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The Taihua Complex in the Xiaoqinling area of the southern Trans-North China Orogen (TNCO) records extensive
magmatism during the early Paleoproterozoic. This contrasts with the tectono-magmatic quiescence recorded
globally at this time. Based on zircon U—Pb geochronological and whole-rock geochemical data, the
2.36-2.30 Ga granitic gneisses in the Taihua Complex can be subdivided into three groups. Group-1 gneisses
(2.36-2.33 Ga), mainly in the Dumutai area, are high-K,0 granitoid rocks, which record the earliest magmatism.
These rocks have fractionated rare earth elements (REE) patterns, marked negative Eu—Sr anomalies, and vari-
able whole-rock eng(t) (—1.67 to +2.41) and ey(t) values (—0.89 to +3.41), and were likely derived by partial
melting of a mixture of pre-existing tonalite-trondhjemite-granodiorite (TTG) and K-rich rocks with residual
plagioclase in the source at high-temperature and low-pressure conditions. Group-2 gneisses (2.33-2.31 Ga),
mainly in the Jialu and Xitongyu areas, are granitoid rocks that formed after the Group-1 gneisses. These rocks
have less fractionated REE patterns, low La/Yb and Sr/Y ratios, and slightly positive to negative whole-rock enqg
(t) (—3.91 to +2.00) and gy(t) values (—7.99 to +0.87), which resulted from high-degree partial melting of an-
cient crust in an extensional setting. Group-3 gneisses (~2.30 Ga) are TTG rocks from the Bayuan area, which rep-
resent the youngest magmatism. These rocks have high La/Yb and Sr/Y ratios, high MgO, Cr, and Ni contents, and
negative whole-rock eng(t) (—1.71 to —1.67) and eu¢(t) values (—0.57 to —0.10), which indicate derivation by
partial melting of delaminated lower crust and interaction with mantle materials. Samples from all groups have
variable zircon ey(t7s) (—6.38 to +7.70) and 620 values (3.97%. — 6.79%.), indicative of a heterogeneous mag-
matic source. Most zircons have slightly positive to negative eyg(t;,6) values, indicating significant reworking of
ancient crustal materials and limited crustal growth during this period. The age, geochemistry, and petrogenesis
of the studied granitoid rocks record orogenic collapse and a transition from post-collisional extension to crustal
delamination in the early Paleoproterozoic. This followed late Archean subduction-collision-accretion processes
in the southern NCC.
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1. Introduction

The global distribution of U—Pb ages for subduction-related granit-
oids and detrital zircons indicates a widespread reduction in magmatic
activity on Earth at 2.45-2.20 Ga, which is considered to represent a
global magmatic and tectonic shutdown or slowdown (Condie, O'Neill,
and Aster, 2009; Partin et al., 2014; Spencer, Murphy, Kirkland, Liu,
and Mitchell, 2018). However, there was some magmatic activity during
this period, such as mafic dike swarms in the Dharwar, Zimbabwe,
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Yilgarn, West Greenland, and Karelian cratons, the Fennoscandian
Shield, and North America (Partin et al., 2014; Spencer, Murphy,
Kirkland, Liu, and Mitchell, 2018 and references therein). These mafic
igneous rocks were related to large igneous province events, mantle
plumes, and break-up of the Kenorland supercontinent that formed in
the late Archean (Eriksson and Condie, 2014; Partin et al., 2014, and ref-
erences therein). Coeval silicic magmatism was relatively scarce, but in-
cludes tonalite-trondhjemite-granodiorite (TTG) suites in the San
Francisco, Amazonian (Brazil), West African, and North China cratons,
and some calc-alkaline granitoids in the Qaidam Basin, Yangtze Block,
Quanji Massif, and Arrowsmith Orogenic Belt of the Western Churchill
Craton (e.g, Cui et al., 2019; Gong et al., 2014; Gong, He, Wang, Chen,
and Kusky, 2019; He et al., 2018; Seixas, David, and Stevenson, 2012;
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Teixeira et al., 2015; Yu, Fu, Wang, Li, and Guo, 2017; Zhao et al., 2008).
The TTG suites are thought to have formed in a subduction-related arc
setting, whereas the other granitoids were associated with syn- or
post-collisional extension. The presence of these mafic and silicic rocks
appears to contradict the model of a global tectono-magmatic
shutdown.

The North China Craton (NCC; Fig. 1a) is the largest and oldest cra-
tonic block in China (ca. 3.8 Ga; Liu, Nutman, Compston, Wu, and
Shen, 1992; Song, Nutman, Liu, and Wu, 1996), and consists of Archean
to Paleoproterozoic basement (Zhao, Sun, Wilde, and Li, 2005; Zhao and
Zhai, 2013). Notably, early Paleoproterozoic magmatic activity in the
NCC occurred during the global tectono-magmatic shutdown. Rocks
formed during this period have been recognized in the Bayanwulashan
Complex of the Alxa Block, the Dagingshan area of the Khondalite Belt,
and the Liiliang, Zhongtiao, and Taihua complexes of the Trans-North
China Orogen (TNCO) (Dan, Li, Guo, Liu, and Wang, 2012; Diwu, Sun,
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Zhao, and Lai, 2014; Dong et al., 2009; Huang, Wilde, Yang, and Zhong,
2012; Huang, Wilde, and Zhong, 2013; Yuan, Zhang, Yang, Lu, and
Chen, 2017; Zhao et al., 2008). The Bayanwulashan mafic igneous
rocks are geochemically similar to those formed in a continental rift,
whereas the rocks from the TNCO formed in various tectonic settings:
Intra-continental rifts, subduction zones, and integrated rift-
subduction-collisional settings (e.g., Dan, Li, Guo, Liu, and Wang,
2012; Trap, Faure, Lin, and Monié, 2007; Yuan, Zhang, Yang, Lu, and
Chen, 2017; Zhai and Liu, 2003; Zhao et al., 2008). The petrogenesis of
these rocks and their geodynamic settings are key in understanding
the early Paleoproterozoic tectonic evolution of the NCC.

