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ABSTRACT: It is difficult to date a brittle fault because of the absence of effective dating methods. Re-
cently, calcite U-Pb dating has drawn the attention of many researchers and has been successfully ap-
plied to constrain the age of brittle deformation. The South China Block (SCB) has experienced multi-
phase deformations characterized by widespread brittle faults and folds, which has led to significant
debate on the Mesozoic dynamic mechanism and deformational phases. A syn-faulting calcite vein that
occurred in the Permian limestones of the Ningzhen Mountain region was analyzed using U-Pb dating
and geochemistry techniques in this paper. The U-Pb dating results display multiphase activities with
two mixed ages of 109.9+5.8 Ma (MSWD=46, n=231) and 117.2+2.4 Ma (MSWD=3.6, n=150). The age
of 117.2+2.4 Ma likely represents the timing of the brittle faults. Trace elements and rare earth elements
data indicate that these fault-related calcites are mainly derived from host limestones and unrelated to
Cretaceous magmatic activity. These faults formed in a tectonic reactive period and dormant time of

the adakitic magma in the Lower Yangtze region.
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0 INTRODUCTION

The direct dating of faults is critical for reconstructing the
deformation history of a continent. However, unlike the ductile
shear zone, it is still a challenge to date brittle faults due to
shallow-crust syn-tectonic minerals crystallizing in low-
temperature conditions (Nuriel et al., 2011). Fault-fluid interac-
tions have been discussed to understand fault mechanics and
coseismic processes (Benedicto et al., 2008). A large number of
fault-related fibers and veins were dated to constrain the fault
activity using Sm-Nd and U-Th methods (Nuriel et al., 2011;
Uysal et al., 2007a). These methods are valid in the case of
having a large range of Sm-Nd ratios or limited time scales of
1-600 ka (Hansman et al., 2018). Similar drawbacks are also
presented in apatite fission-track and (U-Th)/He dating (Su et
al., 2017a; Spencer et al., 2006). The U-Pb dating of carbonates
has been recently proved to have tremendous potential, for
example, in dating calcite fibers of brittle faulting (Nuriel et al.,
2017; Li Q et al., 2014; Rasbury and Cole, 2009; Benedicto et
al., 2008).

Large-scale brittle faults have developed in the South
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China Block (SCB) since the Mesozoic (Shu et al., 2015). Re-
searches have been focused on the ductile deformation and
magma activity of the SCB to constrain the regional tectonic
events, which has led to a great deal of argument on their
forming mechanism and detailed ages (Li J H et al., 2017; Chu
and Lin, 2014; Su et al., 2014; Chu et al., 2012; Li and Li, 2007,
Wang et al., 2005). The complex geological activities without
ascertained timing also occurred in the Lower Yangtze region
(LYR) of South China, where compression folding was super-
imposed by the Late Mesozoic—Cenozoic extension basin (Suo
etal., 2019; Zhu et al., 1998). Furthermore, the Tan-Lu fault, its
boundary, has maintained periodic activation since the Meso-
zoic (Zhu et al., 2004; Grimmer et al., 2002). As an arching
orogen, the Ningzhen Mountain region has undergone all the
above tectonic events and possesses adequate records in mag-
matism and faulting (Lu et al., 2019). However, it is still chal-
lenging to discriminate between these deformation periods,
especially to distinguish the final building of E-W-trending
orogen induced either by Indosinian or Yanshanian (Shu et al.,
2015; Liu et al., 1992). Also, the influence of magmatism
widely developed in the Ningzhen area on the formation of
brittle faults is not clear.

Here, the fault-related calcites of Ningzhen Mountain were
dated using the U-Pb method. Along with rare earth elements
(REEs) and trace elements geochemistry, we discussed the
source of the calcite precipitation and its relationship with the
adjacent adakitic intrusive rocks. The direct dating of brittle
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Figure 1. Sketch maps showing (a) the tectonic location of the study area and (b) the geological background of the Ningzhen Mountain region. Figure 1a modi-
fied after the topographic map of China (GS(2016)1609, http://bzdt.ch.mnr.gov.cn/). (1) Qilinmen pluton; (2) Anjishan pluton; (3) Funiushan pluton; (4)

Xiaoshu-Gaozi pluton; (5) Xingiao pluton; (6) Shima pluton.

faults in Ningzhen Mountain will highlight the further research
of the Mesozoic deformation of South China.

