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                     Abstract     The Dahongshan Group, situated at the south-

western margin of the Yangtze Block, represents a geological 

unit characterized by relatively high-grade metamorphism in 

the region. This paper investigates the garnet-biotite schist 

from the Laochanghe Formation of the Dahongshan Group, 

employing an integrated approach that includes petrological 

analysis, phase equilibrium modeling, and zircon U–Pb dat-

ing. The schist is mainly composed of garnet, biotite, plagio-

clase, quartz, rutile, and ilmenite. Phase equilibrium mod-

eling revealed the peak metamorphic conditions of 8–9 kbar 

and 635–675 °C. By further integrating the prograde meta-

morphic profi le of garnet and geothermobarometric results, 

a clockwise  P–T  metamorphic evolution path is constructed, 

which includes an increase in temperature and pressure dur-

ing the prograde stage. LA–ICP–MS zircon U–Pb dating 

and zircon Ti thermometry constrains the post-peak meta-

morphic age of 831.2 ± 7.2 Ma. Integrated with previously 

reported results, it is revealed that the southwestern margin 

of the Yangtze Block experienced a large-scale regional 

metamorphism during the Neoproterozoic (890–750 Ma), 

which is related to the collisional orogenic process. This may 

be associated with the late-stage assembly of the Rodinia 

supercontinent or with local compression and subduction 

processes during the breakup of the Rodinia supercontinent. 

   Keywords     Southwestern Yangtze Block    ·  Dahongshan 

Group    ·  Phase equilibrium modeling    ·  Zircon U–Pb dating    · 

 Neoproterozoic metamorphism  

       1  Introduction 

 The Precambrian crystalline basement along the west-

ern margin of the Yangtze Block, commonly known as 

the "Kangdian Axis", is closely aligned with the Sanjiang 

Orogenic Belt in the southwest. The region was tradition-

ally conceptualized as exhibiting a dual-layered structure, 

characterized by a foundational Paleoproterozoic-Archean 

crystalline basement overlain by a Neoproterozoic folded 

basement of low-grade metamorphism. Subsequent research, 

however, has predominantly identifi ed this basement as 

being largely constituted of Neoproterozoic (850–750 Ma) 

magmatic complexes (Zhou et al.  2002 ; Chen et al.  2005 ; 

Liu et al.  2005 ; Xiao et al.  2007 ; Wang et al.  2007 ; Geng 

et al.  2008 ; Huang et al.  2008 ; Zhu et al.  2008 ;  Du et al. 

 2013 ). The southwestern margin of the Yangtze Block is 

characterized by an array of metamorphic rock series, with 

varying metamorphic grades, notably including the Dahong-

shan, Hekou, Dongchuan Groups, and Tong’an Formation 

(Yan  1981 ; Qian and Shen  1990 ;  Geng et al.  2017 ). Over the 

past decades, three kinds of geodynamic mechanisms have 

been proposed for the southwestern margin of the Yangtze 

Block, including the orogenic belt model (Munteanu et al. 

 2010 ; Li et al.  2021 ,  2022 ), subduction model (Zhou et al. 

 2002 ; Chen et al.  2005 ; Xiao et al.  2007 ; Du et al.  2013 ) 
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and mantle plume model (Li et al.  2003 ; Wang et al.  2007 ; 

Huang et al.  2008 ; Zhu et al.  2008 ). The extensive meta-

morphic rocks within the Precambrian crystalline basement 

(such as the Dahongshan and Hekou Groups) in the south-

western margin of the Yangtze Block serve as important car-

riers for unraveling the Neoproterozoic tectonic environment 

because these rocks can provide valuable information about 

the temperature, pressure, and timing of geological events. 