The Taihua Complex in the Xiaoqinling area is the largest outcrop of
Precambrian basement in the southern TNCO, and records early
Neoarchean to late Paleoproterozoic magmatism, including extensive
silicic magmatism at ca. 2.3 Ga (e.g., Diwu, Sun, Zhao, and Lai, 2014;
Huang, Wilde, and Zhong, 2013; Jia et al., 2016, 2019; Wang et al.,
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Fig. 1. (a) Tectonic framework of the North China Craton (after Zhao, Sun, Wilde, and Li, 2005); (b) sketch map of the early Precambrian terranes in the southern Trans-North China Orogen
(after Diwu, Sun, Zhao, and Lai, 2014); (c) geological map of the Taihua Complex in the Xiaoginling area, showing sample locations (after Huang, Wilde, and Zhong, 2013).
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2012, 2017a; Wang, Wang, Chen, Lu, and Wu, 2014; Yu, Liu, Li, Chen,
and Dai, 2013). As such, the Xiaoqinling area is an ideal site for investi-
gating the early Paleoproterozoic tectonic evolution of the NCC. How-
ever, the petrogenesis of igneous rocks and related tectonic processes
in this region are controversial because these ca. 2.3 Ga rocks show di-
verse petrological and geochemical characteristics. For example, abun-
dant granites in the Xiaoqinling area have been proposed to have
formed in an extensional setting (Jia et al., 2019), whereas the TTGs
were derived by partial melting of thickened lower crust with residual
garnet and amphibole, which possibly occurred in an orogenic setting
(Huang, Wilde, and Zhong, 2013). Therefore, the key issue is whether
these ca. 2.3 Ga rocks were formed in a simple tectonic event.

In this paper, we present whole-rock geochemical and Nd—Hf iso-
tope data, and in situ zircon U—Pb ages and Hf—O isotopic data for
granitoid gneisses from the Taihua Complex. We use these data to in-
vestigate the petrogenesis and source characteristics of these rocks,
and to constrain the tectonic evolution of the southern NCC during the
early Paleoproterozoic global tectono-magmatic shutdown.

2. Geological setting and sample descriptions

The NCC is tectonically bounded by the Central Asian Orogenic Belt
(CAOB) to the north, the Qinling-Dabie orogenic belt to the south, the
Qilian Orogen to the west and the Sulu HP-UHP metamorphic belt to
the east. It consists of two distinct blocks (i.e., the Eastern and Western
blocks) that were amalgamated in the Paleoproterozoic (ca. 1.85 Ga) to
form the N—S trending TNCO (Fig. 1a; Zhao, Sun, Wilde, and Li, 2005).
The Western Block formed by amalgamation of the Yinshan and Ordos
blocks along the E-W trending Khondalite Belt at ca. 1.95 Ga (Fig. 1a;
Zhao, Sun, Wilde, and Li, 2005), whereas the Eastern Block underwent
a Paleoproterozoic (2.2-1.9 Ga) rifting event and subsequent
subduction-collision processes, forming the Paleoproterozoic Jiao—
Liao-Ji Belt (1.90 Ga, Fig. 14, Li and Zhao, 2007, Tam et al., 2011, Zhao
and Zhai, 2013). Archean basement rocks (3.8-2.5 Ga) are widely ex-
posed in the Eastern Block.

The Taihua Complex, usually termed as the Taihua Group in the tra-
ditional Chinese literature, is exposed in an E-W-trending belt from
the Xiaoqinling, Xiaoshan, Xiong'er, Lushan, to Wuyang areas in the
southern TNCO (Fig. 1b). The Taihua Complex in the Xiaoqinling area
is the largest outcrop of Precambrian basement in the southern seg-
ment of the TNCO (Fig. 1c), which was further subdivided into the
Lower and Upper Taihua Groups according to rock types (Guan,
1996; Qi, 1992). The Upper Taihua Group consists of quartzite,
metapelitic gneiss and schist, marble and iron formation, whereas
the Lower Taihua “Group” consists of amphibolite and intermediate
to felsic gneisses, with minor granulites (Qi, 1992). Collectively, the
Taihua Complex in the Xiaoqinling area is a meta-volcanic sedimen-
tary sequence that mainly comprises Mesoarchean-Paleoproterozoic
TTG gneisses, granitic rocks, and minor amphibolites, which typically
experienced high amphibolite- to granulite-facies metamorphism in
the Paleoproterozoic (1.9-1.8 Ga, Jia et al., 2016; Wang et al., 2012;
Wang, Wang, Chen, Lu, and Wu, 2014). The Taihua Complex in the
Xiaoginling area is unconformably overlain by Quaternary sediments
and the Paleoproterozoic Tietonggou Formation or Mesoproterozoic
Xiong'er Group (Fig. 1c¢; Guan, 1996; Huang, Wilde, and Zhong,
2013; Jia et al., 2016; Shen, 1986).

In this study, gneiss samples of the Taihua Complex were collected
from the Jialu, Xitongyu, Fushuizhen, Tizigou, Laohugou, and Bayuan
areas (Fig. 1c¢). Most of the gneisses are banded with parallel light and
dark layers (Fig. 2a) that have different mineral proportions. The
gneisses contain plagioclase (30%-50%), biotite (10%-25%), amphibole
(10%-20%) and quartz (10%-15%) (Fig. 2b), and some contain
K-feldspar (<10%), suggesting an amphibolite-facies metamorphism.
The gneissic fabrics are defined by the parallel alignment of biotite
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and/or amphibole (Fig. 2b). Some gneiss samples from Bayuan are
weakly layered (Fig. 2c), and consist of plagioclase (30%-40%), amphi-
bole (10%-30%), biotite (10%-20%), quartz (10%-20%), and minor gar-
net (Fig. 2d). Titanite, magnetite, apatite, and zircon are common
accessory minerals (<1%) in all samples.