1 GEOLOGICAL SETTING

The LYR is located in the northeast of SCB, in the eastern
margin of the Yangtze Block (Fig. 1). It is separated from the
Dabie-Sulu orogenic belt by the Tan-Lu and Chuzhou-Xiangshui
faults to the west (Zhu et al., 2004; Liu et al., 2003; Gilder et al.,
1999). The southern boundary of the LYR is the Jiang-Shao fault
that formed a Neoproterozoic suture between the Yangtze and
Cathaysia blocks (Li S Z et al., 2017; Su et al., 2017b). The LYR
has a Meso—Neoproterozoic or older basement covered by a sta-
ble epicontinental deposition of clastic and carbonate rocks from
the Nanhua period to the Middle Triassic (Chang et al., 2019; Su
et al., 2018b; Xu et al., 2014). This depositional environment was
broken by the following collision between the North and South
China blocks in the Late Triassic (Kusky et al., 2007; Faure et al.,
2001). As the foreland of Dabie-Sulu Orogen, the LYR was de-
pressed during the Late Triassic-Middle Jurassic (Zhu et al.,
1998). It was characterized by two unconformities where the
Middle-Late Triassic Huangmaqing Group rested on and was
overlain unconformably by the Early-Middle Triassic Qinglong
Group and the Early-Middle Jurassic Xiangshan Group, respec-
tively (Lu et al., 2019; Shu et al., 2008). Meanwhile, it shows
bi-directional folding thrusts from the north and south toward the
Yangtze River in this region (Xue, 2019; Zhu et al., 1998). Sub-
sequently, the compressional environment continued to the Late
Jurassic, while the Late Jurassic strata were either absent or un-
conformably overlain on the Xiangshan Group (Zhu et al., 1998).
It’s notable that more researchers considered the Middle-Late
Jurassic compression event as a product of the subduction of the
paleo-Pacific Plate (Lii et al., 2015; Li et al., 2012; Zhou et al.,
2006). During the Cretaceous, magmatic activities occurred

widely, where igneous rocks intruded into Neoproterozoic low-
grade metamorphic rocks and Paleozoic to Triassic sedimentary
strata (Li et al., 2011).

Ningzhen Mountain trends nearly E-W with arching folds
protruding north slightly (Fig. 1). It includes the Longtan-
Cangtou, Baohuashan-Chaofengshan and Tangshan-Lunshan
anticlines separated by the Fanjiatang and Huashu-Tingzi syn-
clines, respectively, from north to south (Xue, 2019). The main
faults are nearly E-W and N-S striking and conjugated faults
trending NE and NW are also widely developed. Cretaceous
intrusive rocks are mainly intermediate-acidic distributed along
faults and in the cores of folds, including the Qilinmen, Anjishan,
Xiashu-Gaozi, Shima and Xingiao plutons (Fig. 1) (Li et al.,
2011; Xu et al., 2002).

2 SAMPLING AND ANALYTICAL METHODS
2.1 Sampling

The strata in the Ningzhen Mountain region has been
folded, where the Permian limestone strata developed into a
monoclinic structure dipping south at Longtan (Fig. 2). Fault
planes and calcite-filled veins were measured and documented
in the field. In this outcrop profile, a near N-S-trending fault
(Figs. 2b and 2h) and near E-W-trending fault developed (Figs.
2a and 2c-2g). There is no obvious crosscut relationship be-
tween these two trending faults (Fig. 2). These faults dip
50°-60° with simple kinematic geometry and nearly parallel to
the attitude of the strata (Fig. 2i). The near E-W-trending faults
illustrate more thrust and strike-slip information. For example,
the calcite vein BH519-11 has been cut with a small thrust-fault
throw (Fig. 2d); a fault-related rhombic lens and slip striations
indicate a thrust fault direction (Figs. 2e and 2f); and the calcite
veins were thrust forming a drag fold (Fig. 2g). A total of 21
samples (location: 32°9'35"N, 119°4'49"E) were collected from
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Figure 2. Field photographs showing (a)—(h) the representative brittle faults and calcite vein samples; and (i) a geological profile showing the sampling outcrop

and stereographic projection of main faults.

the above fault-related calcite veins, slip striations and host
rocks along with the structure profile (Fig. 2). The slip stria-
tions are syn-tectonic with faults. Meanwhile, the faults cut
some calcite veins. These slip striations and cutting calcite
veins were collected to constrain the fault age. Samples are
described in Table 1.