 The Dahongshan Group, situated on the southern fl ank 

of the Yangtze Block’s southwestern margin, represents a 

geological unit distinguished by its relatively high-grade 

metamorphism within the western Yangtze Block. Strati-

graphically, this group is subdivided into fi ve formations 

from bottom to top: the Laochanghe, Manganghe, Hong-

shan, Feiweihe, and Potou Formations, predominantly com-

prising feldspar quartzite, garnet mica schist, marble, and 

garnet amphibolite (Qian and Shen  1990 ). The metamorphic 

ages of the Dahongshan Group range from 897 to 706 Ma 

(Cao et al.  1997 ; Greentree et al.  2006 ; Yang et al.  2012 , 

 2013 ). Greentree et al. ( 2006 ) proposed that the metamor-

phic ages ranging from 860 to 820 Ma represent the ages 

of cooling, whereas Yang et al. ( 2012 ,  2013 ) interpreted 

the ages of 850–837 Ma as indicative of peak ages of the 

metamorphism. It is widely accepted that the metamorphic 

grade of the Dahongshan Group was confi ned to the lower 

amphibolite facies (Yan  1981 ; Qian and Shen  1990 ; Geng 

et al.  2017 ). However, the characteristics of zircons in the 

garnet-plagioclase-amphibolites of the Laochanghe Forma-

tion (exhibiting rounded, patchy, or structureless features; 

Yang et al.  2012 ) may indicate metamorphic grade reach-

ing the upper-amphibolite to granulite facies. The current 

limited insight into the metamorphic conditions and timing 

within this region hinders the comprehension of the gen-

esis mechanisms and associated tectonic background of the 

metamorphic processes. 

 In this study, we have concentrated on the garnet-biotite 

schist from the Laochanghe Formation, situated about 40 km 

southwest of Xinping County, as our primary subject. A 

comprehensive suite of methods, including detailed petrol-

ogy, metamorphic phase equilibrium modeling, geother-

mobarometer, and zircon U–Pb dating, has been employed. 

The fi ndings from this study have distinctly elucidated the 

metamorphic conditions and ages recorded by these rocks. 

This contributes signifi cantly to our understanding of the 

regional tectonic evolution at the southwestern margin of 

the Yangtze Block. 

     2   Geological setting 

 The Yangtze Craton, a Neoproterozoic craton, was formed 

through the amalgamation of the Yangtze and Cathaysia 

Blocks along the Jiangnan Orogenic Belt during the period 

of 0.9–0.83 Ga (Zhang et al.  2013 ; Zhao  2015 ; Geng et al. 

 2015 ). The Yangtze Block, situated in the northwestern part 

of the Yangtze Craton, is separated from the North China 

Craton to the north by the Qinling-Dabie-Sulu orogenic 

belt, from the Songpan-Gantze Terrane in the northwest by 

the Longmenshan Fault, and from the Indochina Block in 

the southwest by the Jiangshan-Shaoxing Fault (Fig.  1 A). 

The southwestern margin of the Yangtze Block is located 

within western Sichuan and central-northern Yunnan. It is 

a complex tectonic geological unit primarily composed of 

Neoproterozoic magmatic rocks, with some exposures of 

Paleoproterozoic metamorphic crystalline basement, such 

as Dahongshan, Dongchuan and Hekou Groups (Fig.  1 B).         

 The Dahongshan Group is situated between the Yuan-

mou–Lüzhijiang Fault and the Ailao Mountain-Honghe 

Shear Zone. It is sporadically distributed on the surface 

areas of Xinping and Yuanjiang Counties within Yunnan, 

which is predominantly overlain by Tertiary and Jurassic 

sedimentary formations. The Dahongshan Group is divided 

into the Laochanghe, Manganghe, Hongshan, Feiweihe, 

and Potou Formations (Qian and Shen  1990 ) (Fig.   1 C). 

The Laochanghe Formation is prominently exposed in the 

Laochanghe Valley and the Dibadu region to the northeast 

of the mining area. It is characterized by cross-bedded potas-

sium feldspar quartzite and garnet mica schist. The Man-

ganghe Formation is observable in both the Laochanghe and 

Manganghe valleys and their adjacent areas, consisting of 

greenschist, mica schist, sodium-rich metamorphic volcanic 

rocks, and marble. The Hongshan Formation, located in the 

eastern part of the mining area, predominantly consists of 

metamorphic volcanic breccia and tuff . The Feiweihe For-

mation, exposed on the northern side of the Feiweihe, is 

mainly composed of marble. The Potou Formation, situated 

southeast of the Dahongshan mining area, is primarily made 

up of garnet-biotite schist, quartzite, carbonaceous slate, and 

sericite schist. 