3. Analytical methods

All analyses were carried out at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIG-CAS). Analytical procedure and conditions are princi-
pally similar to those described by Wang, Huang, Yang, and Luo
(2017b); Wang, Huang, and Yang (2019).

Whole-rock major element oxides were determined using a Rigaku
RIX 2000 X-ray fluorescence (XRF) spectrometer, and analytical uncer-
tainties are mostly between 1% and 5%. Trace elements were analyzed
by Perkin-Elmer Sciex ELAN 6000 inductively coupled plasma-mass
spectrometry (ICP-MS) after acid digestion of samples in high-
pressure Teflon bombs. The US Geological Survey and Chinese National
Standards SARM-4, SY-4, BHVO-2, AGV-2, GSD-9, GSR-1, GSR-2, GSR-3
and GSR-10 were used for calibration. Analytical precision of REE and
other incompatible elements is typical 1-5%.

Whole-rock Nd—Hf isotopic analyses were performed on a Neptune
Plus multi-collector ICP-MS (MC-ICP-MS). All chemical preparations
were performed on the specially designed class-100 work benches in-
side a class-1000 clean laboratory. The samples for Nd isotopic analysis
were dissolved by the acid mixtures of HNO3-HF, and those for Hf isoto-
pic analysis were digested using alkali fusion method. Normalizing fac-
tors used to correct the mass bias of Nd—Hf during the measurements
are "SNd/"Nd = 0.7219 and '7°Hf/!7Hf = 0.7325, respectively.

Zircon U—Pb analyses were performed on the CAMECA ims-1280HR
ion microprobe. A primary ion beam of 0>~ was accelerated at —13 kv,
with intensity of ca. 10 nA. The ellipsoidal spot size was ca. 20 pm x 30
um. Detailed analytical procedures are similar to those described by Li
et al. (2013). In order to monitor the external uncertainties of SIMS U
—Pb measurements, analyses of an inner zircon standard Qinghu were
interspersed with unknowns that were mounted in three mounts, yield-
ing the weighted mean 2°°Pb/238U ages 0f 159.8 4 1.8 Ma (n = 7), 159.5
4+ 1.4Ma(n=11)and 158.2 4+ 1.4 Ma (n = 12), respectively, which are
identical within errors to the reported age of 159.5 &+ 0.2 Ma (Li et al.,
2013). Data reduction and age calculation were carried out using Isoplot
program (version 4.15; Ludwig, 2003).

Zircon oxygen isotopic analyses were performed on CAMECA ims-
1280HR and detailed analytical procedures were described in Yang
et al. (2018). Data were corrected for instrumental mass fractionation
(IMF) using a “standard-samples-standard” bracketing external stan-
dardization method. The Penglai zircon was used as the external stan-
dard and the reference zircon (Qinghu) was used as unknowns.
Oxygen isotope ratios are reported in standard permil notation relative
to Vienna Standard Mean Ocean Water (VSMOW). Qinghu zircon stan-
dard in this study yielded weighted mean 6'80 = 5.56 + 0.21%. (20; n
=7),5.49 + 0.47%. (20, n = 6) and 5.24 + 0.32%. (20; n = 8) for three
mounts, respectively, which are consistent with the reference values of
5.4 4 0.2%. (20) within errors (Li et al., 2013).

In situ zircon Lu—Hf isotopic analyses were conducted using a Nep-
tune plus MC-ICP-MS equipped with a RESOlution M-50193 nm laser
ablation system. The laser beam size was 45 pum and the repetition
rate of 6 Hz at 4 J/cm? was used. Helium was chosen as the carrier gas
(800 ml/min). Each analysis consisted of 300 cycles with an integration
time of 50s. The detailed data reduction procedure is described in
Zhang, Ren, Xia, Li, and Zhang (2015). PleSovice served as reference ma-
terial. During Hf analysis, '7°Hf/!”’Hf = 0.282483 + 30 (2SD; n = 20),
which is consistent with the reference value of '7SHf/'”’Hf =
0.282483 4 35 (2SD; Slama et al., 2008).
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Fig. 2. Field photographs of the Taihua Complex in the Xiaoqinling area and petrographic characteristics of gneiss samples. (a) Banded gneiss sample exhibiting strong folding from the Jialu
area; (b) photomicrograph of sample TH14150 from the Xitongyu area; the length of hammer is 28 cm; (c) gray gneiss with a weak gneissose structure from the Bayuan area; and
(d) photomicrograph of sample TH14100 from the Bayuan area. Mineral abbreviations: Am = amphibole, Grt = garnet, Pl = plagioclase, Qtz = Quartz, Bt = Biotite, Chl = Chlorite.

4. Results
4.1. Zircon U—Pb ages

Gneiss samples from the Bayuan, Fushuizhen, Jialu, Xitongyu,
Tizigou, and Laohugou locations (TH14100, TH14130, TH14141,
TH14147, TH14155, and TH14160, respectively) were selected for in
situ zircon U—Pb dating, and were collected from the Taihua Complex
in the western to eastern Xiaoqinling area (Fig. 1c).

Zircons from sample TH14100 (Bayuan; 34°09'04“ N, 109°38'53" E)
are euhedral-subhedral prismatic grains (Fig. 3a). The cathodolumi-
nescence (CL) images revealed well-developed oscillatory zoning in
the zircon cores, indicating a magmatic origin, but the rims are unzoned
(Fig. 3a). Seventeen analyses of the oscillatory zoned cores have high U
—Th contents (295-1703 and 121-599 ppm, respectively), with high
Th/U ratios of 0.31-0.70 (Supplementary Table 1). These zircons yielded
a weighted-mean 2°”Pb/2°Pb age of 2296 + 8 Ma, which is interpreted
to be the crystallization age of the Bayuan gneiss (Fig. 3b).