2.2 Analytical Methods

The concentrations of trace elements and REEs were deter-
mined using the pressurized acid digestion method of Guizhou
Tongwei Analytical Technology Co., Ltd. The resulting solutions
were analyzed by inductively coupled mass spectrometry
(ICP-MS). The methods, detection limits, and instrument condi-
tions are described by Lawrence and Kamber (2006). The inter-
national standard materials W-2a, BHVO-2, and JCP-1 were
analyzed to calibrate the calcite samples for quality control.

The U-Pb dating was carried out using a Nu plasma multi-
collector inductively-coupled plasma mass spectrometer (MC-

ICP-MS) coupled to an excimer laser ablation system in the Ra-
diogenic Isotope Facility at the School of Earth Sciences, The
University of Queensland. Faraday cups and ion-counting
secondary-electron multipliers with off-line gain calibration were
used for detection. The spot size of ablation was 100 pm with a
dwell time of 21 s. The U and Pb concentrations were tested
semi-quantitatively against reference AHX. The 2’Pb/***Pb ratios
were mass-bias corrected using NIST614 for the accepted Pb
isotope composition. A similar method has been applied and
described in other studies (Li Q et al., 2014).

3 RESULTS
3.1 Trace Elements and REEs

The concentrations of trace elements and REEs of the host
rocks and calcite vein samples are presented in Table 2. Primi-
tive mantle-normalized trace element and chondrite-normalized
REE patterns of the samples are shown in Fig. 3. In general, the
calcite samples are similar in spidergram patterns. They are
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Table 1 General description of fault-related calcite and host rock samples

Samples Lithology U/Pb Sm/Nd Mg/Ca Mn/Fe Sample location  Structure strike
BH-1 Calcite 0.000 0.152 0.002 0.436 Fault plane 195°
BH-2 Calcite 0.004 0.195 0.002 0.377 Vein

BH-4 Calcite 0.005 0.235 0.002 0.378 Vein

BHS519-1 Calcite 1.216 0.260 0.003 0.511 Fault plane 165°
BH519-2-1 Calcite 0.512 0.258 0.003 0.436 Fault plane 165°
BH519-2-2 Calcite 0.124 0.251 0.002 0.377 Fault plane 165°
BH519-3-1 Calcite 0.532 0.226 0.004 0.195 Fault plane 205°
BH519-4 Calcite 0.263 0.243 0.001 0.109 Fault plane

BHS519-5 Calcite 0.000 0.201 0.002 0.205 Vein

BH519-6-1 Calcite 1.308 0.241 0.005 0.109 Fault plane 90°
BH519-6-2 Calcite 0.443 0.211 0.007 0.065 Vein

BH519-7 Calcite 0.136 0.268 0.005 0.108 Fault plane 90°
BH519-8 Calcite 0.083 0.293 0.004 0.173 Fault plane 90°
BH519-9 Calcite 0.002 0.212 0.004 0.065 Fault plane 225°
BHS519-10 Calcite 2.984 0.176 0.004 0.121 Fault plane 95°
BHS519-11 Calcite 2.664 0.203 0.008 0.067 Vein

BH519-13 Calcite 1.372 0.255 0.005 0.024 Fault plane 95°
BHS519-1S Limestone 0.213 0.195 0.009 0.225 Host rock 80°
BHS519-118 Limestone 0.171 0.194 0.007 0.163 Host rock 80°
BH-1S Limestone 0.096 0.134 0.243 0.066 Host rock 80°
BHS519-8S Limestone 0.327 0.216 0.010 0.050 Host rock 80°

enriched in trace elements U and Sr and depleted in Ta, Nb, Zr,
Hf, and Ti. In contrast, the host rocks can be differentiated from
the calcite samples due to their lower degree of depletion in the
above corresponding elements. An inconsistency is seen for
element Ba, which shows a positive anomaly in most calcites
and negative anomaly in host rocks. The concentrations of
REEs are slightly higher in host rocks than in most of the cal-
cite samples, however, their spidergrams are not easily distin-
guishable. These samples illustrate higher light REEs than
heavy REEs and exhibit a negative Eu anomaly.

