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Abstract: The Paleoproterozoic gneiss domes are important structures of the Khondalite Belt in the
northwestern North China Craton. However, less attention has been paid to their formation and
evolution, and it thus hampers a better understanding of the deformation history of the Khondalite
Belt. In this paper, we conducted structural and geochronological studies on the Qianlishan gneiss
domes of the Khondalite Belt. The field observations and zircon U-Pb dating results show that
the Qianlishan gneiss domes consist of 2.06-2.01 Ga granitoid plutons in the core, rimmed by
granulite facies metasedimentary rocks (khondalites) of the Qianlishan Group. Both of them were
subjected to two major phases of deformation (D1-D2) in the late Paleoproterozoic. Of these, D1
deformation mainly generated overturned to recumbent isoclinal folds F1 and penetrative transposed
foliations/gneissosities S1 at ~1.95 Ga. Subsequently, D2 deformation produced the NW(W)-SE(E)-
trending doubly plunging upright folds F2 at 1.93-1.90 Ga, and they have strongly re-oriented S1
gneissosities, giving rise to the Qianlishan gneiss domes. Combined with previous studies, we argue
that the Qianlishan gneiss domes were the products of the Paleoproterozoic collisional orogenesis
between the Yinshan and Ordos Blocks. Additionally, the development of doubly plunging antiforms
is considered an important dome-forming mechanism in the Khondalite Belt.

Keywords: gneiss dome; zircon U-Pb dating; Paleoproterozoic; Qianlishan Complex; Khondalite
Belt; North China Craton

1. Introduction

Gneiss domes are important features of many orogenic belts around the world, char-
acterized by domal structures that typically comprise granitoid plutons or high-grade
metamorphic rocks in the core, with outward-dipping gneissic foliations [1-5]. Most gneiss
domes tend to display elliptical or elongated shapes in map view, and their long axes
are commonly parallel to the strike of orogens [3,6]. Although gneiss domes show some
similarities in geometry, petrology, and structure, a variety of dome-forming mechanisms
have been proposed, mainly including diapirism driven by density inversion, buckling
under horizontal contraction, extension-controlled exhumation, superposition of multiple
deformations, duplex-induced folding, or some combination of these processes [7-11]. The
potential link between doming and fundamental orogenic processes (e.g., crustal melting,
flow, and exhumation) highlights the significance of the anatomy of gneiss domes in com-
prehensively understanding the geodynamics of orogens [3]. Of these, a prerequisite for
unraveling the origin of gneiss domes is to determine temporal and spatial relationships
between major structures, magmatic intrusions, and gneiss domes [2,4].

The Qianlishan Complex is a high-grade gneiss terrain located in the western segment
of the Khondalite Belt that has been widely accepted as a Paleoproterozoic collisional
orogen in the northwestern North China Craton (Figure 1) [12-17]. Of particular interest is
the occurrence of a series of nearly orogen-parallel elongated gneiss domes in this region,
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together called the Qianlishan gneiss domes (Figure 2) [18-20]. These gneiss domes are
dominated by granitoid plutons in the core and medium- to high-pressure granulite facies
metasedimentary rocks of the Qianlishan Group in the rim, respectively (Figure 2) [18].
Notably, previous geochronological, metamorphic, and structural studies have primarily
focused on the Qianlishan Group [14-21], but comparatively less attention was paid to the
plutonic cores and domal structures in the Qianlishan Complex. Consequently, the origin
of the Qianlishan gneiss domes still remains enigmatic, which hinders a comprehensive
understanding of the deformation history of the Khondalite Belt. To resolve these key
issues, we carried out detailed structural investigations on the Qianlishan gneiss domes
and conducted LA-ICP-MS zircon U-Pb dating on granitoid plutons and leucocratic dykes
that were variably involved in these domal structures. Integrated with previous studies,
field observations and geochronological data in this paper will provide important insights
into the development of the Qianlishan gneiss domes and further help to understand the
tectonic evolution of the Khondalite Belt.

The Qian
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Figure 1. Tectonic subdivision of the North China Craton (modified after [12]). Abbreviations for the
exposed high-grade metamorphic complexes in the Khondalite Belt: HL, Helanshan Complex; QL,
Qianlishan Complex; WD, Wulashan and Dagingshan complexes; JN, Jining Complex.
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Figure 2. Simplified geological map of the Qianlishan Complex (modified after [14,18-20]).