 Recent chronological studies have delineated the 

formation of the Dahongshan Group within the late 

Paleoproterozoic era, which corresponds temporally to 

the formation periods of the Dongchuan Group, Hekou 

Group, and Tong’an Formation (Greentree et al.  2006 ; 

Geng et al.  2012 ; Pang et al.  2015 ). Initially, the mica 

 40 Ar– 39 Ar and whole-rock K–Ar dating from the Dahong-

shan Group revealed the ages ranging from 897 to 706 Ma 

(Cao et  al.  1997 ; Greentree et  al.  2006 ). Subsequent 

research by Yang et al. ( 2012 ,  2013 ) involved  40 Ar– 39 Ar 

dating on muscovite and U–Pb dating on zircon from the 

garnet muscovite-plagioclase quartz schist and garnet-

plagioclase amphibolite within the Laochanghe Forma-

tion, resulting in metamorphic ages of 850–837 Ma. In 

addition, earlier research posited that the Dahongshan 

Group predominantly experienced the greenschist- to 

lower amphibolite-facies metamorphism (Yan  1981 ; Qian 
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and Shen  1990 ). Cao ( 1997 ) provided a comprehensive 

overview of the metamorphic features of the Dahongshan 

rocks in the Nangan-Xilahé region, suggesting that the 

group underwent regional dynamothermal metamorphism 

during the Lüliang period and regional low-temperature 

dynamometamorphism during the Jinning period. 

     3   Petrology and mineral chemistry 

 Mineral compositions were analyzed using the JEOL JXA-

8230 electron microprobe (EMP) at the Wuhan Shangpu 

Analytical Technology Co., Ltd. The operating conditions 

were 1–3 μm beam size, 15 kV acceleration voltage, and 

20 nA beam current. Mineral abbreviations in this study 

follow Whitney and Evans ( 2010 ). Representative mineral 

  Fig. 1        A  Simplifi ed geotectonic map of the Yangtze block.  B  Simplifi ed geologic map of the southwestern margin of the Yangtze Block.  C  Sim-

plifi ed geologic map of the Dahongshan Group  
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compositions and the mole fractions of end-members are 

listed in Supplementary Table  S1 . 

 The samples analyzed in this study were collected from 

the northeast-southwest trending Laochanghe River gully, 

located in the vicinity of Dahongshan, Xinping County, 

Yunnan Province (Fig.  1 C), belonging to the Laochanghe 

Formation. The samples are garnet-biotite schist, which 

exhibits a gray-black color, and porphyroblastic garnet 

grains are also visible at the outcrop (Fig.  2 A–B).         

 These samples are predominantly comprised of gar-

net (35%), biotite (40%), quartz (15%), and plagioclase 

(10%), along with minor accessory minerals including 

rutile, ilmenite, and zircon (Fig.  2 D–F). The garnet por-

phyroblasts in these samples are present as subhedral 

porphyroblasts and display variable sizes with radii up to 

6 mm. They are in contact with quartz, plagioclase, and 

biotite, and contain the inclusions of quartz and ilmen-

ite (Fig.  2 C–F). Biotite occurs as irregular fl akes in the 

matrix, commonly hosting abundant rutile inclusions 

(Fig.  2 E). Ilmenite occurs as mineral inclusions in gar-

net and biotite, while rutile is present in the matrix or as 

mineral inclusions in biotite. In addition, rutile has been 

partially replaced by ilmenite (Fig.  2 E). 

