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Abstract: The Late Paleozoic-Early Mesozoic tectonic evolution of the Changchun-Yanji suture
(CYS) was mainly associated with the Paleo-Asian and Mudanjiang tectonic regimes. However, the
spatial and temporal overprinting and variations of these two regimes remains are still dispute. In
order to evaluate this issue, in this contribution, we present new zircon U-Pb ages and a whole-rock
geochemical and zircon Hf isotopic dataset on a suite of metamorphic rocks, including gneisses,
actinolite schist, leptynites, and biotite schists, from tectonic mélanges in northern Liaoning and
central Jilin provinces, NE China. Based on zircon LA-ICP-MS U-Pb dating results, protoliths show
wide ranges of aging spectrum, including Paleoproterozoic (2441 Ma), Early Permian (281 Ma),
Late Permian (254 Ma), and Late Triassic (230 Ma). The Permian protoliths of leptynites from the
Hulan Tectonic Mélange (HLTM) and gneisses from the Kaiyuan Tectonic Mélange (KYTM) exhibit
arc-related geochemical signatures, implying that the Paleo-Asian Ocean (PAO) did not close prior
to the Late Permian. The Late Triassic protoliths of gneisses from the KYTM, in combination with
previously reported coeval igneous rocks along the CYS, comprises a typical bimodal igneous suite
in an E-W-trending belt, suggesting a post-orogenic extensional environment. Consequently, we
infer that the final closure of the PAO took place during the Early-Middle Triassic. The Early
Permian protoliths of biotite schists from the HLTM are alkali basaltic rocks and contain multiple
older inherited zircons, which, in conjunction with the geochemical features of the rocks, indicate
that they were generated in a continental rift related to the initial opening of the Mudanjiang Ocean
(MO). Data from this contribution and previous studies lead us to conclude that the MO probably
opened during the Middle Triassic, due to the north—south trending compression caused by the
final closure of the PAO.
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1. Introduction

Mélanges are defined as mixed rock bodies and exotic blocks yielding different ages, origins,
and/or dissimilar metamorphic grades, and the stratigraphic continuity has been completely
disrupted at a scale of meters to tens of meters [1-3]. They play a key role in the interpretation of
sutured ocean basins, including those that have experienced metamorphism and deformation
during continental collision [4-7]. A case in point is the tectonic evolution of the NE China, which
has traditionally been considered to be the eastern segment of the Central Asian Orogenic Belt
(CAOB; Figure 1a) [8-21]. During its long tectonic evolutionary history, the NE China witnessed the
amalgamation of several micro-continental blocks (Figure 1b) and the final closure of the
Paleo-Asian Ocean (PAO) during the Paleozoic to Early Mesozoic, which was subsequently
overprinted by post-Mesozoic Mongol-Okhotsk and circum-Pacific tectonic regimes [22-26].

Therefore, the NE China is a key area to understand the NE Asian tectonic evolution and its regime
transition from the Paleozoic to Mesozoic.
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Figure 1. (a) Tectonic outline of the Central Asian Orogenic Belt (CAOB) and surrounding regions
(modified from the work in [27]); (b) Tectonic sketch map of NE China (modified from the work in
[11]).
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Located between the combined NE China blocks and the North China Craton (NCC), the
Changchun-Yanji suture (CYS) is traditionally regarded as the locus of the final closure of the PAO
[9-11,28-30]. Many studies have attempted to delineate the architecture of the suture zone and to
reconstruct its evolutionary history; however, there is much left to debate on its spatial distribution,
temporal evolution, and eventual suturing. While estimates of timing vary from pre-Late Devonian
[31-33] through the Early-Middle Permian [34] to the Late Permian-Middle Triassic or even later
[35-54], there continues to be ambiguity as to whether subduction occurred via a bidirectional
[40-42,44-46] or single-sided southward [36,37] subduction geometry. Furthermore, increasing
evidence indicates that the Mudanjiang Ocean (MO), which was between the Songnen and Jiamusi
blocks, participated in the tectonic evolution of NE China during the Late Permian to Mesozoic
[55-68]. Therefore, some researchers recently proposed that the CYS is the southern margin of the
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Jilin-Heilongjiang high-pressure metamorphic belt which is closely related to the closure of the MO,
rather than the eastward extension of the Solonker-Xar Moron-Changchun suture (SXCS) [69-72].

Obviously, the above controversies are mainly attributed to fuzzy discrimination of the above
two tectonic systems, that is, the PAO and the MO. Therefore, further work on the tectonic evolution
of the CYS is vital to understanding the tectonics of NE China. Fortunately, various
Paleozoic-Mesozoic fragments [14,21,28,38,40,41,48], which provide important keys to
understanding the tectonic evolution of suture zone, were preserved within tectonic mélanges along
the CYS during orogeny. In this contribution, whole-rock geochemical and zircon U-Pb and Lu-Hf
isotope data for metamorphic rocks that include in tectonic mélanges from northern Liaoning and
central Jilin provinces are presented. These data are used to constrain the formation age, lithology,
and origin of the different protoliths, and to place constraints on the Permo-Triassic tectonic
evolution of the CYS.

2. Geological Context and Previous Work

The Kaiyuan and Hulan areas are located in northern Liaoning and central Jilin provinces,
along the eastern segment of the northern margin of the NCC and the southeastern margin of the
CAOB (Figure 1b). It is adjacent to the Songliao Basin and the Dunhua-Mishan Fault to the west and
east, respectively (Figure 1b). This region is dominated by the voluminous occurrence of
Phanerozoic granitoids, which can be mainly divided into three phases: (1) Early-Middle Paleozoic
[73], (2) Permian-Triassic [36,40,42,43,45,46,74,75], and (3) Jurassic [26,76]. There are also limited and
scattered outcrops of subduction-accretionary complexes dispersed in these granitoids. Despite
recent studies have suggested that these various complexes are made up of mixed blocks with
different ages and origins, accretionary complexes, and Paleozoic—early Mesozoic intrusive rocks
and tectonic slices [14,21,28,38,40,41,48].

The Kaiyuan tectonic mélange (KYTM) is a suite of amphibolite-greenschist facies
meta-volcanic and meta-sedimentary rocks that crop out ~10 km to the northeast of Kaiyuan (Figure
2a). It consists of meta-andesite, meta-basalt, leptynite, gneiss, schist, and marble [38,41,48]. The
KYTM has discontinuous and poor exposures, and it underwent severe later-stage deformation and
weathering. As a consequence, different viewpoints have been proposed to classify the components
of the KYTM. In addition, different names have been given to the KYTM by previous studies, such as
Kaiyuan Group, Qinghezhen Group, and Liaohe Group [77-79]. The KYTM was once regarded as
Proterozoic supracrustal strata, however a series of tectonic blocks/slices with different ages and
origins have been identified during some recent investigations [38,41,48,80].