2. Geological Setting

The North China Craton is amongst the oldest cratons in the world, and it has been
regarded to result from the assembly of several Archean to Paleoproterozoic micro-blocks
along linear structural belts [12,13,22-25]. The Khondalite Belt is a nearly ~1000 km, E-W-
trending collisional orogen, where the northern Yinshan Block has been considered to amal-
gamate with the southern Ordos Block to form the Western Block at ~1.95 Ga [12-14,26-28].
From west to east, the Khondalite Belt well exposes the Helanshan, Qianlishan, Wu-
lashan, Dagingshan, and Jining Complexes (Figure 1) [12]. These complexes are dom-
inated by upper amphibolite to granulite facies metasedimentary rocks (i.e., the khon-
dalites), mainly including felsic paragneisses, graphite-bearing pelitic gneisses, garnet-
bearing quartzites, marbles, and calc-silicate rocks [18,29-31]. The khondalites are spa-
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tially juxtaposed with dioritic—granitic gneisses, S-type granites, minor charnockites, and
mafic granulites [18,31]. Traditionally, the protoliths of the khondalites were inferred to
form on a stable continental margin [12,18,32,33], but recently an active continental mar-
gin has also been proposed [34-38]. Extensive geochronological data revealed that the
protoliths of khondalites were primarily sourced from a 2.2-2.0 Ga provenance, subse-
quently deposited at 2.0-1.95 Ga, and experienced regional high-grade metamorphism at
1.95-1.85 Ga [14-17,26,27,39-53]. Ultrahigh temperature (UHT) metamorphism was also
regarded to coevally appear throughout the Khondalite Belt [28,54—-61]. Moreover, syn- and
post-collisional S-type granites that resulted from partial melting of the khondalites are
mostly dated at ~1.95 Ga, 1.93-1.90 Ga, and 1.88-1.84 Ga [14,35,36,46,52,62-65].

The Qianlishan Complex is one of the most representative litho-tectonic units in
the Khondalite Belt and unconformably overlain by (sub-)horizontal to gently-dipping
unmetamorphosed Mesoproterozoic sedimentary sequences of the Changcheng-Jixian
System (Figure 2) [18,66]. This complex mainly consists of the Paleoproterozoic granitoid
plutons and the khondalites that are termed the Qianlishan Group [18]. The Qianlishan
Group is subdivided into the Chaganguole, Qianligou, and Habugigai formations. Their
typical rock assemblages and distributions are shown in Figure 2. Metamorphic studies
demonstrate that pelitic and felsic granulites recorded similar clockwise P-T paths, of
which pelitic granulites were characterized by peak high-pressure metamorphism and post-
peak near-isothermal decompression processes, with their P-T conditions constrained at
11-15 kbar/800-850 °C and 5.7-6.2 kbar/800-815 °C [15,17], respectively. Available U-
Pb data show that detrital zircons from the Qianlishan Group mainly gave apparent
207pp /206Pb ages (discordance degree < 10%) ranging from 2788 Ma to 1991 Ma [14,16,17].
Metamorphic zircons dominantly yielded a major age group at ~1.95 Ga that was inter-
preted as the timing of granulite facies metamorphism in the Qianlishan Complex [14,16,17].
Minor ~1.92 Ga metamorphic zircons were also reported, which were related to post-peak
decompression [14]. Meanwhile, a crystallization mean age of 2058 + 6 Ma was obtained
from a granitoid pluton in the Qianligou quarry [37,67], but other plutons in the stud-
ied area lacked age constraints. In addition, previous structural investigations revealed
that the Qianlishan Group underwent two major stages of deformation (D1-D2) in the
Paleoproterozoic [19,20]. D1 deformation was regarded to has occurred at 1976-1936 Ma,
characterized by small-scale overturned to recumbent isoclinal folds F1, transposition folia-
tions S1 with NNE-SSW mineral lineations L1 [19,20]. D2 deformation mainly produced
NW(W)-SE(E)-trending doubly plunging upright folds F2, and it is inferred to broadly take
place at 1936-1854 Ma [19,20].