 Garnet in the sample 22LC–8 is almandine- and gros-

sular-rich  (X Alm  = 0.61–0.75;  X Grs  = 0.16–0.25) with low 

spessartine  (X Sps  = 0.01–0.12) and pyrope  (X Prp  = 0.02–0.10; 

Supplementary Table  S1 ). The compositional zonation of 

the garnet grains displays pronounced variation from core 

to rim, marked by an increase in almandine and pyrope, and 

a decrease in spessartine. Conversely, grossular is relatively 

fl at in the core but exhibits a rapid decrease close to the 

rim (Fig.  3 ). Biotite in the matrix that is not in contact with 

garnet  (Bt 1 ) has similar  X Mg  values (0.49–0.52) but lower 

Ti contents (0.08–0.12 cpfu) than those in contact with gar-

net  (Bt 2 ;  X Mg : 0.51–0.54; Ti: 0.07–0.09 cpfu). The matrix 

plagioclase exhibits CaO contents and  X An  values ranging 

  Fig. 2       Field and microscopic 

photographs of garnet-biotite 

schist from the Danhongshan 

Group.  A – B  Field photographs 

of garnet-biotite schist;  C – F  
Photomicrographs showing 

the typical microstructure of 

the gaenet, biotite, plagioclase, 

quartz, rutile and ilmenite. The 

arrows show directions of rim–

core–rim profi les analyzed by 

EMP as shown in ©  
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between 6.38wt%–7.05wt% and 0.31–0.38, respectively 

(Supplementary Table  S1 ).         

  Metamorphic P–T conditions.  

    3.1   Phase equilibrium modeling 

 In this study, phase equilibrium modeling was con-

ducted on the garnet-biotite schist (sample 22LC–8) 

using the GeoPS program version 3.4 (Xiang and Con-

nolly  2022 ), in conjunction with the internally consistent 

thermodynamic dataset ds62 (Holland and Powell  1998 , 

 2011 ). The MnO–Na 2 O–CaO–K 2 O–FeO–MgO–A l 2  O  

3 –SiO 2 –H 2 O–TiO 2  –F e 2   O 3   ( MnN CKFMASHTO) system was 

sel ect ed  to  cal cul ate   P –T  pse udo sec tio ns.  The  re -pa ram eter-

ized activity-composition (a–x) models incorporated in this 

modeling including garnet, biotite, chlorite, orthopyroxene 

(White et al.  2014 ), feldspar (Holland and Powell  2003 ), 

and ilmenite (White and Powell  2002 ), along with pure 

end-member components for quartz, and rutile.  H 2 O was 

assumed to be in excess for the modeling, with oxygen con-

tent determined by  P–X  O  diagrams. The mineral abbrevia-

tions follow Whitney and Evans ( 2010 ). 

 The bulk chemical compositions were determined by 

wavelength-dispersive X-ray fl uorescence (XRF) spectrom-

etry on a fused bead at the ALS Chemex in Guangzhou, 

China. The normalized molar proportions used for the phase 

equilibrium modeling are shown in Fig.  4 .         

 The  P–T  pseudosection for sample 22LC–8 was cal-

culated over a  P–T  window of 4–12 kbar and 450–750 

°C, as illustrated in Fig.  4 B. The solidus is predicted at 

temperatures between 650 °C and 750 °C in the range of 

modeled pressures (Fig.  4 B). As shown in Fig.  4 B and C 

the Ti isopleths in biotite, the  X An  isopleths in plagioclase 

and the isopleths of  X Sps ,  X Grs , and  X Prp  in garnet are cal-

culated. The Ti isopleths in biotite are nearly vertical and 

increase with rising temperature, while the  X An  isopleths 

in plagioclase exhibit a moderate positive slope, decreas-

ing with increasing pressure (Fig.  4 B). The observed min-

eral assemblage in the sample is represented by a fi eld 

of Grt + Bt + Pl + Rt + Ilm (+ Qz +  H 2 O), which occurs in 

the  P–T  ranges of 8–10 kbar and 600–690 °C (Fig.  4 A). 