The Hulan tectonic mélange (HLTM) consists of a series of metamorphic volcanic and
sedimentary rocks poorly exposed in the Honggqiling-Hulan area, central Jilin Province (Figure 2b).
It was initially named as the Hulan Group and was subdivided, from bottom to top, into the
Huangyingtun, Xiaosan'gedingzi, and Beichatun formations [81,82]. The Beichatun Formation is
dominated by marble, crystalline limestone, and slate. The presence of Thamnopora sp., Cladopora sp.,
Fenestella sp., and Polypora sp. in Beichatun limestones, coupled with regional geological outline,
show a late Silurian age [81]. The Xiaosan'gedingzi Foramtion is composed of marble, quartzite,
schist, leptite, and biotite leptynite, whereas the Huangyingtun Formation is dominated by marble,
leptynite, and gneiss [81]. Some early studies proposed that the Hulan tectonic mélange formed
during the Cambrian-Ordovician [81], the Ordovician [83], the Cambrian-Silurian [84], or the
Cambrian-Devonian [82]. Wu et al. [28] reported a maximum age of deposition of 287 + 6 Ma and
considered that the Hulan tectonic mélange is not a true stratigraphic sequence based on the detrital
zircon U-Pb ages from a meta-sedimentary rock and fossil evidences.
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Figure 2. Geological map of (a) Kaiyuan and (b) Hulan regions showing the distribution of Kaiyuan
and Hulan tectonic mélanges (modified from the works in [28,41], respectively). Age data are
referred from the works in [38,41,48,79].

3. Sampling and Petrography

We collected ten gneisses (12DP1-1~5, 12DP2-1~5) and one schist (12T]-1) from the KYTM, and
eight leptynites (13NK-1~8) and five schists (13XBJ-1~5) from the HLTM (Figure 2). The lithologies,
locations, textures, structures, and mineralogical composition of the studied samples are
summarized in Table 1, and their petrographic features are shown in Figure 3.

The 12DP1 and 12DP2 are grayish green gneisses collected from the Zhaobeishan Formation of
the KYTM near the Diaopitun village (Figure 2a). 12DP1 (Figure 3a) is a
hornblende-epidote-plagioclase gneiss with a granoblastic texture (Figure 3b). This rock is mainly
composed of plagioclase (45-50 vol.%), epidote (25-30 vol.%), hornblende (10-15 vol.%), quartz (2-3
vol.%), and alkali feldspar (1-2 vol.%). Minor titanite, apatite, zircon, and opaque minerals form the
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accesory minerals suites. Plagioclase and epidote grains vary in size (0.1-2.5 mm) and display
irregular margins. Hornblende occurs around or between grains of plagioclase and epidote and
weakly defines the foliation of the rock. 12DP2 (Figure 3c), a hornblende-biotite-plagioclase gneiss,
has a lepidogranoblastic texture (Figure 3d). It is made up of plagioclase (63-68 vol.%); biotite (20-25
vol.%); hornblende (3-5 vol.%); quartz (1-2 vol.%); and accessory titanite, apatite, zircon, epidote,
and opaque minerals. Plagioclase crystals display irregular and crenulated margins and partially
altered to sericite. Biotite and horblende commonly develops surrounding plagioclase and are
orientated along the foliation. The secondary carbonatization (mainly occurred within veins),
chloritization, and uralitization of mafic minerals can be observed in the above samples.

100pm §

Figure 3. Field photographs and photomicrographs showing representative metamorphic rocks from
the KYTM  and  HLTM. (a,b)  Hornblende-epidote-plagioclase = gneiss; (c,d)
hornblende-biotite-plagioclase gneiss; (e-g) actinolite schist; (h—j) chlorite-hornblende-biotite schist;
(k1) biotite-hornblende leptynite. Mineral abbreviations according to the work in [85]. Plagioclase
(P1), quartz (Qz), biotite (Bt), hornblende (Hbl), actinolite (Act), epidote (Ep), chlorite (Chl).

Sample 12T]-1 is a grayish green actinolite schist (Figure 3e,f), sampled collected from the
Tongjiatun Formation near the Tongjiatun village. Microscopically, the rock presents a weak
schistose structure and microscopic fibrogranoblastic texture and made up of microscopic felsic (P1 +
Qz) minerals (55-60 vol.%), acicular actinolite (30-35 vol.%), and biotite (3-5 vol.%). The weakly
orientated actinolite and biotite define the planar foliation of the rock. In addition, the rock is
cross-cut by some quartz veins in some portions.
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13XBJ-1 a chlorite-hornblende-biotite schist sampled from the Xiaosan'gedingzi Formation
(Figure 2b), is grayish-green in color, contains schistose, and has a lepidogranoblastic texture (Figure
3g-i). The main minerals are biotite (70-75 vol.%), hornblende (5 vol.%), quartz (10-15 vol.%), and
plagioclase (2-3 vol.%). Chlorite is unevenly distributed.

Table 1. Summary of the sample locality, lithology, mineral assemblages, and protoliths ages.

Sample GPS location Lithology Mineral Assemblages Protoliths ! Ages (Ma) 2
S . Qz (2-3 vol.%), Afs + P1 (47-52 vol.%),
12pp1 a7 Hormblende epidote T (o5 30 ol %), Hbl (10-15 vol%),  Basalt 230
pag &N Ttn, Ap, Zr, Opq
[ s Qz (1-2% vol.), P1 (63-69% vol.),
12DP2 géi%%g,, Hglﬂﬁggj bl‘e’?st: Bt (20-27% vol.), Hbl (3-5 vol.%), Basalt 254
plag gn Ttn, Ap, Zrn, Opq
N 42°33'04" T . Qz + P1 (55-60 vol.%), Act (30-37 Intermediate
12T]-1 gypgepyrggr  Actinolite schist vol.%), Bt (3-5 vol.%) rock 2441
N 42°51'59"  Biotite hornblende  Qz (15-17 vol.%), P1 (50-55 vol.%), .
13NK g 12602811" leptynite Hbl (20-23 vol.%), Bt (5 vol.%), Opq ~ Dacite 281
13XB] N 42°58'17" Hornblende biotite Qz + P1 (10-15 vol.%), Bt (80-85 vol.%), Basalt 281

E 126°31'57" schist Hbl (5 vol.%)

1 The protoliths of the metamorphic rocks were based on a comprehensive analysis of field
observation, mineral assemblage, and geochemistry.? Measured zircon U-Pb ages in this study.

13NK-1 a biotite-hornblende leptynite sampled from Huangyingtun Formation (Figure 2b), is
khaki in color, and has a massive structure and granoblastic texture (Figure 3j-1). It is mainly made
up of plagioclase (60-65 vol.%), hornblende (15-20 vol.%), quartz (5-10 vol.%), and biotite (5-10
vol.%). Apatite, zircon, and opaque minerals form the accessory mineral suite.

4. Analytical Techniques

4.1. Zircon U-Pb Age and Trace Element Data

Zircons were separated using a Frantz magnetic separator and heavy liquids (bromoform, 2.89
g/cm3;  diiodomethane, 3.32 g/cm?®) at the Hebei Regional Geological Survey, China.
Cathodoluminescence (CL) images were obtained using JEOL JXA-8900RL scanning electron
microscope at the State Key Laboratory of Continental Dynamics, Northwest University, Xi'an,
China.

Zircon trace elements and U-Th-Pb isotopes were simultaneously determined using an Agilent
7500a ICP-MS equipped with a 193 nm laser ablation system GeoLas 2005 at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi'an, China. The instrument
parameter and detail procedures were described by Yuan et al. (2004) [86]. The laser spot size was 32
pum with a repetition rate of 6 Hz during the analyses. The zircon 91500 was used as an external
standard for age calibration, and the NIST SRM 610 silicate glass was applied for instrument
optimization. The laser spot size was 32 um during the analyses. Isotopic ratios and element
contents were calculated by using the GLITTER 4.0 [87]. The age calculation and Concordia plots
were made using Isoplot (Ver. 3.0) [88]. Concordance was calculated as (2¢Pb/?¥U/27Pb/235U) x 100
with concordance defined between 90% and 110%.