3.2 U-Pb Ages

The concentrations in the 17 calcite veins obtained by
ICP-MS vary from 0.016 9 ppm to 18.6 ppm for U and from
0.014 8 ppm to 648 ppm for Pb. Low concentrations of U and
radiogenic Pb (low U-Pb ratios) of carbonates are unsuitable for
dating by either isotope dilution or laser ablation approaches (Li Q
et al., 2014). Therefore, only two samples were dated and their
U-Pb ages were acquired. The analytical results were plotted in
concordia diagrams (Fig. 4), where the ages were calculated as
lower isochron intercepts using Isoplot 3.0 (Ludwig, 2003); these
are 117.242.4 Ma (MSWD=3.6, n=150) for sample BH519-10
and 109.9£5.8 Ma (MSWD=46, n=231) for sample BH519-11
(the U-Pb analyses data see Table S1).

4 DISCUSSION
4.1 Age and Geochemistry

The carbonate diagenetic system is difficult to date due to
an unclear initial isotopic composition and varied U/Pb in dif-

ferent minerals formed at the same time. Fluid flow also alters
minerals or creates secondary precipitates changing the primary
deposit (Rasbury and Cole, 2009). This implies the existence of
likely scattered U/Pb isotopic data with large mean squared
weighted deviates (MSWD). Similar results are present in other
research (Hansman et al., 2018). The age 117.2+2.4 Ma for
sample BH519-10 has MSWD=3.6, attributable to an underes-
timated analytical error due to 150 analysis spots. We cannot
completely exclude the influence of variations of ages within a
calcite vein. The research region underwent multiphase tectonic
events (Zhu et al., 1998), which may have led to polyphasic
vein cement. Sample BH519-11 is an excellent example of this,
with an age close to that of sample BH519-10. However, it is
unconcordant for the age of 109.945.8 Ma with MSWD=46
(n=231), representing an inaccurate mixed age of the calcite
vein (Fig. 4b). Indeed, the sample BH519-11 is located in a
near-horizontal vein, whereas sample BH519-10 is a vein lo-
cated in a fault that cut the BH519-11 with a small fault throw
(Fig. 2d). Such a close location and age give us reason to be-
lieve that the age of 117.2+2.4 Ma (sample BH519-10) con-
strains the forming time of the brittle fault and the horizontal
vein (Sample BH510-11) correlates significantly with the fault.
The geochemistry of both samples shows a consistent pattern in
trace elements and REEs further indicating their inherent con-
nection (Fig. 3).

The collected samples are from veins located on the planes
of the near S-N-strike and E-W-strike faults (Fig. 2). Unfortu-
nately, no other dated data was obtained due to the low concen-
trations of U and Pb of the samples. During different calcite
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Table 2 Elemental concentration (ppm) of the fault-related calcite veins and host rocks of the Ningzhen Mountain