The measured  X An  (0.31–0.38) of matrix plagioclase and 

the Ti content (0.08–0.12 cpfu) of  Bt 1  further constrains 

the  P–T  range of the stage to be 8–9 kbar and 635–675 

°C (Fig.  4 B).  Bt 2  has lower Ti content (0.07–0.09 cpfu) 

than  Bt 1 , this suggests that the  Bt 2  formed later than  Bt 1  

and represents growth during the cooling stage. In addi-

tion, the garnet displays pronounced compositional zon-

ing (is characterized by a decrease in spessartine and an 

increase in pyrope from core to rim, while the grossular 

is relatively fl at in the core and signifi cantly decreases at 

the rim), indicating that the zoning records the histories 

of the sample 22LC–8 during prograde stage (Spear  1993 ; 

Ague and Carlson  2013 ; Baxter et al. 2013; Caddick and 

Kohn  2013 ). However, the isopleths of  X Sps ,  X Grs , and  X Prp  

in garnet cannot be used to defi ne the prograde  P–T  con-

ditions, which may be related to localized compositional 

domains during garnet growth. In contrast, the growth 

  Fig. 3       Compositional Profi le 

of Garnet from sample 22LC–8 

along the profi le as shown in 

Fig.  2 C, showing the varia-

tion of the almandine (Alm), 

spessartine (Sps), pyrope (Prp), 

and grossular (Grs) from rim–

core–rim  Alm

Prp

Grs

Sps
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conditions of garnet can be constrained by the changing 

trends of the compositional profi le of garnet due to the 

same metamorphic reaction mechanism under the same 

conditions. As a result, a prograde metamorphic  P–T  
path with heating and compression is defi ned for sample 

22LC–8 on the basis of the changing trends of the  X Sps , 

 X Grs  and  X Prp  in garnet from core to rim (Fig.  4 C). 

     3.2   Geothermobarometry 

 In this study, we applied the Ti-in-biotite geothermometer 

(Henry et al.  2005 ) and the garnet-biotite-plagioclase-quartz 

(GBPQ) geothermobarometer (Wu et al.  2004 ) to calcu-

late the metamorphic  P–T  conditions of the garnet-biotite 

schist sample 22LC–8. The Ti-in-biotite geothermometer 
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has yielded metamorphic temperatures of 552–630 °C and 

507–579 °C using the compositions of  Bt 1  and  Bt 2 , respec-

tively. The compositions of the garnet rims and  Bt 2  were 

selected to calculate the  P–T  conditions by GBPQ geother-

mobarometer, because they are texturally in equilibrium. 

The results yielded metamorphic  P–T  conditions of 6.6–7.8 

kbar and 539–570 °C. 

      4   Zircon U–Pb Geochronology 

 The zircon U–Pb dating and trace element analyses for the 

garnet-biotite schist sample 22LC–8 were carried out at the 

Wuhan Shangpu Analytical Technology Co., Ltd, using an 

Agilent 7900 inductively coupled plasma mass spectrom-

eter (ICP-MS) instrument equipped with a GeoLas HD 

laser ablation system. Helium was used as the carrier gas 

to transport the ablated material. The laser spot was 24 μm 

in diameter, and a laser frequency of 5 Hz was used (Liu 

et al.  2008 ). The detailed analytical procedure has been 

described by Liu et al. ( 2010 ). An Excel-based software 

ICPMSDataCal 10.8 was used to perform off -line selec-

tion and integration of background and analyzed signals, 

time-drift correction, and quantitative calibration for trace 

element analysis and U–Pb dating (Liu et al.  2008 ,  2010 ). 

Concordia diagrams and weighted mean calculations were 

made using Isoplot 4.15 (Ludwig  2003 ). Details of the zir-

con U–Pb dating results are presented in Table  1 .  

 Most zircon grains from the sample 22LC–8 are 

80–130  μm in size with rounded to anhedral shapes 

(Fig.  5 A–F). Some zircon grains display core-rim structures, 

characterized by inherited magmatic zircon cores and over-

growth metamorphic rims with varying widths, while other 

rounded zircons exhibit patchy or structureless appearances 

(Fig.  5 A–F).         