4.2. Whole-Rock Major and Trace Element Analyses

The major and trace element concentrations of the whole-rock samples were determined at the
Supervision and Inspection Center of Mineral Resources, the Ministry of Land and Resources of
Jinan, China. The concentrations of SiO: and Al:Os were analyzed using the gelatin coagulation
gravimetic method and the xylenol orange method, respectively. The other major oxides and some
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trace elements, (Ba, Sr, V, and Cr) were determined by IRIS-Intrepid ICP atomic emission
spectrometer (AES) using the standard analytical protocol of GB/T14506-2010 for the oxides.
Detailed analytical procedures are similar to those described by Rudnick et al. (2004) [89]. Analytical
uncertainties range from 1% to 5%. The other trace element concentrations were determined using
an X-Series 2 ICP-MS, and the analytical procedures are similar to those described by Li (1997) [90].
An internal standard solution containing the single element Rh was used to monitor signal drift
during counting. The analytical precision for major elements is better than 1% and for trace elements
is generally better than 5%.

4.3. In situ Zircon Lu-Hf Isotopic Analyses

Zircon Hf isotope analyses were conducted using a Nu Plasma HR MC-ICP-MS that was
coupled with a Geolas 2500 laser-ablation system at the State Key Laboratory of Continental
Dynamics, Northwest University, Xi'an, China, using techniques and analytical procedures
described by Xu et al. (2004) [91]. A laser spot size of 44 pm and a repetition rate of 10 Hz were used.
Ratios used for the corrections were 0.5886 for 176Yb/172Yb and 0.02655 for 7°Lu/'7°Lu [92]. External
corrections were applied to all unknowns, and standard zircons 91500 and GJ were used as external
standards and were analyzed twice before and after every 10 analyses. The decay constant for 17°Lu
of 1.867 x 107!lyear? [93] and the present-day chondritic ratios of 76Hf/'”7Hf = 0.282785 and
176Lu/Y7Hf = 0.0336 [94] were adopted to calculate the ent(t) values. Single-stage model ages (Tom1)
were calculated using a depleted mantle with a present-day '7°Hf/"”7Hf ratio of 0.28325 and
176Lu/77Hf ratio of 0.0384 [95].

5. Results

5.1. Whole-Rock Geochemistry and Protolith Reconstruction

Whole-rock major- and trace-element geochemical data for the Permo-Triassic metamorphic
rocks in this study are presented in Table S3. These data are used for classifying the rocks, protolith
reconstruction, and determining the tectonic setting of the protoliths.

A preliminary scan of the data allows us to divide the samples into two groups. The Group I
(including the 12DP1, 12DP2, 13XB, and 13XBJ) samples show major oxides with SiO2 ranging from
43.87 to 51.05 wt% and total alkalis (K20 + Na20) ranging from 1.02 to 4.35 wt%, defining a mafic
composition with some enrichment of alkaline elements. In contrast, the Group II (the 13NK)
samples have SiO: ranging from 63.22 to 68.92 wt% and total alkalis ranging from 6.00 to 6.91 wt%,
defining a felsic composition. The Al2O3/(Al20s + CaO + Na20 + K20) ratio of all samples is less than
0.65, indicating that the metamorphic rocks may be orthometamorphites [96]. In the Zr/Ti versus Ni
diagram (Figure 4a) for discrimination between igneous and sedimentary amphibolite protoliths
[97], the Group I samples plot in the igneous field, indicating igneous protoliths for these samples.
The DF3 and DF4 discriminant functions were proposed by Shaw (1972) [98] to distinguish between
silicic volcanic and clastic gneiss protoliths. The positive DF3 (2.08-4.02) and DF4 (0.11-1.75) values
of the 13NK samples suggest that their protoliths might be silicic volcanic rocks.
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Figure 4. (a) Discrimination of volcanic and sedimentary amphibolites, modified after the work in
[97]; (b) Classification volcanic rocks using relatively inmobile elements, modified after the work in

[99].

As all samples have been metamorphosed and Na20 and K20 tend to be mobile during the
process of metamorphism and alteration, we use the Zr/TiO: versus Nb/Y diagram instead of the
total alkalis versus SiO:2 diagram for further discrimination (Figure 4b). In this diagram, the studied
metamorphic rocks fall in different compositional groups, with basaltic samples in the
basalt/subalkaline basalt and alkali basalt fields, and felsic samples in the rhyodacit/dacite field
(Figure 4b).

With regard to trace elements, all the samples are characterized by varying light rare earth
element (LREE)-enriched patterns in chondrite-normalized rare earth element (REE) diagram
(Figure 5a—c), with (La/Yb)x values of 2.76-20.20 and negligible/negative Eu anomalies of 0.46-0.99.
The 12DP2 samples have marked higher contents of total REEs (338.62-487.96 ppm) and stronger
LREE enrichment than the other samples. In the primitive mantle-normalized trace element spider
diagrams (Figure 5d—f), the 12DP1, 12DP2, and 13NK samples show depletion in high field strength
elements (HFSEs) relative to large ion lithophile elements (LILEs), especially in Nb, Ta, P, and Ti.
Furthermore, the 12DP1 and 12DP2 samples have notable negative Zr-Hf anomalies (Figure 5d). In
contrast, the 13XB] samples show Oceanic Island Basalt (OIB)-like trace element patterns, without
negative Nb-Ta anomalies (Figure 5c,f).
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Figure 5. (a—c) Chondrite-normalized REE patterns and (d-f) primitive mantle-normalized trace
element patterns of PermoTriassic metamorphic rocksin this study. Normalizing values, patterns for
N-type mid-ocean ridge basalts (N-MORB), E-type mid-ocean ridge basalts (E-MORB), and oceanic
island basalts (OIB) are from [100].

5.2. Zircon Characteristics

Five samples including two gneiss (12DP1-1 and 12DP2-1), two schists (12TJ-1 and 13XBJ-1),
and a leptynite (13NK-1) were selected for zircon U-Pb isotopic and rare earth element (REE)
analyses. The CL images of analyzed zircons are shown in Figure 6. The analytical results are listed
in Tables S1 and S2.

5.2.1. Zircon Morphology

Zircon grains from sample 12DP1-1 are translucent to transparent, equant to long prismatic,
sub-rounded, with some occurring as fragments. Most zircons are pink; a few are roseal. They have
grain sizes of 70 to 190 um, with ratios of length to width ranging from 1:1 to 3:1. Grains are euhedral
and subhedral with multifactor characteristics. In CL images, most of the zircons show broad growth
zoning (Figure 6a), which is typical feature of zircons from magmatic rocks with relatively low silica
content [101], while a small amount of zircons are dark in color, showing no clear growth zoning
(e.g., #3,#4, and # 13; Figure 6a). In addition, rare zircons (e.g., # 3, # 4, and # 13) show thin rims with
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strong CL brightness (Figure 6a), which are interpreted as metamorphic overgrowth, however, they
are too thin to be analyzed.

a. 12DP1-1

\

b.12DP2-1

c.12TJ-1

Figure 6. Representative cathodoluminescence (CL) images of zircons from the (a,b) gneisses, (c)
actinolite schist, (d) leptynite and (e) hornblende-biotite schist in this study. The solid-line and
dash-line circles represent the locations for U-Pb dating and in situ Lu-Hf isotope analysis,
respectively. The numbers show the ages of the zircons (Ma) and the eng(t) values.