Zircons from sample TH14130 (Fushuizhen; 34°30'00“ N,
109°57°51” E) are mostly euhedral prismatic grains and exhibit well-
developed oscillatory zoning (Fig. 3c). Thirteen analyses of the zoned
zircon domains have variable U—Th contents (204-1238 and 133-724
ppm, respectively), with Th/U ratios of 0.34-1.11 (Supplementary
Table 1). Three analyses (Spots 8.1, 10.1, and 13.1) have old apparent
207pp206ph ages (2506 + 9,2601 = 28, and 2517 + 4 Ma, respectively),
and are inherited zircons. The other 10 analyses have variable apparent
207ph206ph ages of 2378-2340 and 2452-2423 Ma, yielding weighted-
mean 2°’Pb/2°®Pb ages of 2362 + 17 and 2442 + 20 Ma, respectively

(Fig. 3d; Supplementary Table 1). The young age of 2362 + 17 Ma is
interpreted to be the crystallization age of the Fushuizhen gneiss,
whereas the older age represents inherited zircons (Fig. 3d; Supplemen-
tary Table 1).

Zircons from sample TH14141 (Jialu; 34°24’14“ N, 110°07°'10” E) are
mostly stubby grains and exhibit oscillatory zoning (Fig. 3e). Fourteen
analyses of the zoned zircon domains have moderate to high U—Th con-
tents (120-2164 and 61.8-630 ppm, respectively), with Th/U ratios of
0.29-0.71 (Supplementary Table 1). These analyses yield apparent
207pp/206ph ages of 2286 + 11 to 2340 + 7 Ma and defined a
weighted-mean 2°/Pb/2%Pb age of 2323 + 7 Ma, which is identical to
the upper intercept age, and is interpreted as being the crystallization
age of the Jialu gneiss (Fig. 3f).

Zircons from sample TH14147 (Xitongyu; 34°24'55“ N, 110°10’46”
E) are mostly euhedral and prismatic grains. The CL images revealed os-
cillatory zoning in the zircon cores, whereas the rims are darker and
unzoned (Fig. 3g). Fourteen analyses of the oscillatory zoned cores
have moderate U—Th contents (105-749 and 28.7-615 ppm, respec-
tively), with high Th/U ratios of 0.27-0.82, indicative of a magmatic or-
igin. These zircons have a narrow range of apparent 2°’Pb/?°Pb ages
from 2332 4 6 to 2316 + 11 Ma, and yielded a weighted-mean age of
2325 + 4 Ma (Fig. 3h; Supplementary Table 1), which is interpreted
to be the crystallization age of the Xitongyu gneiss. Spot 5.2 on a zircon
rim yielded a younger apparent 2°/Pb/2°°Pb age of 2284 + 5 Ma, which
probably reflects a later tectono-thermal event or a mixed age (Fig. 3g-
h). In addition, three further analyses on zircon rims have high U and
low Th contents (667-793 and 3.18-3.67 ppm, respectively) and very
low Th/U ratios (0.004-0.005; Supplementary Table 1). These zircons
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have younger apparent 2°’Pb/2%Pb ages with a weighted-mean age
of 1952 4+ 6 Ma, which is considered to reflect the timing of
metamorphism.

Zircons from sample TH14155 (Tizigou; 34°24'06 N, 110°17°00”
E) are euhedral-subhedral and prismatic or stubby grains. The CL im-
ages revealed oscillatory zoning in the zircon cores, and the rims are
dark and thin (Fig. 3i). Nineteen analyses on the oscillatory zoned
cores have variable U—Th contents (106-688 and 47.8-355 ppm, re-
spectively), with Th/U ratios of 0.44-0.73 (Supplementary Table 1).
The apparent 2°7Pb/2°°Pb ages of the zircon cores vary between 2293
4+ 9 and 2339 + 13 Ma, corresponding to a weighted-mean age of
2322 + 6 Ma, which is interpreted to be the crystallization age of the
Tizigou gneiss (Fig. 3j; Supplementary Table 1).

Zircons from sample TH14160 (Laohugou; 34°22’44“ N, 110°28'37”
E) are euhedral and stubby. The CL images showed that most of the zir-
cons have well-developed oscillatory zoning in their cores and dark
rims (Fig. 3k). Fourteen analyses on oscillatory zoned cores have moder-
ate U—Th contents (92.4-384 and 54.1-247 ppm, respectively), with
high Th/U ratios of 0.34-0.82 (Supplementary Table 1). These zircons
have apparent 2°’Pb/2%°Pb ages of 2300 + 11 to 2334 + 12 Ma, with a
weighted-mean 2°’Pb/2°°Pb age of 2325 + 6 Ma, which is interpreted
to be the crystallization age of the Laohugou gneiss (Fig. 31).

4.2. In situ zircon Hf—0 isotopes

Zircon Hf—O isotope analyses were carried out at sites in the zircons
that had been dated (Supplementary Table 2). Initial Hf isotope ratios
were calculated based on the apparent >°’Pb/2°°Pb ages (t7,6) for each
analytical site.

Igneous zircons from sample TH14100 have 6'80 values of 5.03%.—
6.76%., with a mean value of 6.14 £ 0.38%. (Fig. 4a; Supplementary
Table 2). The '76Hf/"7"Hf ratios vary from 0.281148-0.281370, with cor-
responding slightly positive to negative eye(t;5) values (—6.38 to
+1.13), and variable two-stage Hf model ages of 2.78-3.25 Ga
(Fig. 4b; Supplementary Table 2).