Samples BH-1 BH-2 BH-4 BH519-1 BHS519-2-1 BHS519-2-2  BH519-3-1 BH519-4 BHS519-5 BHS519-6-1
Li 0.042 6 0.034 8 0.03 6 0.025 8 0.0279 0.026 2 0.141 0.077 6 0.027 7 0.142
Be 0.004 08 0.038 1 0.016 7 0.036 1 0.049 4 0.0453 0.092 0.0199 0.014 7 0.034
Mg 809 808 851 1530 1190 1020 1950 523 981 2 060
P 32.1 41.2 32.7 52.5 56 57.7 38.7 352 373 28.7
Ca 442 000 444 000 452 000 443 000 445 000 439 000 443 000 446 000 447 000 444 000
Sc 0.173 0.225 0.2 0.455 0.34 0.232 0.186 0.157 0.155 0.14
Ti 0.138 0.118 0.484 0.074 7 0.12 0.088 5 0.112 0.084 6 0.042 6 0.003 88
\% 2.37 16.9 0.181 25 18.7 10.9 7.95 8 nd 3.84
Fe 2290 3370 1950 4 600 4410 2970 1 860 2780 1 840 1 850
Co 1.75 1.01 1.13 1.57 0.917 1.12 0.6 0.664 1.83 0.613
Ni 11.8 8.9 9.98 7.7 7.56 9.62 6.63 6.88 11.3 6.69
Cu 0.672 0.731 1.06 0.743 0.882 1.14 0.695 0.995 0.79 0.688
Zn 313 254 64.1 27.1 43.6 118 1.47 4.46 131 1.34
Ga 0.030 7 0.043 3 0.046 4 0.112 0.097 0.0516 0.024 1 0.016 8 0.017 2 0.014 7
Rb 0.038 2 0.053 5 0.0439 0.029 3 0.062 6 0.0429 0.024 4 0.0356 0.020 1 0.0315
Sr 59.1 122 74.9 200 139 87.2 490 220 75.9 1020
Y 0.527 1.36 2.52 12.9 12.1 3.07 1.27 0.811 0.454 0.854
Zr 0.709 0.767 0.152 0.0555 0.088 7 0.183 0.094 1 0.0147 0.117 0.0147
Nb 0.002 74 0.002 62 0.003 13 0.001 65 0.001 65 0.001 71 0.001 84 0.001 91 0.002 66 0.002 54
Mo 0.002 17 0.004 22 0.107 0.043 1 0.226 0.117 0.009 2 0.085 4 0.0259 0.009 68
U 0.016 9 1.41 0.234 18.6 12.6 7.35 0.665 1.12 0.017 0.654
Sb 0.001 87 0.033 8 0.029 3 0.135 0.147 0.105 0.003 98 0.077 6 0.012 2 0.004 63
Cs 0.001 24 0.002 02 0.007 52 0.000 636 0.002 02 0.002 72 0.003 84 0.008 52 0.000 85 0.006 85
Ba 0.136 1.16 0.1 87.8 311 573 3.96 1.2 0.203 5
La 0.225 0.607 1.04 4.24 3.94 1.08 0.705 0.366 0.185 0.414
Ce 0.486 1.19 2.37 7.63 6.61 1.72 1.43 0.962 0.336 0.971
Pr 0.067 8 0.152 0.32 0.912 0.791 0.229 0.175 0.134 0.039 1 0.127
Nd 0.309 0.661 1.37 3.77 3.39 0.961 0.727 0.567 0.163 0.519
Sm 0.046 9 0.129 0.322 0.979 0.873 0.241 0.164 0.138 0.0327 0.125
Eu 0.009 45 0.028 0.079 5 0.314 0.29 0.084 3 0.0323 0.026 9 0.008 42 0.0112
Gd 0.043 4 0.137 0.358 1.49 1.35 0.338 0.176 0.127 0.039 5 0.127
Tb 0.006 42 0.0213 0.056 4 0.252 0.221 0.0559 0.0259 0.0199 0.007 36 0.020 2
Dy 0.037 7 0.134 0.299 1.52 1.36 0.325 0.143 0.113 0.0419 0.12
Ho 0.009 06 0.029 2 0.059 2 0.299 0.282 0.068 1 0.030 6 0.022 2 0.008 86 0.023 5
Er 0.026 8 0.084 0.165 0.786 0.725 0.177 0.078 7 0.057 8 0.026 7 0.060 9
Tm 0.003 77 0.012 6 0.023 4 0.105 0.096 4 0.023 1 0.011 0.008 59 0.003 99 0.008 7
Yb 0.023 2 0.074 8 0.139 0.58 0.535 0.133 0.063 6 0.052 8 0.022 5 0.046 7
Lu 0.004 04 0.012 0.022 4 0.0823 0.0752 0.018 4 0.008 44 0.008 08 0.003 5 0.006 9
Hf 0.00647  0.006 18  0.001 68 0.001 19 0.001 94 0.001 77 0.002 69 0.000003  0.000908  0.000 137
Ta 0.000 386  0.000 241  0.000 387 0.000 32 0.000 387 0.000 29 0.000 318 0.000 267 0.000 207 0.000 251
Pb 648 385 49.1 15.3 24.6 59.3 1.25 4.26 59.7 0.5
Th 0.004 71 0.020 5 0.007 78 0.0129 0.009 77 0.005 86 0.007 57 0.016 3 0.003 81 0.037 4
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Table 2 Continued