Zircons from sample 12DP2-1 are yellowish pink, translucent to transparent, and subhedral,
and show oval (e.g., # 5) to long prismatic shape. Crystal lengths are approximately 50 to 300 um,
with aspect ratios of 1:1 to 3.5:1. There are mainly two types of zircon with complex internal
structures as revealed by CL imaging (Figure 6b): (1) some zircons show oscillatory, blurred
oscillatory or planar zoning without core-rim structure, which are interpreted as magmatic origin
but suffered low degrees of metamorphic recrystallization (e.g., # 5); (2) the others exhibit core-rim
structure and core-rim boundaries are generally irregular. The cores are characterized by oscillatory,
cloudy, weak zoned, or unzoned structures, indicating that they are magmatic origin but reworked
by varying degrees of recrystallization. Most of the rims cut the primary zones of cores, indicating of
metamorphic recrystallization. Rare rims and cores have regular boundaries (e.g., # 24), which are
interpreted to be metamorphic growth.

Zircons in sample 12TJ-1 are roseal, transparent, and subheral to anhedral. Most of them are
oval to round, whereas some grains show prismatic shape. The lengths of these zircons range from
50 to 230 um, with aspect ratios of 1:1 to 2.5:1. As revealed by the CL images (Figure 6c), both the
recrystallization of protolith zircon and the growth of metamorphic zircon occur in this sample.
Some zircons are unzoned or weakly zoned with strong or weak luminance (e.g., # 1 and # 9). The
others show core-rim structures, which always occur as complicated cores surrounded by wide rims.
Only a few of the cores show clear oscillatory zoning (e.g., # 8 and # 11). Most of the cores are
unzoned or have cloudy zoning. The rims have strong CL luminescence and unzoned textures.

The majority of zircons from sample 13NK-1 are yellowish pink, transparent, euhedral to
subhedral, and prismatic. Rare grains are sub-rounded. They have grain sizes of 40 to 400 um, with
ratios of length to width ranging from 1:1 to 3.5:1. CL imaging revealed that these zircons show clear
oscillatory and sector zoning (Figure 6d). Zircons from sample 13XBJ-1 are yellowish pink,
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transparent and euhedral to subhedral. Most of them are prismatic, and a few crystals are
sub-rounded in shape. Lengths of these grains range from 50 to 200 um, with aspect ratios of 1:1 to
2:1. As shown in CL images (Figure 6e), most of them show clear oscillatory zoning, and a few grains
are unzoned or have cloudy zoning, with relatively low CL brightness.

5.2.2. Zircon U-Pb Ages

For sample 12DP1-1, a hornblende-epidote-plagioclase gneiss from the KYTM, sixty-three age
measurements were made in 63 zircon grains and 50 concordant ages were obtained (Table S1,
Figure 7a). The well-zoned zircons contain Th and U contents of 34 to 604 ppm and 83 to 755 ppm,
respectively, yielding relatively high Th/U ratios of 0.20 to 1.45, and 41 grains yield concordant
206Pb/28U ages of 233 to 227 Ma with a weighted mean of 230 + 1 Ma (MSWD = 0.14), while spots # 12
and # 34 give older concordant 26Pb/28U ages of 372 and 355 Ma, respectively (Figure 7a). The
unzoned or weak zoned zircons show relatively low Th contents of 29 to 59 ppm but high U contents
of 414 to 1057 ppm to yield Th/U ratios of 0.05 to 0.08, which is typical for metamorphically grown
zircon [102-105]. The seven spots on these zircons are concordant, with apparent 206Pb/238U ages of
253 to 275 Ma (Figure 7a).

For sample 12DP2-1, a hornblende-biotite-plagioclase gneiss from the KYTM, forty-two age
measurements were made in different zircon domains of 42 grains and 34 concordant ages were
obtained (Table S1, Figure 7b). All the analyses obtained from different domains yield variable Th
and U contents of 13 to 1749 ppm and 51 to 1837 ppm, respectively, with high Th/U ratios of 0.26 to
1.75. Seven spots on rims are concordant or nearly concordant, with apparent 26Pb/?$U ages of 246
to 236 Ma and a weighted mean of 242 + 4 Ma (MSWD = 0.51), which is interpreted to date
Triassic-aged metamorphism in the Kaiyuan area. Twenty-seven analyses on cores and zircon grains
without core-rim structure give older 20Pb/?%U ages ranging from 328 to 250 Ma.

For sample 12T]-1, a actinolite schist from the KYTM, fifty-four analyses were obtained from
different zircon domains of 53 grains, yielding a wide range of 26Pb/?¥U ages from 2974 to 264 Ma
(Table S1; Figure 7c,d). More than 70 percent (39 of 54) of analyses on different domains show
27Pb/2%Pb ages of ~2.5 Ga and variable Th and U contents of 11 to 453 ppm and 53 to 1271 ppm,
respectively, with Th/U ratios of 0.15 to 1.98. The ~2.5 Ga zircons can be divided into two groups: one
group defines a discordia line with upper intercept in the concordia at 2570 + 24 Ma and a lower
intercept age at 266 + 8 Ma (MSWD = (.74), while the other group defines a discordia line with upper
intercept in the concordia at 2441 + 15 Ma and a lower intercept age at 350 + 17 Ma (MSWD = 0.069).
The 27Pb/2Pb weighted mean ages of the two groups are 2572 + 36 Ma (MSWD = 0.024, n = 8) and
2443 + 20 Ma (MSWD = 0.038, n = 31), respectively, which are compatible with the upper intercept
ages. Therefore, the younger upper intercept age is interpreted to most accurately represent the
protolith formation age of the actinolite schist, while the older one is interpreted to represent the
crystallization age of xenocrystic or inherited zircons [106]. The remaining 15 zircons give much
younger but scattered 2°Pb/¥U ages between 372 and 264 Ma.

For sample 13NK-1, a biotite-hornblende leptynite from the HLTM, thirty analyses yield
concentrated 2°Pb/?8U ages, with a weighted mean age of 281 + 2 Ma (MSWD = 0.078, n = 30; Figure
7e) for protolith formation. Out of 42 analytical spots, 38 analyses from sample 13XBJ-1 are
concordant and have complicated ages ranging from 2695 to 241 Ma (Table S1, Figure 7f). Among
them, eight analytical spots give concentrate ages of 283 to 280 Ma and yield a mean 206Pb/28U age of
281 + 4 Ma. One recrystallized zircon with unzoned structure (spot # 1, Figure 6e) has a much
younger 26Pb/»8U age of 241 + 8 Ma, which is interpreted to represent the metamorphic age of the
schist. The remaining older ages of 320 to 2695 Ma are interpreted as the ages of xenocrystic or
inherited zircons.
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Figure 7. LA-ICP-MS U-Pb concordia diagrams of zircons from the (a,b) gneisses, (c,d) actinolite
schist, (e) leptynite and (f) hornblende-biotite schist in this study.