3. Samples and Methods

Field-based structural investigations were carried out to document the geometry of the
Qianlishan gneiss domes. Particularly, domal structures (e.g., foliations, fold hinges) have
been analyzed and measured in four representative domains of the studied area (Figure 3a).
In order to put age constraints on the development of these gneiss domes, we conducted
zircon U-Pb dating on six critical rock samples. Of these, four samples were from gneissic
granitoid plutons (Samples QL03, 05, 19, and 20), and the other two samples were from
deformation-related leucocratic dykes (Samples QL14 and 12). Zircon U-Pb analyses
were performed by LA-ICP-MS at the Guangzhou Tuoyan Analytical Technology Co.,
Ltd., Guangzhou, China. Detailed analytical procedures were similar to those described
in [68]. Laser sampling was conducted using an NWR 193 nm ArF excimer laser ablation
system, and an iCAP RQ quadrupole ICP-MS instrument was used to acquire ion-signal
intensities. The frequency and spot size of the laser were set to 5 Hz and 30 pm. Zircon
91500 [69] and glass NIST610 [70] were used as external standards for U-Pb dating and trace
element calibration, respectively. Zircon standard Plesovice [71] was used as an unknown
sample to monitor the working state of the instrument. Each analysis incorporated a
background acquisition of approximately 30 s, followed by 40 s of data acquisition from
the sample. An Excel-based software, ICPMSDataCal [72], was used to perform offline
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selection and integration of background and analyzed signals, time-drift correction, and
quantitative calibration for U-Pb dating and trace element analysis. Concordia diagrams
and age calculations were made using Isoplot/Ex_ver4.15 [73]. Individual analyses have
been presented at 1o level, and uncertainties on the weighted mean age, lower and upper
intercept age were quoted at the 95% confidence level (20). Zircon U-Pb data in this study
were provided as Supplementary Materials (Table S1).
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Figure 3. Simplified structural map and stereonet diagrams of the Qianlishan gneiss domes.
(a) Litho-tectonic map mainly showing structural features of the regional-scale NW(W)-SE(E)-
trending doubly plunging upright folds F2 and the penetrative gneissosities S1 (modified af-
ter [14,19,20]). 1, S1 gneissosity; 2, F2 antiform; 3, F2 synform; 4, domain for stereonet projection;
5, photo location. (b) Stereonet diagrams (lower hemisphere equal-area projections) exhibiting the
orientations of S1 gneissosities and F2 fold hinges in four representative areas (domains 14 in
Figure 3a).

4. Results
4.1. Field Structural Observations

The Qianlishan gneiss domes are exposed in the northern part of the Qianlishan
Complex, locally covered by Quaternary sediments. In map view, they are unevenly
spaced and roughly display NW(W)-SE(E)-trending elliptical shapes with outward-dipping
gneissic foliations (Figure 3a). These domes consist of granitoid plutons in the core, rimmed
by high-grade metasedimentary rocks from the Chaganguole, Qianligou, and Habugqigai
formations of the Qianlishan Group (Figures 2 and 3), but their metamorphic grades did
not significantly vary. There is no large-scale ductile shear zone observed along the contacts
between the core and rim of these domes. Remarkably, the penetrative gneissosity in the
plutonic cores and the supracrustal rocks are consistent, showing parallelism with the
core/rim contacts (Figures 3a and 4a). Similar to the structural features of the Qianlishan
Group [19,20], the granitoid plutons in the core were also subjected to D1-D2 deformation
(Figures 4-7). In the field, overturned to recumbent isoclinal folds F1 are infrequent
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and difficult to discern in the plutons (Figure 4b), though they commonly appear in the
Qianlishan Group (Figure 4c). Whereas these granitoid plutons have obviously developed
penetrative gneissosities S1 that are mainly defined by the strong alignment of quartz +
plagioclase + K-feldspar =+ biotite + hornblende (Figure 5).

= — The Qianlishan Group
Gneissic granitoid pluton khondalites

!

Figure 4. Typical photographs of D1 structures in the Qianlishan gneiss domes. (a) The contact
between the granitoid pluton in the core and the Qianlishan Group (khondalites) in the rim of
the Qianlishan gneiss domes. (b) Recumbent tight to isoclinal folds F1 in the granitoid pluton.
(c) SSW-vergent overturned isoclinal folds F1 that have intensively transposed sedimentary bedding
50 to newly-developed S1 foliations in marbles and calc-silicate rocks.