Igneous zircons from sample TH14141 have relatively lower 620
values (3.97%.-5.09%.; mean = 4.51 + 0.29%.; Supplementary
Table 2) as compared with sample THB14100 (Fig. 4a; Supplementary
Table 2). These zircons have a relatively narrow range of '7°Hf/'’’Hf ra-
tios (0.281198-0.281243), with negative ey¢(t7/6) values (—4.94 to
—2.84), and two-stage Hf model ages of 3.04-3.18 Ga (Fig. 4b; Supple-
mentary Table 2).

For sample TH14147, 15 analyses of oscillatory zoned zircon cores
have $'80 values of 4.72%.—6.35%., with a mean value of 5.21 +
0.21%. (Fig. 4a; Supplementary Table 2). These zircons have relatively
low "7CHf/"77Hf ratios (0.281248-0.281377), slightly positive to nega-
tive initial ep¢(t76) values (—5.23 to +0.27), and old two-stage Hf
model ages of 2.85-3.19 Ga (Fig. 4b; Supplementary Table 2). Three
late Paleoproterozoic metamorphic zircons (1.95 Ga) have slightly
lower 6'80 values of 4.11%.—4.41%. (Supplementary Table 2).

Igneous zircons from sample TH14155 have '7®Hf/!””Hf ratios be-
tween 0.281280 and 0.281370, corresponding to ey¢(t76) values from
—2.52 to +1.62 and two-stage Hf model ages of 2.77-3.02 Ga
(Fig. 4b; Supplementary Table 2).

Igneous zircons from sample TH14160 have §'80 values of 6.19%.—
6.79%., with a mean value of 6.53 + 0.10%. (Fig. 4a; Supplementary
Table 2). These zircons have 7®Hf/!7”Hf ratios of 0.281271-0.281377,
with eye(t76) values of —1.50 to +1.94 and two-stage Hf model ages
of 2.75-2.95 Ga (Fig. 4b; Supplementary Table 2).
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Fig. 4. Plots of zircon (a) '%0 and (b) &u(t) versus age for gneisses from the Taihua
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and Zhong (2013), Jia et al. (2019), and Yu, Liu, Li, Chen, and Dai (2013). 5'%0 range for
mantle zircons (5.3% + 0.3%.) from Valley, Kinny, Schulze, and Spicuzza (1998).

4.3. Whole-rock major and trace elements

The studied samples have variable SiO, (56.70-71.40 wt%), MgO
(0.45-3.61 wt%), and K,0 (1.00-5.86 wt%; Fig. 5a-b) contents, and
variable trace element concentrations (Figs. 5-6; Supplementary
Table 3). Based on major and trace elements, the studied samples
can be broadly subdivided into three suites (Group-1, —2, and — 3;
Figs. 5-6).

Group-1 samples are high-K;O gneisses from the Dumutai,
Fushuizhen, and Tizigou areas, which belong mostly to the shoshonite
series (Fig. 5b) and plot in the fields for granite and monzonite in the
Ab-Or-An diagram (Fig. 5c). These gneisess have fractionated REE pat-
terns ([La/Yb]y = 35.1-168) and negative Eu—Sr anomalies (Fig. 6;
Supplementary Table 3). Group-2 samples are relatively low-K,0
gneisses from the Jialu, Xitongyu, Dumutai, Tizigou, and Laohugou
areas (Fig. 5b), which plot mostly in the fields for tonalite and granodi-
orite in the Ab-Or-An diagram (Fig. 5c). These gneisses have less frac-
tionated REE patterns ([La/Yb]y = 6.85-43.2) than the Group-1
gneisses, no Eu anomalies, and significant negative Nb, Ta, and Ti anom-
alies in a primitive-mantle-normalized multi-element diagram (Fig. 6;
Supplementary Table 3). Group-3 samples are high-MgO, —Cr, and
—Ni gneisses from the Bayuan area (Fig. 53, d, and e), which plot mostly
in the field for tonalite in the Ab-Or-An diagram (Fig. 5c). These

Fig. 3. Representative cathodoluminescence images of zircons and concordia diagrams for gneisses from the Taihua Complex: (a-b) TH14100; (c-d) TH14130; (e-f) TH14141; (g-h)
TH14147; (i-j) TH14155; (k-1) TH14160. Scale bar is 100 pm and analyzed spot diameter is 30 um.
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gneisses have highly fractionated REE patterns ([La/Yb]y = 17.2-79.5), 4.4. Whole-rock Hf —Nd isotopes

marked positive Eu—Sr anomalies, and overall lower trace element con-

centrations compared with the other samples (Fig. 6; Supplementary Group-1 samples have variable '**Nd/**Nd (0.510779-0.510783)
Table 3). and '7®Hf/'77Hf (0.281326-0.281550) ratios, with variable initial
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enda(t) (—1.67 to +2.41) and ey(t) values (—0.89 to +3.41) and Nd
—Hf model ages (Tpyng = 2.49-2.74 Ga; Tpva-ng = 2.56-2.90 Ga;
Tom-ur = 2.58-2.73 Ga; Tpmz-nr = 2.68-2.95 Ga; Fig. 7; Supplementary
Table 4).

Group-2 samples have variable *3>Nd/'**Nd ratios (0.511047-
0.511420) and initial eng(t) values (—3.91 to +2.00), corresponding
to variable Nd model ages (Tpm.na = 2.52-3.02 Ga; Tpmz-na =
2.56-3.05 Ga) that are older than their crystallization ages (Fig. 7a; Sup-
plementary Table 4). These samples also have low '7®Hf/"”7Hf ratios of
0.281411-0.281855, corresponding to slightly positive to negative ini-
tial eye(t) values (—7.99 to 4+-0.87) and variable Hf model ages (Tpn.pf
= 2.65-3.41 Ga; Tpmz-ur = 2.81-3.35 Ga; Fig. 7b; Supplementary
Table 4). In addition, data for samples TH14141, TH08-76, TH08-77,
and THO8-83 diverge from the terrestrial array defined by Vervoort,
Plank, and Prytulak (2011), with lower '7SHf/!”’Hf relative to
13Nd/4Nd (Fig. 7c).