Samples BH519-6-2  BH519-7  BHS519-8  BHS519-9  BH519-10  BHS519-11  BH519-13  BH519-1S  BHS519-11S  BH-IS ~ BH519-8S

Li 0.099 6 0.094 2 0.023 8 0.054 6 0.141 0.103 0.080 6 34 0.794 213 6.2
Be 0.19 0.024 7 0.091 6 0.138 0.0209 0.005 76 0.001 44 0.249 0.109 0.384 0.555
Mg 2930 2200 1750 1760 1810 3570 2180 3550 2920 63 700 4060
P 30.8 374 47.6 101 244 21.6 243 257 11.6 214 224
Ca 448 000 435000 445 000 453 000 443 000 440 000 434000 385000 401 000 262 000 391 000
Sc 0.151 0.153 0.207 0.304 0.148 0.134 0.129 1.41 0.749 1.82 2.11
Ti 0.125 0.173 0.106 0.237 0.0771 0.213 0.075 199 46.8 661 363
v 1.36 6.45 244 nd 5.66 1.85 0.029 6 24.2 5.15 72 38.9
Fe 2340 4570 5170 1870 1790 1770 1740 3600 836 14700 3740
Co 0.592 0.606 0.934 0.698 0.609 0.601 0.587 7.66 0.75 4.08 1.04
Ni 6.28 6.68 9.87 13.6 6.78 6.51 5.88 25.8 2.28 375 11
Cu 2.17 0.703 0.773 1.4 0.721 0.689 2.11 6.07 0.609 13 331
Zn 4.63 1.06 16 516 1.44 0.989 1.83 835 34 114 264
Ga 0.026 6 0.0198 0.045 1 0.02 0.0153 0.014 2 0.008 67 1.24 0.253 2.36 3.8
Rb 0.124 0.0729 0.0382 0.055 1 0.05 0.040 8 0.0245 7.56 1.74 173 25.7
Sr 2510 3180 225 63.3 824 2160 856 1320 812 642 2520
Y 1.37 0.794 4.41 1.11 0.35 0.711 2.66 2.79 0.696 2.39 9.72
Zr 0.0329 0.005 28 0.0134 0.296 0.0149 0.005 1 0.001 23 10.3 1.5 25 36.5
Nb 0.001 21 0.002 16 0.001 12 0.001 8 0.002 3 0.002 02 0.001 48 0.91 0.199 2.85 3.55
Mo 0.0239 0.054 0.0129 0.024 6 0.0167 0.008 06 0.003 82 0.287 0.070 1 0.593 0.455
U 0.593 0.374 4.06 0.143 0.955 0.714 0.0203 3.64 1.61 5.63 4.45
Sb 0.473 0.009 16 0.001 59 0.018 6 0.008 82 0.007 42 0.001 47 0.517 0.104 29 0.757
Cs 0.008 67 0.00478  0.000461  0.00543 0.007 8 0.003 51 0.002 12 0.809 0.098 4 2.62 1.7
Ba 9.53 5.01 0.107 0.812 425 2.68 5560 173 6.2 26.6 98.1
La 1.05 0.204 1.13 1.03 0.245 0.483 1.07 3.08 0.694 7.05 10.3
Ce 224 0.54 2.67 2.26 0.571 1.06 1.01 5.88 1.36 10.6 21.6
Pr 0.265 0.074 1 0.367 0.287 0.074 1 0.126 0.152 0.692 0.165 1.01 25
Nd 1.04 0.33 1.63 1.12 0.294 0.487 0.599 2.63 0.638 3.17 9.39
Sm 0.219 0.088 4 0.478 0.237 0.051 6 0.099 0.153 0.513 0.124 0.425 2.03
Eu 0.053 0.0132 0.1 0.053 1 0.009 7 0.0199 0.093 0.102 0.0255 0.070 5 0.131
Gd 0.219 0.108 0.671 0.213 0.0429 0.095 8 0.193 0.532 0.126 0.521 2.03
Tb 0.0341 0.0169 0.111 0.030 8 0.005 35 0.0123 0.032 4 0.073 4 0.017 4 0.063 0.311
Dy 0.193 0.101 0.604 0.163 0.0349 0.072 0.221 0.397 0.0953 0.345 1.73
Ho 0.039 1 0.020 1 0.116 0.0299 0.006 83 0.0138 0.054 2 0.081 1 0.0195 0.074 6 0.349
Er 0.102 0.0503 0.29 0.081 1 0.018 4 0.036 6 0.165 0.225 0.0517 0.226 0.988
Tm 0.0142 0.007 46 0.040 2 0.0114 0.002 64 0.00491 0.023 8 0.0338 0.007 93 0.0377 0.151
Yb 0.084 5 0.0419 0.235 0.073 1 0.0179 0.023 0.139 0.209 0.046 1 0.252 0.973
Lu 0.0128 0.006 32 0.0352 0.0112 0.002 64 0.003 76 0.020 5 0.033 0.007 17 0.0407 0.15
Hf 0.000 625  0.000202  0.000524  0.002 38 0.000 201 0.000 22 0.000 592 0.27 0.039 8 0.634 1.28
Ta 0.000 231 0.000302  0.000319  0.000203  0.000213 0.000 14 0.000 091 1 0.077 1 0.022 1 0.169 0.267
Pb 1.34 2.74 48.7 589 0.32 0.268 0.014 8 17.1 9.4 589 13.6