5.2.3. Zircon Trace Elements

In the chondrite normalized REE diagram (Figure 8a), the Triassic zircons from sample 12DP1-1
exhibit high REE abundances (YREE = 391.79-1605.02 ppm) and steep middle rare earth element
(MREE)-heavy rare earth element (HREE) patterns with high (Lu/Gd)x ratios of 17.65 to 69.75,
positive Ce anomalies with Ce/Ce* ratios of 20.1 to 144.5, and weak Eu anomalies with Eu/Eu* ratios
of 0.43 to 0.68 (Table S2). In contrast, the pre-Triassic zircon grains display significantly low REE
abundances (YREE = 1.52-33.17 ppm) and chaotic REE patterns, without Ce and Eu anomalies,
indicating that the protolith zircons may be metamorphosed through variable degrees of chemical
alteration [107,108]. For the zircons with concordant Triassic U-Pb ages, their CL images, Th/U
ratios, and REE patterns indicate that they are magmatic origin; therefore, the weighted mean age
(230 £ 1 Ma) of these zircons are interpreted as the protolith age for sample 12DP1-1. The pre-Triassic
ages are interpreted to represent the metamorphic time of xenocrystic or inherited zircons in the
sample, as revealed by their unzoned or weak zoned CL images, low Th/U ratios (except for spots #
12 and # 14), and chaotic REE patterns.
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Based on the chondrite normalized REE patterns (Figure 8b), the pre-Triassic zircons from
sample 12DP2-1 can be divided into two groups (I and II). Group-I zircons have 2°Pb/%$U ages of
258 to 250 Ma and exhibit HREE enrichment with (Lu/Gd)n of 8.94 to 93.98, together with
pronounced positive Ce anomalies (Ce/Ce* = 34.6 to 302.3) but weak or negligible Eu anomalies
(Eu/Eu* = 0.39 to 0.82) (Table S2). Group-II zircons have older 2¢Pb/$U ages of 328 to 262 Ma and
show steeper MREE-HREE patterns with (Lu/Gd)~ of 19.87 to 148.04, together with pronounced
positive Ce anomalies (Ce/Ce* = 7.4-114.3) and negative Eu anomalies (Eu/Eu* = 0.08-0.27) (Table
52). The weighted mean age (254 + 2 Ma, MSWD = 0.23) of group-I zircons (mantle-affinity zircons)
is interpreted to most accurately represent the protolith age for sample 12DP2-1, whereas the older
ages are interpreted to represent the magmatic or metamorphic ages of captured zircons during
magma ascent because some spots were obviously made on recrystallized domains (e.g., # 28 and #
35). The rim domains show REE patterns with significant HREE enrichment ((Lu/Gd)x
9.74-89.93), positive Ce anomalies (Ce/Ce* = 18.4-197.2) and variable Eu anomalies (Eu/Eu* =
0.32-0.81). Thus they show the nearly full inheritance in trace elements from the protolith zircon.
This, together with the high Th/U ratios, indicates that the trace element system was not
significantly modified during recrystallization.
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Figure 8. Chondrite-normalized REE patterns of zircons from the (a,b) gneisses, (c,d) actinolite schist,
(e) leptynite and (f) hornblende-biotite schist in this study.

Zircons from sample TJ-1 display different REE patterns (Figure 8c,d). The REE composition of
~2.5 Ga zircons is similar to magmatic zircons showing the positive Ce (Ce/Ce* = 2.17-138.10) and
negative Eu anomalies (Eu/Eu* = 0.05-0.36) and the depletion in LREEs ((Lu/Gd)~x = 11.27-61.99),
suggesting that the trace element system of protolith zircons was not significantly modified during
post-magmatic recrystallization and metamorphism. The 358-240 Ma zircons can be divided into
two types according to their CL images and REE patterns: (1) five of them (e.g., # 47) exhibit weak
oscillatory zoning and magmatic REE patterns with significant HREE enrichment, positive Ce
anomalies, and negative Eu anomalies (Figure 8d), and (2) ten of them are homogeneous with no CL
response and are enriched in the REEs, especially the light rare earth elements (LREEs), with
negative Eu anomalies but weak/negligible Ce anomalies (Figure 6d), which are similar to those of
the hydrothermal zircons of Boggy Plain zoned pluton [109], indicating that these zircons are
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hydrothermal origin. Thus, these young ages could have resulted from post-magmatic hydrothermal
events.

Zircons from sample 13NK-1 all have typical magmatic REE patterns with steeply increasing
from La to Lu, positive Ce anomalies and negative Eu anomalies (Figure 8e), indicating a magmatic
origin. For sample 13XBJ-1, most zircons have magmatic REE patterns with significant HREE
enrichment, positive Ce anomalies and negative Eu anomalies, however, some zircons (e.g., spots #
6, #13, # 26, and # 39) have abnormal REE patterns (Figure 8f), implying an open system process.

5.2.4. Zircon Hf Isotopes

For the Hf isotope analysis, this study selected magmatic zones and inherited/captured zircons
from samples 12DP1-1, 12DP-2, 13NK-1, and 13XBJ-1, which were analyzed for U-Pb isotopic
compositions. Laser spots of the Lu-Hf analyses partly or totally overlapped those of the U-Pb
analyses (Figure 6). The results are listed in Table S4 and are shown in Figure 9.

Fifteen ~237 Ma primary zircons from sample 12DP-1 yield "6Hf/"’Hf ratios of
0.282789-0.282902, with ene(t) values ranging from +4.99 to +9.17, corresponding to Hf single-stage
(Towm1) ages ranging from 670 to 490 Ma, respectively.

176Hf/177Hf ratios and ent(t) values of fifteen ~254 Ma primary zircons from sample 12DP-2 are
0.282651-0.282750 and +0.75 to +3.97, respectively, with Towm ages of 850-729 Ma.

Fifteen magmatic zircon grains from sample 13NK-1 show intensive Hf isotopic compositions,
with 176Hf/177Hf ratios of 0.282698-0.282781, ens(t) values of +2.87 to +5.84, and Tomz ages of 1090-902
Ma.

Twenty zircon Hf spot analyses from sample 13XB]J-1 were obtained, which included five ~281
Ma primary zircons that have 176Hf/1”7Hf ratios of 0.282801-0.282961, ent(t) values of +6.56 to +12.04,
and Towm ages of 650-426 Ma. The remaining fifteen inherited/captured zircons with U-Pb ages of
2695-320 Ma from this sample yield 7¢Hf/"””Hf ratios of 0.281314-0.282949, with ens(t) values ranging
from -5.49 to +15.48.
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Figure 9. ene(t) values versus ages from the Permian to the Triassic magmatic rocks along the CYS.
The arrows outline the trend of zircon Hf isotopic evolution with time. The decreasing arrow
illustrates an evolved trend, whereas the increasing arrow indicates a depleted trend. The green
field represents the tectonic transitional period with a considerable isotopic variation. Data for other
coeval magmatic rocks are from the works in [36,37,40,42—46].

6. Discussion
6.1. The KYTM and HLTM Geochronology Revisited

6.1.1. The KYTM

As mentioned above, although there have been several controversial views regarding the age,
division scheme, and tectonic attributes of the KYTM, recent research has indicated that these rocks
are not a “group” in the stratigraphic sense, but represent a tectonic mélange, mixed by
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Mesoarchean gneisses, Neoarchean supracrustal rocks, metamorphosed Proterozoic sediment rocks,
and late Permian meta-volcanic and meta-sedimentary rocks [38,41,48,80]. Precisely
geochronological study on the zircons from the samples 12TJ-1, 12DP1-1, and 12DP2-1 provided
new insights into the age of the KYTM.

Our new zircon U-Pb data indicate that the protolith of actinolite schist (sample 12T]-1) from
the Tongjiatun Formation was formed during the Paleoproterozoic, with a well-defined upper
intercept age of 2441 + 15 Ma and a 27Pb/2¢Pb weighted mean age of 2443 + 20 Ma. The sample also
contains some xenocrystic or inherited zircons which yielded an upper intercept age of 2570 + 24 Ma
and a 27Pb/26Pb weighted mean age of 2572 + 36 Ma, and passed through multiple superposition of
hydrothermal activities during 372-264 Ma. In terms of location, the present study area is considered
to mark the boundary between the NCC and eastern CAOB. Therefore, the actinolite schist, in
conjunction with previously identified ~2.5 Ga tonalitic mylonite and amphibolite [79,80], suggests
that some components of the KYTM were probably originally part of the NCC, in which widespread
~2.5 Ga ages have been reported [110].