 Sixteen spot analyses on 16 zircon grains of the sam-

ple 22LC–8 yielded variable contents of Th (0.5–21 ppm) 

and U (134–684 ppm), with low Th/U ratios of 0.01–0.05 

(Table  1 ). Three analyses are discordant because of Pb loss 

(Fig.  5 G), and the remaining 13 analyses are concordant 

and give a weighted mean  206 Pb/ 238 U age of 831.2 ± 7.2 Ma 

(N = 13, MSWD = 1.3; Fig.  5 G). In a chondrite-normalized 

rare earth element (REE) variation diagram (Fig.  5 H), the 

zircons display fl at to depleted heavy rare earth elements 

(HREEs) pattern, without a pronounced Eu anomaly. In 

addition, after removing the data with abnormal Ti content 

in zircon, the remaining Ti content in zircon is 0.07–0.12 

(Supplementary Table S2), and the temperatures deduced 

from the Ti-in-zircon thermometer range from 503 to 668 

°C (Mean = 616 °C; Supplementary Table S2). The values 

of  SiO 2  activity (αSiO 2 ) and  TiO 2  activity (αTiO 2 ) were con-

sidered to be 1, as quartz and rutile are present in abundance 

in the sample 22LC–8.   Ta
bl

e 
1  

     L
A

–
IC

P
–
M

S
 z

ir
c
o
n
 U

–
P

b
 d

a
ta

 f
o
r 

sa
m

p
le

s 
2
2
L

C
-8

 f
ro

m
 t

h
e
 D

a
h
o
n
g
sh

a
n
 C

o
m

p
le

x
  

  S
p
o
t  

  C
o
n
te

n
t 

(p
p
m

)  
  Is

o
to

p
e
 r

et
io

s  
  A

g
e
 (

M
a
)  

  T
h
  

  U
  

  T
h

/U
  

  P
b

*
  

   2
0

7
 P

b
/ 2

0
6

 P
b

  
  1

σ
  

   2
0

7
 P

b
/ 2

3
5

 U
  

  1
σ

  
   2
0

6
 P

b
/ 2

3
8

 U
  

  1
σ

  
   2
0

8
 P

b
/ 2

3
2

 T
h

  
  1

σ
  

   2
0

7
 P

b
/ 2

0
6

 P
b

  
  1

σ
  

   2
0

7
 P

b
/ 2

3
5
 U

  
  1
σ

  
   2
0
6
 P

b
/ 2

3
8
 U

  
  1
σ

  
   2
0
8
 P

b
/ 2

3
2
 T

h
  

  1
σ

  