Th 0.136 0.034 5 0.033 6 0.0128 0.007 16 0.005 02 0.001 92 0.815 0.115 1.56 3.22
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Figure 3. Spidergrams for chondrite-normalized REEs and primitive mantle-normalized trace elements. Group 1. calcite veins in near S-N-striking fault; Group

2. calcite samples in the same fault (see location in Fig. 2); Group 3. calcite samples in another fault (see locations in Fig. 2); and Group 4. calcite samples in

near E-W-striking faults; host rock. Permian carbonate rocks; magmatic rocks. adakitic intrusive rocks exposed in the Ningzhen region (Lu et al., 2019).

generations, the differences in REE compositions can be attrib-
uted to variations in the water-rock interaction processes (Uysal
et al., 2007b). As shown in Fig. 3, all the calcite samples have
similar REE patterns except for samples BH519-1 and
BHS519-2-1, which have little high concentrations and are
closer to the host carbonate rocks. The other samples
(BH519-2-2 and BH-1) collected from the same fault plane
(near S-N strike) have similar REE contents as the samples
located in the near E-W-striking faults. Geochemistry differen-
tiation is difficult for these calcite veins, implying that they
may have the same source. In contrast, unlike the source of the
calcite veins even despite their occurrence at similar times, the
Late Cretaceous magmatic rocks that intruded in the Ningzhen

region show different trace elements and REEs patterns (Fig. 3)
and are unlike the source of the calcite veins even despite their
occurrence at similar times. Undoubtedly, the host carbonate
rocks provide the main source of the calcite vein, however, the
difficulty in ascertaining the periods of tectonic activities in-
creases due to similar geochemistry characters.

4.2 Tectonic Implications

The fold-thrust structural belt of South China was consid-
ered being formed in the Mesozoic based on the contact rela-
tionship of the faults and folded strata. Widespread fault activi-
ties have no detailed timing due to their brittle property. It is
hard to distinguish these kinds of faults from the Mesozoic
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Figure 4. Concordia diagrams showing the U-Pb ages of fault-related calcite veins. (a) Sample BH519-10; (b) Sample BH519-11.

Indosinian or Yanshanian orogeny in the absence of a corre-
sponding relationship among strata in the SCB. Many researchers
analyzed the fault-slip information of South China to restore its
paleo-stress, and then ascertain different tectonic activities to-
gether with regional magmatic events (Li et al., 2016; Su et al.,
2013). However, the mistakes were unavoidable due to uncertain
ages. In fact, it is difficult to exclude the younger tectonic activity
consistent with a regional structural framework. The structures of
LYR are mainly trending ENE-NE, E-W and NW-NWW, form-
ing an arch protruding north in the Ningzhen region. Zhu et al.
(1998) proposed that the LYR was a near E-W-trending fold belt
during Late Triassic-Middle Jurassic and was transformed into
the present ENE-NE-trending structure due to the strike-slip
effect of Tan-Lu fault. The near E-W-trending Ningzhen Moun-
tain could be the product of transpression in the Late Jurassic
(Chang et al., 2019). Anyway, Ningzhen Mountain inherited its
own nappe structure after multiphase tectonic events (Liu et al.,
1992; Ge, 1987). Obviously, it is not precise that the large scale
of brittle faults and cleavages developed in the Ningzhen region
were attributed to Indosinian or Yanshnian orogeny (Li et al.,
2018). The age of fault-related calcite veins in this work defines a
new tectonic event that occurred in 117-109 Ma in the Ningzhen
Mountain. The dated fault is a thrust fault according to the mo-
tion character of elongate lenses and sliding steps, indicating a
compressive event (Fig. 2). This age is consistent with the dor-
mant time of 117-108 Ma for the magmatic activity, which is
considered a tectonic inversion stage in South China (LiJ H et al.,
2014). It gave rise to NW-SE-direction compression associated
with widespread folding, strike-slip faulting and sinistral ductile
shearing along the coastal Changle-Nan’ao fault zone (Shu et al.,
2009; Lapierre et al., 1997; Charvet et al., 1994). The brittle
faults in the study area generally parallel to or perpendicular to
the structural strike of the Ningzhen Mountain and probably have
not escaped the influence of the early structure.