The data also demonstrate that the protolith of hornblende biotite plagioclase gneiss (sample
12DP2-1) formed during the late Permian (254 + 2 Ma), which is consistent with previously reported
late Permian dacite, high-Mg andesite, albite—actinolite schist, amphibolite, and diopside granulite
from the KYTM [38,41,48,79]. Furthermore, magmatic zircons from the hornblende epidote
plagioclase gneiss (sample 12DP1-1) yielded a weighted mean age of 230 + 1 Ma, suggesting that the
protolith formed during the Late Triassic. This newly identified gneiss suggests that the formation of
the KYTM could not earlier than the Late Triassic.

Based on the above new geochronological data and previous results, we infer that the KYTM
mainly formed from the amalgamation of Mesoarchean—Paleoproterozoic metamorphic rocks,
Proterozoic meta-sediment rocks, Late Permian meta-volcanic and meta-sedimentary rocks, as well
as Late Triassic meta-volcanic rocks that were probably juxtaposed after the Late Triassic era.

6.1.2. The HLTM

The HLTM was once considered to be a true stratigraphic succession that formed during the
Early Palaeozoic [81-84]. Despite the fact that the age of the HLTM has long been a subject of
extensive studies [28,81-84], no consensus of opinion on the protolith ages has been reached due to a
lack of detailed geochronological data. LA-ICP-MS zircon U-Pb dates for the leptynite from the
Huangyingtun Formation and the schist from the Xiaosan'gedingzi Formation define weighted
mean ages of 281 + 2 Ma and 281 + 4 Ma, respectively, which are consistent with the maximum
depositional age (287 + 6 Ma) of the protolith for a pelitic schist from the Huangyingtun Formation
[28]. Conversely, zircon U-Pb age results of schist samples and a felsic dike intruded into the schists
from the Yantongshan area indicate that the clastic sediments of the Yantongshan Complex, which is
a part of the HLTM, were deposited between 237 and 217 Ma [111]. Therefore, we infer that the
HLTM consists of at least the Early Permian Huangyingtun and Xiaosan'gedingzi complexes and
Middle-Late Triassic Yantongshan Complex. The formation of the HLTM thus was not earlier than
the Late Triassic, and not during the Early Paleozoic as previously believed.

6.2. Petrogenetic Implications

6.2.1. Assessment of Element Mobility

Given the metamorphism and alteration the above Permo-Triassic metamorphic rocks have
undergone, element mobility should be evaluated prior to any petrogenetic discussions. Polat et al.
(2002) [112] have reported that meta-volcanic rocks with LOI values higher than 6 wt% were
subjected to variable alteration. The studied samples have lower LOI values (0.95-4.35 wt%, except
sample 12DP1-2 with 11.65 wt% LOI value) indicating effects of alteration. The significantly high
LOI and CaO content (18.60 wt%) of sample 12DP1-2 definitively points to strong alteration;
therefore, this sample will not be used in the following discussion. Most samples have coherent
patterns in the primitive mantle-normalized spider diagram and chondrite-normalized REE
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diagram (Figure 5), confirming the preservation of the original signatures of HFSEs and REEs. In the
following discussion, Ti, Fe, Al, P, transition metals, REEs, and HFSEs, which were considered to be
relatively immobile during greenschist- to amphibolite-facies metamorphism [113-117], were
selected to discuss the petrogenesis of protoliths.

6.2.2. Crustal Contamination of the Basaltic Rocks

As mantle-derived magmas could be contaminated by upper crustal material during ascent or
emplacement, understanding the effects of crustal contamination on basaltic rocks is important.
Xenocrystic/captured zircons were identified from all the basaltic rocks (Figure 5), thereby providing
evidence of crustal contamination or assimilation during magmatism. However, crustal
contamination or magma mixing en route can be ignored based on the following observations; (1)
the absence of positive Zr-Hf anomalies in the studied basaltic samples rules out significant crustal
contamination because Zr and Hf are enriched in crustal materials [118]; (2) the studied basaltic
samples have Ce/Pb (14.40-40.61) and Nb/U (8.55-27.76) ratios that are substantially higher than
those of continental crust (Ce/Pb = 3.91 and Nb/U = 6.15) [118,119], indicating limited crustal
contamination; (3) the low Th/La (0.06-0.20) and Th/Ce (0.03-0.10) ratios of the basaltic samples
suggest that crustal contamination played an insignificant role during the magma evolution because
continental crust has relatively high Th/La (~0.3) and Th/Ce (~0.15) ratios [120,121], while
mantle-derived magmas have low Th/Ce (0.02-0.05) and Th/La (~0.12) ratios [118]. In conclusion,
crustal contamination of the studied basaltic samples is negligible, and the protoliths of the
metamorphic rocks were therefore likely derived from mantle sources.

6.2.3. Origin of the Early Permian Protoliths of the Metamorphic Rocks from the HLTM

Petrographic and geochemistry investigations of the Early Permian 13XB] schists reveal that the
protoliths of these rocks are basalts. They plot in the alkali basalt field in the Zr/TiO2 vs. Nb/Y
diagram (Figure 4b), with high concentrations of Zr (175.40-216.82 ppm), Nb (24.31-42.36 ppm), Y
(25.48-45.20 ppm), Th (4.09-7.13 ppm), Hf (4.96-7.62 ppm), TiOz (2.74-3.67 wt%), and P-Os (0.23-2.06
wt%). Traditionally, ultramafic lithologies including peridotite, carbonated peridotite, hornblendite,
and silica-deficient pyroxenite/eclogite are considered to be possible mantle sources of alkali basalts
[122-124].

As is well known that the addition of CO: diminishes the SiO: content of partial melts of
peridotite [125], carbonated peridotite-derived melts generally exhibit significantly low SiO:
contents [122], which cannot explain the SiO:z contents (43.87-48.29 wt%) of the 13XB] samples. Thus,
the protoliths of 13XB] samples could not be generated from carbonated peridotite. For melts from
silica-deficient pyroxenite/eclogite, they would generate magmas with relatively higher SiOz (>55%)
and Ni/MgO ratios [124,126] than those of the 13XB]J samples. This precludes the possibility that they
were derived from the partial melting of silica-deficient pyroxenite/eclogite. The 13XB] samples have
SiO:2 contents of 43.87% to 48.29%, relatively lower CaO contents (11.08-13.67 wt%) and CaO/Al2Os
ratios, which are similar to those of peridotite-derived melts [122,127]. However, the 13XB] samples
show significantly higher TiO: and alkali contents, indicating that the only mantle peridotite cannot
be their direct source. The high Ti and alkali contents for a mantle source imply the presence of a
metasomatic lithology, such as hornblendite. As illustrated in Figure 10, the basaltic samples plot
between peridotite- and hornblendite-derived melts, suggesting a combined source that is
composed of hornblendite and peridotite [128-132]. In summary, the protoliths of 13XB]J schists from
the HLTM were probably derived from partial melting of the combined sources, with both peridotite
and hornblendite as the metasomatized mantle.