Group-3 samples have low '*3Nd/'*Nd ratios (0.511071-
0.511395), corresponding to negative initial eyg(t) values (—1.71 and
— 1.67) and old Nd model ages (Tpy.ng = 2.75-2.85 Ga; Tpyma-ng =
2.85 Ga; Fig. 7a; Supplementary Table 4). These samples have low
176Hf/177Hf ratios of 0.281452-0.281518, corresponding to negative ini-
tial eye(t) values (—0.10 to —0.57) and old Hf model ages (Tpm.ur =
2.67-2.70 Ga; Tpvpo-pr = 2.85-2.88 Ga; Fig. 7b; Supplementary Table 4).

5. Discussion
5.1. Petrogenesis of granitoid gneisses in the Taihua Complex

Group-1 gneisses are characterized by fractionated REE patterns
(e.g., high La/Yb and Dy/Yb ratios), which might reflect partial melting
of a deep source with residual garnet. Residual garnet would signifi-
cantly increase the La/Yb and Dy/Yb ratios of the melt, because it has
progressively increasing partition coefficients for REEs with increasing
atomic number (Moyen, 2009; Moyen and Martin, 2012). However,
the Group-1 gneisses have relatively low Sr contents, low Sr/Y ratios,
and negative Eu anomalies (Figs. 6 and 8), indicating plagioclase was a
residual phase during partial melting, which requires relatively low-
pressure conditions. In addition, the high-K;O gneisses from the
Dumutai area have relatively high zircon saturation temperatures
(805-973 °C; Jia, 2016), which likely reflect partial melting of the
middle-lower crust under high-temperature-low-pressure conditions
(Jia, 2016). Thus, the high La/Yb and Dy/Yb ratios of the Group-1
gneisses were inherited from a source characterized by high La/Yb and
Dy/Yb ratios, such as preexisting TTGs; however, partial melting exper-
iments have shown that TTGs are typically too sodic to produce potassic
magmas (Watkins, Clemens, and Treloar, 2007). Therefore, the source of
the Group-1 gneisses requires the involvement of K-rich materials.
Given that the Group-1 samples are silicic rocks with relatively low
MgO and Fe,03 contents (Fig. 5; Supplementary Table 3), these cannot
be an analogue of high-Mg andesites derived from a highly enriched
and metasomatized mantle source (Rapp, Shimizu, Norman, and
Applegate, 1999). Therefore, the protoliths of the Group-1 gneisses
were partial melts of pre-existing TTGs that were hybridized with a
high-K component (i.e., evolved crustal materials or K-rich magmas;
Laurent, Martin, Moyen, and Doucelance, 2014; Nelson, 1992) at high-
temperature-low-pressure conditions.

Group-2 gneisses have relatively high Y and heavy REE contents,
with low La/Yb, Dy/Yb, and Sr/Y ratios (Figs. 6 and 8), and are different
from TTGs. Such geochemical features preclude the involvement of gar-
net in the petrogenesis of these gneisses. In addition, these samples
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have relatively uniform La/Yb and Dy/Yb ratios (Fig. 8) and variable
SiO, contents (Fig. 5; Supplementary Table 3), which cannot be ex-
plained by magmatic differentiation, but likely reflect partial melting
processes. The Group-2 samples have slightly positive to negative zircon
ene(t7,6) and whole-rock eng(t) and eye(t) values, implying an ancient
crustal source. Thus, the protoliths of the Group-2 gneisses could have
been derived by partial melting of an ancient crustal source without gar-
net in the residue.

Group-3 gneisses have relatively low REE and Y abundances, marked
positive Eu anomalies (Fig. 6a), and moderate to high La/Yb and Sr/Y
ratios (Fig. 8), and plot in the fields for adakite and high-Al TTGs on di-
agrams of [La/Yb|y versus Yby and Sr/Y versus Y (Fig. 8a-b; Supplemen-
tary Table 3). High Sr/Y ratios (Fig. 8b and d) and positive Eu anomalies
(Fig. 6a) are due to plagioclase accumulation (Qian and Hermann,
2013), which is consistent with the positive correlation between Sr/Y
and Eu/Eu” (Fig. 8d). In addition, Group-3 samples exhibit depletions
in heavy REEs and high La/Yb ratios, indicating that residual garnet +
amphibole was present in the source during partial melting. Given
that amphibole has higher partition coefficients for middle REEs than
heavy REEs (Moyen, 2009; Moyen and Martin, 2012), its presence in
the source will produce high La/Yb and low Dy/Yb ratios in the melt.
The studied samples have low Dy/Yb ratios, but there is no correlation
between La/Yb and Dy/Yb ratios (Fig. 8c), which could be attributed to
the presence of residual garnet and amphibole during partial melting.
Residual garnet and amphibole require partial melting at high pressures
(Xiong, 2006; Xiong, Adam, and Green, 2005), which could be due to
oceanic crustal subduction or lower crustal thickening and delamina-
tion (e.g., Condie, 2005; Smithies and Champion, 2000). Group-3 sam-
ples have high MgO, Cr, and Ni contents and plot mostly in the field
for subducted oceanic crust-derived adakites (Fig. 5a, d, and e), which
implies the significant involvement of mantle materials. However,
these samples have slightly positive to negative zircon ey¢(t7/6), and
negative whole-rock enq(t) and eye(t) values (Figs. 4 and 7), indicating
the magma source was mainly ancient crust rather than juvenile oce-
anic crust. Therefore, our preferred mechanism for generating the
protoliths of the Group-3 gneisses involves the partial melting of
delaminated lower crust.