D2 deformation is dominantly represented by doubly plunging upright open folds
F2. The F2 structures commonly occurred as a series of micro- to macroscopic antiforms
and synforms with NW(W)-SE(E)-striking sub-vertical fold axial surfaces (Figures 6 and 7).
These F2 folds have strongly reworked the previous D1 structures in the metasedimentary
rocks and the plutonic cores of the Qianlishan gneiss domes (Figures 6 and 7). Regionally,
the F2 folds show doubly plunging geometry, and their fold hinges plunge to either NW(W)
or SE(E) (Figure 3). In this study, the attitudes of S1 gneissosities from four representative F2
fold hinge zones (domains 1-4 in Figure 3a) were plotted on the stereonet. In domains 1 and
2, the poles to S1 gneissosities mostly appear along great circle girdles (Figure 3b), the r-axes
of which are located at 300° /56° and 303° /43° (azimuth/plunge), respectively. Whereas
the orientations of those 7-axes in domains 3 and 4 are plotted at 140° /59° and 142°/66°
(Figure 3b). These results are in good agreement with the measurements of F2 fold hinges
in the field (Figures 3b, 6 and 7). This also confirms the overprinting relationships between
the NW(W)-SE(E)-trending doubly plunging F2 folds and the penetrative gneissosities S1.
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Figure 5. Representative photos of the S1-foliated granitoid plutons in the core of the Qianlishan

gneiss domes. (a,b) The granitoid pluton (Sample QL03) underwent D1 deformation and developed
ubiquitous gneissosities S1 that are mainly defined by well-oriented aggregates of quartz, plagioclase,
and hornblende (cross-polarized light). (c,d) The gneissic granitoid plutons (Sample QLO05) with
pervasive S1 foliations, featured by the preferred alignment of quartz, plagioclase, and hornblende
(cross-polarized light). (e,f) The pluton (Sample QL19) has apparently been foliated during D1
deformation, mainly composed of aligned aggregates of quartz, plagioclase, and hornblende (cross-
polarized light). (g,h) The penetratively S1-foliated granitoid pluton (Sample QL20) is characterized
by the preferential orientation of quartz, K-feldspar, plagioclase, and biotite (cross-polarized light).
Blue squares and red circles indicate U-Pb ages of magmatic and metamorphic zircons, respectively.
Qz, quartz; Pl, plagioclase; Hbl, hornblende; Kfs, K-feldspar; Bt, biotite.
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Figure 6. Typical photos of NW(W)-SE(E)-trending doubly plunging folds F2 in the Qianlishan
gneiss domes. (a) Mesoscopic upright folds F2 that mostly plunge to NW(W) in the Qianlishan Group.
(b) Open upright folds F2 with moderately NW(W)-plunging fold hinges formed along the core/rim
contact of the Qianlishan gneiss domes. (c,d) Moderately NW- and SE-plunging open folds F2 with
vertical fold axial surfaces have reworked the S1 gneissosities in the granitoid pluton.

6]

Sample QL14 R 0% (j/
o 1932 + 24 Ma T 4 ZSample QL12

@ : b o i e n1899¢6Ma

Figure 7. Field photos of two representative leucocratic dykes that displayed different structural
features in the Qianlishan gneiss domes. (a) A fine-grained leucocratic dyke (Sample QL14) along the
pervasive S1 foliations was deflected by moderately NW-plunging open upright folds F2, suggesting
that it most likely formed earlier than D2 deformation. (b) An undeformed coarse-grained pegmatite
dyke (Sample QL12) obliquely truncated the limbs of gently NWW-plunging open upright folds F2,
probably indicative of its post-D2 intrusion.
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4.2. Zircon U-Pb Geochronology
4.2.1. S1-Foliated Granitoid Plutons

Four representative granitoid gneisses (Samples QL03, 05, 19, and 20) were collected
from four plutons in the core of the Qianlishan gneiss domes (39°53.0' N/106°55.3' E,
39°54.0' N/106°55.9" E, 39°58.3' N/106°56.8" E, and 39°51.9' N/106°55.7' E; Figure 2),
respectively. Zircons separated from these samples are mostly euhedral to subhedral and
vary from 100-250 pm in grain size. Cathodoluminescence (CL) images illustrate that they
are characterized by typical core-rim textures (Figure 8a—d), of which the zircon cores
are commonly bright and oscillatory-zoned, interpreted to be of magmatic origin. These
zircon cores are generally surrounded by relatively dark and structureless overgrowth rims
(Figure 8a—d), typical of metamorphic origin.