Minerals 2020, 10, 836

17 of 29

> Carbonated eclogite melt o Carbonated peridotite melt * Sillica-deficient pyroxenite melt
= Hornblendite melt ¢ Dry peridotite melt Q 13XBJ samples
15
° a 25+¢ B b
12 .
201
io_ 9 o g ) a2 i
E E 151 ’ . "8
o a St <
O 4t . o= ®) . % no;;:{
= = e 5, o
= e B O "t %t i a0
LT 101 Y TR as e O
3t ;800* ° ° og ®
. o Koo X &
Toma g g, 0 gk 000 5r
° S8 P W00
35t (o] i d
181
30t
o * "
— 3 = 15} L o
X 25t . s og =1 e % '":ﬁ o
by e o g & & D/ E . ao 4 o &*
2 o = 12r 2 % B
O 20¢ o o o >0 ° ®) o (V5]
> o = o O wﬁo
= 0 B o . © < ° s ® g,
15t o R 9 & o a%0a
10 o} o7 P00, 6 ° %
o u > R0 o
=
24} e L f
2.5
o o
20 5 *
2.0 o °
o i 3
— (@] © og
X L =
18 . . 150 y
2 " * * % a s
* o oe
Qigk & = o, ™ # B O1.0} :
ot L Dy A
gl PR, L 0.5¢ 5
25 30 35 40 45 50 55 25 30 35 40 45 50 55

SiO,(wt. %)

Figure 10. Plots of SiO:2 versus TiOz (a), CaO (b), MgO (c), Al20s (d), TFeO (e), and CaO/ALO:s (f) for
the 13XB] samples. Data of different experimental alkali melt compositions are from the works in

[128-132].

SiO,(wt. %)

The coeval felsic rocks (13NK leptynite samples) are characterized by relatively higher SiO:
(63.22-68.92 wt%) and lower MgO (1.19-2.31 wt%) concentrations, implying a parental magma of
protoliths sourced from lower continental crust. This hypothesis is further supported by the
following observations; (1) the leptynites are enriched in Nd and Rb, and depleted in Nb, Ta, Ti, and
P, which is typical of crustal materials [118]; (2) these rocks have remarkably low Mg# values (34—48)
and transition metal (e.g., Cr, Ni, and Co) concentrations (Table S3), as well as positively inclined
REE patterns, with high HREE concentrations and weak HREE fractionation (Figure 5b); (3) their
incompatible element ratios, such as Ti/Y (74.54-118.26; average = 95.25) and Ti/Zr (18.19-29.45;
average = 28.23) are consistent with magma derived from the continental lower crust [118,133-135].
These characteristics, together with the positive correlation between Pb and SiO: contents, negative
correlation between P20s and SiO: contents (Figure 11a, b), and absence of Al-rich minerals, suggest
that the protoliths of leptynites are similar to highly fractionated I-type granite [136-141]. Moreover,
data for the leptynite samples plot mainly in the field of highly fractionated I-type granite in the
(10,000 x Ga/Al) and (FeO/MgO) vs. (Zr + Nb + Ce + Y) diagrams (Figure 11c,d). Crucially, the
leptynite samples yield positive eHf(t) values (+2.87 to +5.84) and primarily Meso—-Neoproterzoic
Tomz ages (1090-902 Ma), implying a parental magma sourced from Meso-Neoproterozoic accreted



Minerals 2020, 10, 836 18 of 29

lower continental crust, similar to the mechanism proposed for coeval felsic rocks in the CYS
[74,142].
20

0.4

a b
e 0.3 o
= 1o ~oue® S :
& y o WP g n "
e o Zo02 ° Tl
= (]
i y o} trend o
10 ’J/pell o )
"en, we D
q 0.1 {@e
5 . : , 0 , : -
62 64 66 68 70 62 64 66 68 70
SiO,(wt. %) SiO,(wt.%)
100 10
c d
A
A
<
2 10 5
= o
S FG S o
2 S FG &P,
e oo
OGT
2 OGT
1 I 1 1 PR | L 1 I PR A 1 R | n I 1 a1l 1 L1111
10 100 1000 10 100 1000 10000
Zr+Nb+Ce+Y(ppm) Zr+Nb+Ce+Y(ppm)
150 20
L e f
Adakites 10
H O 12DP1 O 13XBJ 5
=100 I 12DP2 © 13NK
o) "
> o Permian arc-related rocks >
© along the CYS N
] H
~ 50
oL 1 N T
0 10 100 1000

Zr (ppm)
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follow the trend of I-type [136]. (¢, d) FeOy/MgO, 10,000 Ga/Al versus (Zr + Nb + Ce + Y)
discrimination diagrams to show the genetic characteristics of the felsic rocks [143]. (e) (La/Yb)n
versus Ybn diagram for the felsic rocks [144]. (f) Zr/Y versus Zr (ppm) diagram for the basaltic rocks
[145]. Data of Permian arc-related rocks along the CYS are from the works in [35-37,40,142].

6.2.4. Origin of the Late Permian and Late Triassic Protoliths of the Metamorphic Rocks from the
KYTM

Petrographic, geochemistry, and field investigations of the gneisses (12DP1 and 12DP2 samples)
from the KYTM reveal that the protoliths of these rocks are subalkaline basaltic volcanic rocks. They
are characterized by low MgO contents (4.05-7.86% wt%), Mg# values (45-75), and amounts of Cr
(36.69-117.09 ppm), Co (16.72-40.65 ppm), and Ni (20.68-39.78 ppm), which suggest that they were
derived from more evolved mafic magmas and experienced some degree of the fractional
crystallization of clinopyroxene and olivine [146]. The presence of negative Ti and P anomalies
indicates that this magma experienced the fractional crystallization of Ti-bearing phases and apatite
(Figure 5d). Moreover, the 12DP2 samples have more abundant REE concentrations and show
negative Eu anomalies that indicate plagioclase fractionation (Figure 5a), as plagioclase has nearly
constant partition coefficients for REE (D = 0.1), except Eu.

The studied basaltic samples from the KYTM have positive zircon ¢Hf(t) values (+3.6 to +4.4)
and Tomi ages ranging from 850 to 490 Ma, indicating that the primary magmas of the protoliths of
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the gneisses were probably generated by the partial melting of a juvenile depleted lithospheric
mantle. These samples display relative enrichment in LREEs and LILEs, and a depletion of HFSEs,
implying that the magma source had been metasomatized by subducted slab-derived fluids/melts,
or contaminated by a massive amount of crustal material during its magmatic migration [147,148].
However, the above interpretations suggest that crustal contamination of the studied basaltic
samples is negligible. Consequently, the primary magmas that formed the protoliths of the gneisses
from the KYTM were probably derived from partial melting of a depleted lithospheric mantle that
was metasomatized by subducted slab-derived fluids.

6.3. Tectonic Implications for the PAO Regime and MO Regime

6.3.1. Permo-Triassic Tectonic Evolution of the Eastern Segment of PAO

A majority of reconstructions based on integrated analyses of magmatic and sedimentary
records suggest that the Songnen Block have been attached to the northern margin of the NCC
during Permian to Triassic time due to closure of the PAO [35-54]. However, the precise time of the
final closure of eastern segment of the PAO along the CYS remains a disputable issue, as vital
outcrops are poor and were strongly deformed.