5.2. Magmatic sources of the gneisses in the Taihua Complex based on zir-
con Hf—O isotopes

Given that it is a physically and chemically stable accessory mineral,
zircon is a critical tool for understanding the evolution of continental
crust (Cawood, Hawkesworth, and Dhuime, 2013; Hawkesworth and
Kemp, 2006). Zircon Hf—O isotope data can reflect the relative contri-
butions of the mantle and crust, thereby providing insights into crustal
growth and reworking. Only a few studies have reported zircon O iso-
tope data for early Precambrian rocks in the southern NCC (Diwu, Sun,
Gao, and Fan, 2013; Liu et al,, 2009). The available data show that the Ar-
chean zircons dominantly have mantle-like 520 values, whereas the
early Paleoproterozoic zircons have higher 6'20 values, indicating the
recycling of surface-derived materials (Diwu, Sun, Gao, and Fan, 2013;
Liu et al., 2009).

Zircon can preserve its primary Hf—O isotopic composition despite
high-grade metamorphism (Valley et al., 2005; Wu, Li, Zheng, and
Gao, 2007), but O isotopes can be reset by dissolution-re-precipitation
during metamictization (Booth et al., 2005). Magmatic zircons in the
Taihua Complex should retain their primary O isotope signatures, be-
cause 5'80 values are not correlated with the degree of age discordance
(Fig. 9a).

Fig. 7. Nd-Hf isotope evolution diagrams for gneisses from the Taihua Complex. (a) evq(t) versus age; (b) eqf(t) versus age; (c) eug(t) versus enq(t). Terrestrial array from Vervoort, Plank,

and Prytulak (2011).
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Igneous zircons from Group-1 samples are characterized by near- to
super-chondritic Hf isotopic compositions with ey t;,6) values of —0.18
to +7.70 (Fig. 9c), suggesting a dominant juvenile crustal source.
However, the Group-1 samples have variable whole-rock enq(t) and
eye(t) values (Fig. 7), indicating the involvement of ancient crustal ma-
terials. Sample TH14130 contains inherited zircons with apparent
207ph/296ph ages of 2601 + 28 to 2423 + 9 Ma, also requiring the in-
volvement of pre-existing crustal materials. Therefore, the protoliths
of the Group-1 gneisses may have been a mixed source of juvenile and
ancient crust materials.

Igneous zircons from Group-2 gneisses have variable ey(t7,6) values
from —6.15 to +6.55, but most are sub-chondritic in composition
(Fig. 9¢). This and the slightly positive to negative whole-rock enq(t) and
eye(t) values (Fig. 7) indicate that the protoliths of the Group-2 gneisses
were formed by reworking of ancient crust with minor inputs from ju-
venile material. The zircons have variable 580 values (3.97%.~6.79%.;
Supplementary Table 2) relative to the mantle value (5.3%o + 0.3%.;
Valley, Kinny, Schulze, and Spicuzza, 1998), which also indicates the
source was heterogeneous. Furthermore, zircons from sample
TH14160 have higher 6'80 values (6.19%.-6.79%.) than the mantle
value (Fig. 4a), which requires a source that has experienced low-
temperature hydrothermal alteration (Valley et al., 2005; Wei, Zheng,
Zhao, and Valley, 2002). In fact, high-6'80 zircons became more preva-
lent since the end-Archean, probably in response to the onset of subduc-
tion and rate of recycling of surface-derived materials into the mantle
(Ma et al., 2020; Valley et al., 2005). However, zircons from sample
TH14141 have slightly lower 880 values (3.97%.-5.09%.) than the
mantle value (Fig. 4a). These zircons have sub-chondritic Hf isotopes
and negative ey¢(t76) values (Fig. 4b), which do not correlate with O
isotopes (Fig. 10b). This cannot be the result of assimilation of low-
5180 rocks, and requires a pre-existing low-56'80 source. High-
temperature hydrothermally altered oceanic crust has relatively low
5180 values (2%.-5%.) due to high-temperature fluid-rock interaction
(Bindeman et al., 2005; Wei, Zheng, Zhao, and Valley, 2002). Thus,
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ancient altered oceanic crust might have been the source of the
protoliths for the Group-2 gneisses, particularly given their enriched
whole-rock Nd and Hf isotopic compositions. Furthermore, given that
the upper part of altered oceanic crust typically has high 20 due to
low-temperature hydrothermal alteration, this might have been the
source for the high-5'80 rocks.

Igneous zircons from Group-3 gneisses have variable ey t;/6) values
(—6.38 to +1.13) that are mostly negative (Fig. 9c) and, together with
the negative whole-rock enq(t) and eyg(t) values (Fig. 7), this suggests
that the protoliths may be the product of crustal reworking. In addition,
the Group-3 gneisses have high MgO, Cr, and Ni contents, indicating the
involvement of juvenile materials, which is also consistent with the
slightly positive zircon epe(t7,6) values of some samples (Fig. 9c). The el-
evated zircon 8'80 values (5.03%.—6.76%.) of the Group-3 gneisses sug-
gest that their source might have experienced low-temperature
hydrothermal alteration prior to partial melting.

In summary, igneous zircons in gneisses from the Taihua Complex
mainly record crustal reworking along with subordinate crustal growth.
The magmatic sources of the gneiss protoliths experienced hydrother-
mal alteration.

5.3. Implications for the early Paleoproterozoic tectonic setting of the south-
ern NCC

There was a remarkable reduction in magmatic activity on Earth at
2.45-2.20 Ga, which was probably due to a global plate tectonic shut-
down or slowdown (Condie, O'Neill, and Aster, 2009; Partin et al.,
2014; Spencer, Murphy, Kirkland, Liu, and Mitchell, 2018). Prior to the
tectono-magmatic shutdown, scattered continental blocks had been
amalgamated into a supercontinent at 2.7-2.5 Ga (i.e., the Kenorland
supercontinent; Aspler and Chiarenzelli, 1998), which might have
been responsible for the global cessation or slowdown of plate tectonics
(Condie, O'Neill, and Aster, 2009). During the tectono-magmatic shut-
down, mafic-ultramafic magmatism occurred in response to a mantle
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plume triggering the break-up of Kenorland (Eriksson and Condie,
2014; Partin et al., 2014, and references therein), suggesting that a
global extensional setting prevailed. In contrast, coeval silicic
(e.g., TTGs) and other arc-related magmatism was uncommon.