. QLOS

2061 + 20 Ma d:}

1887 + 21 Ma

Figure 8. Representative cathodoluminescence (CL) zircon images with their LA-ICP-MS U-Pb
ages of dating samples from the Qianlishan gneiss domes. (a-d) The S1-foliated granitoid plutons
(Samples QL03, 05, 19, and 20). (e) The pre-D2 F2-folded leucocratic dyke (Sample QL14). (f) The
post-D2 F2-cutting undeformed pegmatite dyke (Sample QL12). Blue circle, magmatic zircon; red
circle, metamorphic overgrowth rim.

(1) Sample QLO3

A total of 22 zircons have been analyzed in this sample, and the dating results are
presented in Figure 9a and Table S1. Of these, five spots (discordance degree < 5%) were
made on the zircon cores of igneous origin (Figure 8a), with high Th/U values of 0.51-1.8.
They yielded a weighted mean 2%Pb/2%Pb age of 2016 4 24 Ma (n = 5, MSWD = 3.4;
Figure 9a). The remaining 17 spots on metamorphic overgrowth rims (Figure 8a) have
lower Th/U values of 0.02-0.25 (Table S1), and they were variably discordant, probably
due to the loss of Pb. On the concordia diagram (Figure 9a), these data define a discordia
line with the lower and upper intercept age of 567 + 29 Ma and 1966 + 25 Ma (n = 17,
MSWD = 8.0), respectively.
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Figure 9. Concordia diagram of LA-ICP-MS zircon U-Pb dating results from the Qianlishan gneiss
domes. (a—d) The Sl-foliated granitoid plutons (Samples QL03, 05, 19, and 20). (e) The pre-D2 F2-folded
leucocratic dyke (Sample QL14). (f) The post-D2 F2-cutting undeformed pegmatite dyke (Sample QL12).
Blue ellipse, magmatic zircon; red ellipse, metamorphic overgrowth rim. Uncertainties on weighted
mean age, lower and upper intercept age were quoted at the 95% confidence level (20).
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(2) Sample QLO5

Six spots (discordance degree < 3.7%; Table S1) were conducted on the magmatic zir-
con cores in Sample QL05, and they gave a weighted mean 2’Pb /2%Pb age of 2056 + 17 Ma
(n=6, MSWD = 1.9; Figures 8b and 9b). Meanwhile, seven spots were analyzed on metamor-
phic overgrowth rims, and they yielded the lower and upper intercept age of 60 & 400 Ma
and 1956 £ 27 Ma (n =7, MSWD = 5.2; Figures 8b and 9b), respectively.

(3) Sample QL19

A total of 20 zircons were analyzed in this sample, of which eight spots on the igneous
zircon cores were concordant (discordance degree < 3.1%; Table S1), yielding a weighted
mean 2%Pb/2%Pb age of 2011 + 12 Ma (n = 8, MSWD = 1.2; Figures 8c and 9¢c). The
remaining 12 spots were undertaken on zircon overgrowth rims of metamorphic origin
(Figure 8c) and defined the lower and upper intercept age of 496 & 24 Ma and 1948 + 26 Ma
(n =12, MSWD = 2.2; Figure 9c), respectively.

(4) Sample QL20

Thirteen spots (discordance degree < 4.1%; Table S1) were carried out on the magmatic
zircon cores in Sample QL20 and gave a weighted mean 27Pb /2%Pb age of 2053 & 14 Ma
(n =13, MSWD = 3.2; Figures 8d and 9d). Another six analyses were obtained from meta-
morphic overgrowth rims and yielded the lower and upper intercept age of 414 + 68 Ma
and 1954 & 18 Ma (n = 6, MSWD = 1.17; Figures 8d and 9d), respectively.