  1
  

  2
1
.0

  
  3
9
5
  

  0
.0

5
  

  5
8

.6
0

  
  0

.0
6

9
4

  
  0

.0
0

2
5

  
  1

.3
4

7
7

  
  0

.0
5

0
3

  
  0

.1
3

9
4

  
  0

.0
0

2
2

  
  0

.0
2

1
5

  
  0

.0
0

1
5

  
  9

0
9

  
  7
2

.9
9

5
  

  8
6

7
  

  2
1
.7

8
3
3
2
2
4
4
  

  8
4
1
  

  1
2
.5

8
2
5
2
9
1
2
  

  4
3
0
  

  2
9
.4

8
5
5
  

  2
  

  2
.7

1
    4

4
8
  

  0
.0

1
  

  6
7

.3
0

  
  0

.0
6

8
7

  
  0

.0
0

2
2

  
  1

.3
4

9
8

  
  0

.0
4

2
0

  
  0

.1
4

1
1

  
  0

.0
0

1
6

  
  0

.0
3

8
3

  
  0

.0
0

3
3

  
  9

0
0

  
  6
0

.1
8

5
  

  8
6

7
  

  1
8
.1

4
2
7
2
1
6
2
  

  8
5
1
  

  9
.1

4
0
0
0
3
0
7
3
    7

5
9
  

  6
3
.9

3
9
3
0
7
4
7
  

  3
  

  0
.5

0
    1

3
7
  

  0
.0

0
  

  2
0

.3
1

  
  0

.0
7

0
7

  
  0

.0
0

3
7

  
  1

.3
3

2
1

  
  0

.0
6

6
7

  
  0

.1
3

6
5

  
  0

.0
0

1
9

  
  0

.1
4

0
5

  
  0

.0
7

2
4

  
  9

4
8

  
  1
0

8
.1

8
5

  
  8

6
0

  
  2
9
.0

3
2
1
3
8
2
4
  

  8
2
5
  

  1
0
.8

8
7
5
6
4
2
8
  

  2
6
5
8
  

  1
2
8
3
.2

1
2
6
7
4
  

  4
  

  4
.3

3
    2

7
6
  

  0
.0

2
  

  4
0

.2
3

  
  0

.0
6

9
2

  
  0

.0
0

2
4

  
  1

.3
1

1
3

  
  0

.0
4

4
0

  
  0

.1
3

6
3

  
  0

.0
0

1
6

  
  0

.0
5

9
3

  
  0

.0
0

5
5

  
  9

0
6

  
  7
2

.2
2

5
  

  8
5

1
  

  1
9
.3

3
5
3
9
6
3
2
  

  8
2
4
  

  9
.2

2
9
1
0
2
2
4
2
    1

1
6
4
  

  1
0
4
.6

7
1
7
1
4
2
  

  5
  

  4
.8

7
    2

8
9
  

  0
.0

2
  

  4
2

.2
3

  
  0

.0
6

9
1

  
  0

.0
0

2
3

  
  1

.3
4

6
3

  
  0

.0
4

4
1

  
  0

.1
4

0
0

  
  0

.0
0

2
0

  
  0

.0
2

3
0

  
  0

.0
0

2
8

  
  9

0
2

  
  6
8

.5
1

7
5

  
  8

6
6

  
  1
9
.0

7
5
4
2
1
7
  

  8
4
5
  

  1
1
.5

1
1
6
2
8
1
7
  

  4
5
9
  

  5
4
.6

9
0
0
6
6
6
3
  

  6
  

  1
.7

8
    6

8
1
  

  0
.0

0
  

  9
8

.2
5

  
  0

.0
6

7
1

  
  0

.0
0

1
9

  
  1

.2
8

9
4

  
  0

.0
3

6
9

  
  0

.1
3

7
7

  
  0

.0
0

1
6

  
  0

.1
2

7
5

  
  0

.0
1

3
7

  
  8

4
0

  
  5
4

.6
3

  
  8

4
1

  
  1
6
.3

6
0
5
2
0
8
3
  

  8
3
1
  

  8
.8

5
6
0
8
2
7
1
8
    2

4
2
5
  

  2
4
5
.5

0
9
8
3
9
9
  

  7
  

  1
3
.7

  
  6
8
4
  

  0
.0

2
  

  1
0

0
.0

8
  

  0
.0

6
7

3
  

  0
.0

0
2

1
  

  1
.2

8
0

2
  

  0
.0

3
8

9
  

  0
.1

3
6

2
  

  0
.0

0
1

6
  

  0
.0

1
7

4
  

  0
.0

0
2

3
  

  8
4

8
  

  7
0

.5
2

5
  

  8
3

7
  

  1
7
.3

2
1
1
9
9
3
9
  

  8
2
3
  

  8
.8

0
8
1
6
2
0
8
5