Notably, a large amount of Early Cretaceous adakitic in-
trusive rocks are exposed in the Ningzhen region (Lu et al.,
2019; Ling et al., 2009). Researchers proposed that the crustal
thickness of the LYR exceeded 40 km in the Early Cretaceous
and then began thinning due to lower-crustal delamination (Xu
et al., 2002). Ling et al. (2009) argued against the Mesozoic
crustal thickening in the region because it is not supported by

the development of extensional basins. The adakitic rocks in-
truding in the Ningzhen region are distributed in a nearly E-W
trending in plain view and are 10-30 Ma later than those in the
other LYR regions (Xue, 2019). The fault calcites in our paper
only occurred in this magmatically dormant period. Although
controlled by the same Pacific Plate, eastern China experienced
polyphase transformations of tectonic stress fields during the
Cretaceous (Zhang et al., 2003). Considering Cretaceous tec-
tonic stress, magmatic activity, and paleogeography, the fault
calcites of the Ningzhen Mountain may record the above transi-
tion in magmatic and tectonic events. The effects of astheno-
spheric mantle uplifting and stress relaxation of compression
orogeny led to lithospheric thinning of the LYR from 140 to
120 Ma (Fig. 5a). During this time, the Tan-Lu fault might have
been a dextral transcurrent fault that accommodated NW-SE
crustal extension and magmatic intrusion in the LYR (Zhang et
al., 2003); however, it has little effect on the Ningzhen region.
Subsequently, the collision of the West Philippine Block with
the eastern Asian margin (Zhang et al., 2019; Faure et al., 1989)
and the roll-back of the subduction plate induced a short-time
compression against the east of the Chinese continent (Su et al.,
2018a; Zhou et al., 2006). The Tan-Lu fault appeared as sinis-
tral transpression and produced an S-N-direction compression
in the region (Zhu et al., 2018). It likely resulted in some brittle
deformation of the upper crust associated with fault-related
calcite veins and tectonic inversion from 120 to 110 Ma (Fig.
5b). Meanwhile, the brittle faults probably inherited the
pre-tectonic deformation, leading to mixed U-Pb ages (Fig. 4)
and E-W-trending faults in the Ningzhen region. After the short
dormancy, the adakitic magma began to be active in Ningzhen
and its eastern region due to lithospheric delamination induced
by the sustained subduction of the Pacific Plate (Xu et al., 2002)
(Fig. 5c). The regional stress regime manifested S-N-direction
extension associated with local rift basins (Zhu et al., 2018).

5 CONCLUSION

The fault-related calcites of the Permian carbonate in
Ningzhen Mountain yield U-Pb ages of 117.2+2.4 and 109.9£5.8
Ma, which constrain the timing of brittle fault activity. The trace
elements and REEs indicate that the fault-related calcites were
mainly derived from the host carbonate rocks rather than the
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Figure 5. Cartoons showing the tectonic evolution of the LYR and stress regime
in the Ningzhen area. (a) Adakitic magma intrusion in the LYR of 140-120 Ma;
(b) forming time of fault-related calcite veins in Ningzhen Mountain of 120-110
Ma; and (c) adakitic magma occurring in Ningzhen Mountain of 110-90 Ma.

magmatic rocks. The analyzed brittle faults occurred likely as
the product of short-time tectonic inversion during the dormant
period of magmatic activity.
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