4.2.2. F2-Folded Leucocratic Dyke

Sample QL14 was collected from a fine-grained leucocratic dyke that intruded the
Qianligou Formation in the northern part of the Qianlishan Complex (Figure 2; 39°58.8'
N/106°56.9" E). In the field, this dyke appeared along the S1 foliations of the host metased-
imentary rocks (Figure 7a), which were together deflected by the moderately NWW-
plunging upright open folds F2. The dyke mainly exhibited granitic textures and did
not develop any D1 deformational fabrics. These features indicate that the dyke most likely
formed after D1 deformation but prior to D2 deformation. Zircons from Sample QL14
are euhedral, prismatic, and 150-200 pm in grain size. CL images reveal that they are
generally single grains with bright, patchy, or oscillatory zoning (Figure 8e). Meanwhile,
most of these zircons have high Th/U values of 0.5-0.9 (Table S1), indicative of magmatic
origin [74]. A total of 18 spots were conducted on 18 igneous zircons in this sample. On the
concordia diagram (Figure 9e), these data were plotted as a discordia line with the lower
and upper intercept age of 281 + 47 Ma and 1932 + 24 Ma (n = 18, MSWD = 6.5).

4.2.3. F2-Cutting Undeformed Pegmatite Dyke

Sample QL12 was collected from a coarse-grained pegmatite dyke without deforma-
tional fabrics (Figure 2; 39°54.2’ N, 106°57.6' E). This dyke obliquely cut the limb of a
gently NWW-plunging upright open fold F2 (Figure 6b), suggesting that its emplacement
postdated D2 deformation. Zircons separated from this sample are 100-200 um, euhedral
to subhedral single grains. In CL images, they are commonly patchy and oscillatory-zoned
(Figure 8f). Combined with their Th/U values of 0.33-0.76 (Table S1), these zircons are
considered to be of igneous origin [74]. A total of nine zircons were analyzed in the sample,
which defined the lower and upper intercept age of 192 + 84 Ma and 1899 = 6 Ma (n =9,
MSWD = 1.9; Figure 9f), respectively.

5. Discussions
5.1. Significance of Zircon U-Pb Ages

A critical aspect of understanding the development of gneiss domes is temporal rela-
tions among magmatism, deformation, and metamorphism involved in the dome-forming
processes [3,4,9]. The granitoid plutons in the core of the Qianlishan gneiss domes have
long been inferred to have formed in the Paleoproterozoic [18], but their crystallization
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ages were poorly understood. In this study, magmatic zircons from four gneissic gran-
itoid plutons (Samples QLO03, 05, 19, and 20; Figures 2 and 5) yielded weighted mean
ages of 2016 £ 24 Ma, 2056 £ 17 Ma, 2011 + 12 Ma, and 2053 £ 14 Ma, respectively
(Figures 8a—d, 9a—d and 10). Similarly, previous dating results have revealed a crystalliza-
tion age of 2058 &+ 6 Ma from the same pluton with Sample QL20 [37,67]. These ages
suggested that the granitoid plutons were broadly emplaced at 2.06-2.01 Ga. Noticeably,
the compilation of available data demonstrates that detrital zircons from the metasedimen-
tary rocks of the Qianlishan Group predominantly gave ages of 2.1-2.0 Ga (discordance
degree < 10%) [14,16,17], with a prominent single peak at ~2.02 Ga. This supports that the
2.06-2.01 Ga granitoid plutons have probably provided important clastic sediments for the
protoliths of the Qianlishan Group [14,16]. Subsequently, the 2.06-2.01 Ga granitoid plutons
have been highly S1-foliated during D1 deformation (Figure 5). Metamorphic zircon over-
growth rims from the plutons (Samples QL03, 05, 19, and 20) yielded upper intercept ages of
1966 £ 25 Ma, 1956 £ 27 Ma, 1948 + 26 Ma, and 1954 + 18 Ma (Figures 8a-d, 9a—d and 10),
which coincide with those ~1.95 Ga metamorphic ages of pelitic/felsic granulites from the
Qianlishan Group [14,16,17], interpreted as the timing of syn-D1 regional metamorphic
event. Taken together, we consider that the plutonic cores and khondalites of the Qianlis-
han gneiss domes underwent regional high-grade metamorphism and coevally developed
penetrative S1 gneissosities at ~1.95 Ga (Figure 10). This interpretation is also supported by
the assumption that D1 structures in the Qianlishan Group roughly occurred at some time
between ~1976 Ma and ~1936 Ma [19,20].

Deformation

khondalites
Magmatism

Time

| “ | | "m | " I O/ O : Magmatic/metamorphic zircon
[> : Youngest detrital zircon
[ 1899 + 6 Ma (6)
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Figure 10. Schematic diagram illustrating temporal relations among major magmatic, deformational,
and metamorphic events in the Paleoproterozoic Qianlishan gneiss domes. Dating samples are
from this study (1-4, the S1-foliated granitoid plutons, Samples QL03, 05, 19, and 20; 5, the pre-D2
F2-folded leucocratic dyke, Sample QL14; 6, the post-D2 F2-cutting undeformed pegmatite dyke,
Sample QL12) and previous studies [14,16,17,19,20,37,67]. See the text for details.