The NCC contains widespread Archean to Paleoproterozoic base-
ment (Fig. 10a). The ca. 2.3 Ga magmatism was concentrated in the
TNCO, although small amounts of magmatism occurred in the Western
Block (Supplementary Table 5). Furthermore, early Paleoproterozoic
magmatism in the southern TNCO was more extensive than that in
the middle-northern TNCO (Fig. 10b). The Taihua Complex in the
Xiaoqinling area is the largest exposure of Precambrian basement
in the southern TNCO, and records episodes of magmatism at
2.80-1.80 Ga (Fig. 10c; Supplementary Table 5), and significant inter-
mediate to silicic magmatism at ca. 2.3 Ga. This contrasts with the rela-
tively rare silicic magmatism during the global tectono-magmatic
shutdown. According to the zircon U—Pb age data and geochemical fea-
tures of gneisses in the Xiaoqinling Taihua Complex, we propose a
model for the formation of the silicic magmatism (Fig. 10d).

The earliest magmatism is represented by the Group-1 gneisses that
are characterized by high K,0 contents (Fig. 5b), and were derived by
partial melting with residual plagioclase in the source. Alongside their
high zircon saturation temperatures (Jia et al., 2019), this indicates for-
mation in a high-temperature-low-pressure extensional setting. Exten-
sional tectonics favored the generation of K-rich magmas (Miiller and
Groves, 1997).

The subsequent magmatism represented by the Group-2 gneisses
has less fractionated REE patterns (Fig. 6a) and low La/Yb and Dy/Yb ra-
tios (Fig. 8c), indicating relatively shallow depths of partial melting
without residual garnet in the source. Based on zircon Hf—0 isotope
data, ancient altered oceanic crust might have been the source for
these rocks. Thus, relatively high degrees of partial melting were re-
quired to produce the low La/Yb and Dy/Yb ratios (Fig. 8c), which can
also explain the relatively low SiO, and high FeO-MgO contents
(Fig. 5a; Supplementary Table 3). In an extensional tectonic setting,
mantle upwelling could have provided the thermal anomaly required
for the high-degree partial melting of the ancient oceanic crust.

The youngest magmatism is represented by the Group-3 gneisses
that have high MgO, Cr, and Ni contents (Fig. 5a, d, and e), and negative
whole-rock eng(t) and eyg(t) values (Fig. 7a-b). The protoliths of the
Group-3 gneisses were formed by partial melting of delaminated
lower crust. In general, delaminated lower crust is denser than the un-
derlying mantle, which leads to gravitational instability (e.g., Johnson,
Brown, and Kaus, 2013; Lustrino, 2005). In fact, the lower crust in the
Xiaoqinling area would have experienced multiple stages of partial
melting in the late Archean, which resulted in extensive TTG
magmatism (Fig. 10c; Huang, Wilde, and Zhong, 2013; Jia et al., 2016,
2019). Thus, the lower crust would have been dense and eclogitic, and
susceptible to delamination in the early Paleoproterozoic. In addition,
a thermal anomaly and relatively low strain state in an extensional set-
ting would also have facilitated delamination.

In summary, the geochronology and geochemistry of the Taihua
Complex in the Xiaoqinling area records a process of orogenic collapse
(i.e., extension to delamination) along the southern TNCO during the
early Paleoproterozoic. Indeed, the southern TNCO, as an existing oro-
genic belt at ca. 2.3 Ga, was the weakened lithospheric zone during
the orogenic collapse. Such a weakened zone would be the location of
early expression of the orogenic collapse (i.e., partial melting of pre-
existing TTG and K-rich rocks in an extensional setting), and also facili-
tate the lower crust delamination and subsequent mantle upwelling
and remelting of ancient basement. In addition, integrated geochrono-
logical and geochemical data for the Taihua and Dengfeng complexes
show that the southern TNCO experienced subduction-collision-accre-
tion processes at the end of the Archean (e.g., Diwu, Sun, Zhao, and Lai,
2014; Huang, Wilde, and Zhong, 2013; Jia et al., 2016, 2019; Wang,
Huang, and Yang, 2019; Wang, Huang, Yang, and Luo, 2017b). There is
an emerging record of magmatism with ages ranging between ~2.45
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and 2.22Ga on every continent, which argues for a dynamic plate tec-
tonic regime with co-existence of both extensional and collisional tec-
tonic settings (Partin et al., 2014). Therefore, the ca. 2.3 Ga magmatism
in the Taihua Complex was related to orogenic collapse that resulted
in an extensional setting along the southern TNCO, which is consistent
with the global tectonic regime at this time.

6. Conclusions

The gneisses in the Taihua Complex can be subdivided into three
groups based on geochronological and geochemical data. Group-1
rocks resulted from the partial melting of pre-existing TTG and K-rich
rocks at high-temperature-low-pressure conditions. Group-2 rocks
were generated by the high-degree partial melting of ancient crust.
Group-3 rocks were formed by the partial melting of delaminated
lower crust.

The gneisses in the Taihua Complex have variable whole-rock Nd
—Hf and zircon Hf—O isotopic compositions, reflecting the dominance
of crustal recycling along with subordinate crustal growth in the south-
ern TNCO during the early Paleoproterozoic. The Taihua Complex re-
cords extensive magmatism at ca. 2.3 Ga, which resulted from
orogenic collapse, extensional tectonics, and lithospheric delamination.
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