong and Ningwu basins. The
third period occurred between 126 and 123 Ma (Lou and
Du 2006; Fan et al. 2008; Yuan et al. 2010; Su et al. 2013)
when magmatic rocks were produced in areas of fault-re-
lated uplift and in fault-controlled basins, mainly in the
Fanchang and Ningwu basins. These three periods of
magmatism show that the Mesozoic magmatic rock
emplacement ages in the middle-lower Yangtze River belt
decrease in age from south to north. The Ningzhen region
is located in the easternmost part of the middle-lower
Yangtze River Cu-Fe polymetallic metallogenic belt.
Thus, magmatic emplacement may have occurred after the
three periods described above. Zeng et al. (2013) dated
samples from the Anjishan complex by using sensitive
high-resolution ion microprobe (SHRIMP) zircon U-Pb
dating. They found that the lithospheric thinning events in
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the Ningzhen region may have occurred ~ 20 Ma later
than that in the southeast Hubei and Tongling regions and
that lithospheric delamination in the Ningzhen region may
have continued until ~ 107 Ma. Wang et al. (2014a, b)
dated the Anjishan, Xiashu—Gaozi, and Shima complexes
by using LA-ICP-MS zircon U-Pb methods. Considering
the tectonic evolution of the Pacific Plate and the age
constraints on diagenesis and mineralization in eastern
China since the Cretaceous, Wang et al. (2014a, b) pro-
posed that the lithospheric thinning in the middle-lower
Yangtze River belt began ~ 135 Ma and may have con-
tinued until ~ 100 Ma. Through comprehensive consid-
eration of the previous research results given above and the
results of the present study, we agree that the diagenesis
and mineralization in the Ningzhen region belong to the
final period of mineralization in the Mesozoic. Therefore, a
new period of large-scale diagenetic and metallogenic
events has been identified, which is of great significance to
the study of the tectonic, magmatic, and mineralization
history of the middle-lower Yangtze River metallogenic
belt.

In this paper, the Jianbi complex was dated to
96.8 £ 1.7 Ma using LA-ICP-MS zircon U-Pb methods.
The ages of the Qilinmen complex, at ~ 99-122 Ma, the
Anjishan complex, at ~ 106-112 Ma, the Xiashu—Gaozi
complex, at ~ 106-109 Ma, and the Shima complex,
at ~ 82-109 Ma, have been reported. On the basis of
these ages, we conclude that the magmatic emplacement
coincided with the period of Cu-Fe mineralization. As
previously described, the third period of magmatic activity
in the Ningzhen region ended at 123 Ma, with an interval
of 17-23 Ma between the start of the period and the peak
magmatism at 100—106 Ma. Therefore, we propose that
important large-scale diagenesis and mineralization
occurred after the three large-scale diagenetic and metal-
logenic periods, with emplacement times between 110 and
95 Ma. Large-scale diagenesis and mineralization in the
Mesozoic Ningzhen region of eastern China may have
continued until 100 Ma or 95 Ma; however, further study
is required to confirm this finding.

8 Conclusions

The results of this study are summarized below:

(1) We determined the zircon U-Pb ages with LA-ICP-
MS for the Qilinmen, Anjishan, Xiashu-Gaozi,
Shima, and Jianbi complexes to be
122.0 & 1.0 Ma, 106.1 4+ 0.8 Ma, 108.7 &+ 1.4 Ma,
103.5 £ 1.9 Ma, and 96.8 £ 1.7 Ma, respectively.
It is suggested that the intermediate—acidic intrusive
complexes in the Ningzhen region were emplaced
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during the Early Cretaceous. The major element
characteristics of the five complexes show that the
lithology changes from neutral to acidic from west to
east.

(2) The SiO, values in the Ningzhen complexes posi-
tively correlate with K,O. Conversely, SiO, nega-
tively correlates with Na,O, TiO,, Al,Os3, FeOT,
MgO, CaO, and P,Os, which indicates a close
genetic relationship among the five complexes. The
chondrite-normalized REE and primitive-mantle-
normalized trace element patterns also show simi-
larities. The trace element geochemical results show
enrichment of LILE and depletion of HFSE, and
samples from all five complexes are classified as
crust-mantle type igneous rock. Therefore, we con-
clude that the adakitic rocks in the Ningzhen region
are of crust-mantle type and can be classified as
multi-stage homologous intrusive complexes.

(3) The ages of the intermediate—acidic intrusive com-

plexes are as follows: Qilinmen, ~ 99-117 Ma;
Anjishan, ~ 106-112 Ma, Xiashu—Gaozi, ~
106-109 Ma, Shima, ~ 82-109 Ma, and Jianbi, ~
100-102 Ma. These ages coincide with the Cu—Fe
mineralization period. Therefore, we conclude that
large-scale Mesozoic diagenesis and mineralization
in the Ningzhen region in eastern China may have
continued until 100 Ma or ~ 95 Ma.
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