Abundant leucocratic dykes were involved in D2 structures in the Qianlishan gneiss
domes, and they provided good opportunities to put age constraints on D2 deformation.
Of these, an S1-parallel fine-grained leucocratic dyke (Sample QL14; Figure 7a) has been
reworked by the upright open fold F2, interpreted to predate D2 deformation. This pre-D2
dyke yielded an upper intercept age of 1932 4 24 Ma that was considered as its approx-
imate crystallization age (Figures 8e and 9e), indicating that D2 deformation took place
later than ~1.93 Ga. Meanwhile, a similar formation age of 1932 + 47 Ma was obtained
from a syn-D2 dyke that both truncated the S1 gneissosity and appeared along the F2 fold
axial surface [19,20]. Later, a series of randomly oriented pegmatite dykes intruded into
the Qianlishan Complex, which exhibited clear crosscutting relationships with all the D1
and D2 structures (e.g., Figures 4b, 6d and 7). Based on our observations, an undeformed
pegmatite dyke (Sample QL12; Figure 7b) obliquely cut the limb of the F2 fold, indicative of
post-D2 intrusion. The dyke gave an upper intercept age of 1899 £ 6 Ma (Figures 8f and 9f),
regarded as its crystallization age. This suggests that D2 deformation occurred approxi-
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mately earlier than ~1.90 Ga. Consistently, an 1854 £ 68 Ma post-D2 undeformed pegmatite
dyke has also been found in this region, implying that D2 deformation was broadly con-
strained before ~1854 Ma [19,20]. Thus, we further proposed that D2 deformation has
most likely happened in the period of 1.93-1.90 Ga (Figure 10). In addition, we note that
magmatic zircons from Sample QL14 and 12 yielded lower intercept ages of 281 + 47 Ma
and 192 £ 84 Ma (Figure 9e,f), respectively. Similarly, metamorphic zircons from Samples
QLO03, 05, 19, and 20 gave lower intercept ages of 567 & 29 Ma, 60 + 400 Ma, 496 + 24 Ma
and 414 £ 68 Ma (Figure 9a—d). But these ages are difficult to relate to a known late-stage
tectonothermal event in the Khondalite Belt.

5.2. Structural Evolution of the Qianlishan Gneiss Domes

The map-view NW(W)-SE(E)-trending elliptical Qianlishan gneiss domes occupy
the northern part of the Qianlishan Complex (Figures 2 and 3a) [18-20], and the cores of
these domes are dominated by the 2.06-2.01 Ga granitoid plutons (Figures 3, 5, 9 and 10).
Available structural and geochronological data demonstrate that the Qianlishan gneiss
domes underwent two major phases of deformation (D1-D2) in the late Paleoprotero-
zoic (Figures 4-7 and 10). Of these, D1 deformation has approximately taken place at
~1.95 Ga, mainly manifested by overturned to recumbent isoclinal folds F1, transposed
foliations/gneissosities S1 and NNE-SSW mineral lineations L1 (Figures 4, 5 and 10) [19,20].
The penetrative gneissosities S1 in the core and rim of the Qianlishan gneiss domes are
continuous and parallel to the core/rim contacts (Figures 3a and 4a). We interpret these
contacts as deformed unconformities between the granitoid plutons and the overlying
Qianlishan Group. They can also serve as important markers to trace the Qianlishan gneiss
domes in map view (Figures 2 and 3a). Subsequently, D2 deformation generated NW(W)-
SE(E)-trending doubly plunging open upright folds F2 at 1.93-1.90 Ga (Figures 6, 7 and 10).
D2 deformation apparently lacked the development of ubiquitous foliations, implying that
it perhaps happened at a relatively shallower level than D1 deformation. Noticeably, the
superposition of D2 on D1 deformation played an important role in shaping the general
structural framework of the Qianlishan Complex (Figures 3, 6, 7 and 10). We consider that
the doubly plunging open upright antiforms F2 have strongly re-oriented the penetrative
gneissosities S1, giving rise to the Qianlishan gneiss domes. This is supported by the fact
that a series of regional-scale antiforms and synforms F2 alternatively occurred in the
northern Qianlishan Complex (Figures 3, 6 and 7). Meanwhile, the absence of syn-doming
large-scale plutonism and radial lineation pattern in this region suggests that the origin
of Qianlishan gneiss domes might not be primarily controlled by magmatic diapirism.
This interpretation corresponds to the viewpoint that gneiss domes without syn-kinematic
plutons can be created by the formation of doubly plunging antiforms [4,9,75].