In this study, synthesizing studies on metamorphic rocks from the Kaiyuan and Hulan tectonic
mélanges are applied to constrain the final closure of the PAO along the CYS. The protoliths of Early
Permian leptynite samples from the HLTM are silicic volcanic rocks. These rocks are enriched in
LILEs with respect to the HFSEs, indicating that the magmas were generated in subduction-related
environment or their protolith was produced in a subduction context [149,150]. In the (La/Yb)~n-(Yb)x
diagram, they plot within the typical arc-rock field (Figure 11e), similar to previously reported Early
to Middle Permian Andean-type intermediate to felsic volcanic rocks from the Daheshen and
Panling formations in northern Liaoning and central Jilin provinces [35-37,42,44,45,142]. Therefore,
the development of the northern margin of the NCC was mainly controlled by subduction of the
Plaeo-Asian oceanic plate during the Early to Middle Permian. As mentioned earlier, the protoliths
of Late Permian gneiss samples from the KYTM are basaltic volcanic rocks. The most significant
characteristic of these rocks is their depletion in HFSEs (e.g., Nb, Ta, and Ti), providing evidence of
arc affinities [151]. All these samples plot within the volcanic arc basalt/active continental margin
basalt field in the Zr/Y-Zr discrimination diagram (Figure 11f). Additionally, a quantity of Late
Permian arc-related igneous rocks, such as the Daheishan, Seluohe, Wudaogou, and Guanmenzuizi
volcanic rocks, were also identified along the CYS [35,40]. Therefore, we conclude that the
Paleo-Asian oceanic plate was still subducting during the Late Permian.

The studied 12DP1 samples from the KYTM yield a protolith age of 231 Ma, suggesting that the
basaltic rocks were formed during the Late Triassic. These rocks, together with ultramafic-mafic
intrusive rocks, coeval I- and A-type granitoids, and A-type rhyolites along the CYS [36,152,153],
constitute a bimodal assemblage typical of extensional environments. This inference is also
demonstrated by the presence of Late Triassic molasse deposit in central Jilin Province, which
delineates the transition from orogenic uplift to post-orogenic extension [49,52,69]. Consequently,
the continent-continent collision between the Songnen Block and NCC, that is, the final closure of
the PAO in the northern Liaoning and central Jilin provinces occurred during the Early to Middle
Triassic. This proposal was further supported by the following conclusive geological evidence. For
example, the Early Triassic (ca. 250 Ma) high-Mg andesites from the Seluohe and Kaiyuan area,
along with coeval bimodal igneous rock association, suggesting an extensional environment caused
by break-off of the subducting slab during the initial stages of continental collision [38,41]. In
addition, the increasingly evolved zircon eHf(t) values from the Early to Late Permian suggest an
advancing oceanic subduction regime where more old crustal materials were involved, while the
juvenile isotope signatures for the Middle to Late Triassic magmatic rocks along the CYS can be
attributed to the involvement of asthenospheric mantle-derived magmas in a subsequent
extensional setting (Figure 9). Therefore, a complex tectonic regime transition from compressional
subduction to extensional post-collisional settings must have occurred during the transitional period
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at the end Permian to the latest Middle Triassic. Moreover, a large amount of Early-Middle Triassic
syn-collisional granitoids, such as the Dayushan, Liushugou, Jianpingzhen, and Fudongzhen
plutons [36,37,39,42,43,46], are widely distributed within the CYS. All these lines of evidence, in
conjunction with the absence of Late Triassic marine sediments [46], suggest that the final closure of
the PAO should occurred during the Early to Middle Triassic.

6.3.2. Implications for the Tectonic Evolution of the MO

Recent studies suggest that the late Paleozoic—early Mesozoic tectonic evolution between the
Jiamusi and Songnen blocks was related to the development of the MO [55-68]; however, the
formation time of the ocean is still ambiguous, as this region is overprinted by several Paleozoic to
Mesozoic Paleo-Asian and circum-Pacific tectonic regimes [23,24,26,39,42,46,69,76]. A number of
studies suggest that the ocean existed during the Permian [55-57]. In contrast, some researchers have
recently proposed that the MO was a short-lived ocean that existed during the Middle Triassic—Early
Jurassic [62].

The studied 13XB] samples from the HLTM provide new insights on the tectonic evolution of
the MO. Geochronological and geochemical data presented in this study indicate that the basaltic
protoliths of these rocks can be divided into alkali basalt which formed during the Early Permian
(~281 Ma). These rocks are markedly different from the Permian subduction-related igneous rocks
distributed in the CYS [35-37,40,42,45], but rather display geochemical characteristics similar to
those of OIB, thus precluding the possibility that they formed in a middle ocean ridge or a magmatic
arc setting. However, whether they formed in an ocean island or a continental rifting setting are still
ambitious.

As mentioned earlier, the alkali basaltic rock (Sample 13XBJ-1) contains abundant
xenocrystic/inherited zircons with ages ranging from 320 Ma to 2695 Ma. The large time gap
between the rock-forming age and the oldest xenocrystic/inherited zircons excludes the possibility
that the alkali basalts formed as an oceanic crust. The presence of abundant xenocrystic/inherited
zircons, when coupled with OIB signature of basalt protoliths, favours eruption in a rift environment
[64,65]. It therefore seems that the 13XB]J basaltic rocks most likely formed in a continental rift setting,
similar to a previously reported ~275 Ma OIB-type blueschist from the Heilongjiang Complex [64,65].
The formation of these rocks were proposed to be related to the beginning of a continental rifting
event, which resulted in the formation of the MO until sometime after the Early Permian [65-67]. In
addition, the occurrence of Triassic passive continental margin sediments and bimodal igneous rock
association lead Long et al. (2020) [62] proposed that the MO could have opened along the
Jiamusi-Mudanjiang Fault during the Middle Triassic, due to the north—south trending compression
caused by the final closure of the PAO.

It is noteworthy that the continental-rift-related rocks (13XBJ samples) from the HLTM are
much further away from the Jiamusi-Mudanjiang Fault, which is considered to represent the
remains of the MO, in contrast to the coeval blueschists from the Heilongjiang Complex. A
comprehensive analysis of Paleozoic-Mesozoic magmatism within the Songnen, Jiamusi, and
Khanka massifs imply that at least two stages of strike slip faulting produced by the Dunhua-Mishan
Fault, during the Middle Permian-Early Triassic and Middle-Late Jurassic, resulted in a total offset
of ~400 km [154]. Therefore, we conclude that the continental-rift related basaltic rocks (13XB]
samples) originated from a position that close to the Dunhua-Mishan Fault, and were later carried to
the current position.

7. Conclusions

On the basis of field observations, zircon U-Pb geochronological and Hf isotopic analyses, and
whole-rock major and trace element analyses presented above, we can draw the following
conclusions.

(1) The protoliths of metamorphic rocks from the KYTM and HLTM were volcanic rocks that
formed during the Permian-Triassic and Mesoarchean—Paleoproterozoic. The KYTM and HLTM are
considered to be probably juxtaposed after the Late Triassic.
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(2) The Early Permian protoliths of chloritic hornblende biotite schists from the HLTM were
probably derived from partial melting of the combined sources, with both peridotite and
hornblendite as the mantle lithologies, while the coeval felsic rocks were generated from a
Meso-Neoproterozoic accreted lower continental crust.

(3) The primary magmas that formed the Late Permian and Late Triassic protoliths of the
gneisses from the KYTM were probably derived from partial melting of a depleted lithospheric
mantle that was metasomatized by subducted slab-derived fluids/melts.

(4) The identification of Permian subduction-related rocks, combined with the Late Triassic
bimodal igneous rock association, indicates that the PAO closed during the Early-Middle Triassic.
The formation of the Early Permian basaltic rocks from the HLTM probably formed in a continental
rifting setting that was related to the formation of the MO.
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metamorphic rocks in this study, Table S4: Lu-Hf isotopic data of zircons from the metamorphic rocks in this
study.
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