5.3. Tectonic Implications

As mentioned earlier, high-pressure pelitic/felsic granulites in the Qianlishan Complex
recorded clockwise P-T paths with peak conditions of 11-15 kbar/800-850 °C, indicating
that they were once buried at lower crustal depths of 45-50 km [15,17]. Previous struc-
tural investigations also unraveled that the contractional deformation D1 was associated
with peak granulite facies metamorphism at ~1.95 Ga, linked to the continent-continent
collision [12-17,19,20]. Later, D2 deformation and post-peak decompression simultane-
ously occurred, related to tectonic exhumation after crustal thickening [15,17,19,20]. The
NW(W)-SE(E)-trending doubly plunging open upright antiforms F2 were responsible for
the development of the Qianlishan gneiss domes at 1.93-1.90 Ga. Meanwhile, extensive
post-collisional partial melting happened in the Qianlishan Complex, as partly indicated
by the presence of ~1.93 Ga and 1.91-1.90 Ga leucocratic dykes (Figure 10) [14,19,20,37,67],
which might facilitate dome-forming processes during D2 deformation. Moreover, we
regard that D2 doming deformation played an important role in the upward exhumation of
high-pressure granulites in the Qianlishan Complex. Taken together, the Qianlishan gneiss
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domes are considered to have witnessed the collisional orogenesis between the Yinshan
and Ordos Blocks in the late Paleoproterozoic.

Remarkably, dome-like structures that are dominated by 2.3-2.0 Ga gneissic granitoid
plutons in the core have also been found in other segments of the Khondalite Belt (e.g., the
Dagingshan Complex [76]; the Helanshan Complex [77,78]), but their origin still remains
enigmatic. Meanwhile, the D1 and D2 deformational fabrics documented in this study
are ubiquitous throughout the Khondalite Belt [18,78-82]. Some authors assumed that
D1 structures resulted from sub-horizontal extensional detachment deformation [83-85].
This interpretation is not supported by structural observations in the Qianlishan Complex,
and we attribute D1 deformational fabrics to the nearly NNE-SSW collision between
the Yinshan and Ordos Blocks [19,20]. Moreover, the superposition of doubly plunging
open upright folds F2 on the penetrative gneissosities S1 is common in the Daqgingshan
Complex [79], similar to the case of the Qianlishan gneiss domes in this study. We consider
that the development of doubly plunging antiforms was an important dome-forming
mechanism in the Khondalite Belt. Additionally, it is worth noting that the Qianlishan
gneiss domes are well-preserved, but domal structures in other complexes were variably
reworked by post-D2 (ca. 1.89-1.87 Ga) large-scale NE- to E-striking ductile shear zones in
the Khondalite Belt [19,61,86].

6. Concluding Remarks

Based on our new structural and geochronological data, the Qianlishan gneiss domes
consist of 2.06-2.01 Ga granitoid plutons in the core, rimmed by high-grade metased-
imentary rocks of the Qianlishan Group. They were subjected to regional high-grade
metamorphism and D1 deformation at ~1.95 Ga, mainly characterized by overturned to
recumbent isoclinal folds F1 and penetrative transposed gneissosities S1. Subsequently,
D2 deformation produced the NW(W)-SE(E)-trending doubly plunging upright folds F2
that have strongly re-oriented S1 gneissosities at 1.93-1.90 Ga, responsible for the origin
of the Qianlishan gneiss domes. Combined with previous studies, we consider that the
Paleoproterozoic Qianlishan gneiss domes have resulted from the collisional orogenesis
between the Yinshan and Ordos Blocks. In addition, the development of doubly plunging
antiforms is regarded as an important dome-forming mechanism in the Khondalite Belt.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/min13111361/s1, Table S1: LA-ICP-MS zircon U-Pb data for dating samples
from the Qianlishan gneiss domes.
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