    3

4
9
  

  4
6
.2

9
9
6
9
8
3
9
  

  8
  

  0
.6

6
    1

3
4
  

  0
.0

0
  

  2
0

.1
4

  
  0

.0
7

0
4

  
  0

.0
0

3
0

  
  1

.3
8

3
1

  
  0

.0
5

7
9

  
  0

.1
4

0
7

  
  0

.0
0

1
9

  
  0

.1
0

8
0

  
  0

.0
1

8
0

  
  9

4
3

  
  8
5

.6
4

7
5

  
  8

8
2

  
  2
4
.6

6
1
2
3
5
2
3
  

  8
4
9
  

  1
0
.6

8
1
3
4
4
1
8
  

  2
0
7
2
  

  3
2
9
.0

2
1
9
4
7
6
  

  9
  

  4
.1

8
    4

1
3
  

  0
.0

1
  

  5
8

.6
0

  
  0

.0
6

7
7

  
  0

.0
0

2
6

  
  1

.2
8

1
3

  
  0

.0
5

1
6

  
  0

.1
3

5
6

  
  0

.0
0

1
9

  
  0

.0
3

3
0

  
  0

.0
0

4
0

  
  8

5
7

  
  8
0

.3
9

5
  

  8
3

7
  

  2
2
.9

8
7
0
2
1
0
6
  

  8
2
0
  

  1
0
.9

1
8
1
0
4
6
9
  

  6
5
5
  

  7
7
.4

9
3
7
8
5
1
3
  

  1
0
  

  0
.6

8
    1

7
9
  

  0
.0

0
  

  2
5

.5
8

  
  0

.0
6

9
6

  
  0

.0
0

2
6

  
  1

.3
1

1
4

  
  0

.0
5

1
2

  
  0

.1
3

5
0

  
  0

.0
0

2
0

  
  0

.1
5

0
8

  
  0

.0
2

4
6

  
  9

1
7

  
  7
7

.7
8

  
  8

5
1

  
  2
2
.4

9
3
8
2
4
2
8
  

  8
1
6
  

  1
1
.1

5
3
0
0
0
2
6
  

  2
8
3
8
  

  4
3
1
.2

0
9
4
1
5
6
  

  1
1
  

  2
.7

5
    3

3
3
  

  0
.0

1
  

  4
8

.7
2

  
  0

.0
6

6
5

  
  0

.0
0

2
1

  
  1

.2
7

5
8

  
  0

.0
4

0
5

  
  0

.1
3

8
1

  
  0

.0
0

2
1

  
  0

.0
3

9
5

  
  0

.0
0

4
8

  
  8

3
3

  
  6
0

.1
8

2
5

  
  8

3
5

  
  1
8
.0

6
5
1
7
7
1
1
  

  8
3
4
  

  1
1
.8

1
6
9
5
9
3
7
  

  7
8
3
  

  9
3
.8

9
6
6
9
4
5
8
  

  1
2
  

  1
6
.4

  
  4
5
3
  

  0
.0

4
  

  5
8

.9
4

  
  0

.0
6

8
1

  
  0

.0
0

2
5

  
  1

.2
8

5
1

  
  0

.0
5

8
2

  
  0

.1
3

5
0

  
  0

.0
0

3
5

  
  0

.1
1

7
3

  
  0

.0
3

3
8

  
  8

7
2

  
  7
5

.9
2

2
5

  
  8

3
9

  
  2
5
.8

8
7
7
1
7
3
2
  

  8
1
6
  

  1
9
.9

2
2
1
0
4
9
1
  

  2
2
4
2
  

  6
1
2
.1

8
0
2
1
0
5
  

  1
3
  

  2
.9

6
    2

7
4
  

  0
.0

1
  

  3
8

.2
8

  
  0

.0
6

3
6

  
  0

.0
0

2
4

  
  1

.1
9

6
8

  
  0

.0
4

6
8

  
  0

.1
3

6
1

  
  0

.0
0

1
9

  
  0

.0
2

8
9

  
  0

.0
0

4
4

  
  7

3
1

  
  7
6

.8
4

5
  

  7
9

9
  

  2
1
.6

5
1
0
7
0
2
1
  

  8
2
2
  

  1
0
.5

2
6
3
3
7
3
7
  

  5
7
5
  

  8
6
.8

9
5
1
8
8
2
7
  

  1
4
  

  1
5
.6

  
  2
6
3
  

  0
.0

6
  

  3
7

.6
0

  
  0

.0
8

3
4

  
  0

.0
0

3
4

  
  1

.4
5

4
1

  
  0

.0
5

8
4

  
  0

.1
2

5
9

  
  0

.0
0

1
7

  
  0

.3
1

6
0

  
  0

.0
4

0
4

  
  1

2
7

7
  

  8
5

.6
4

7
5

  
  9

1
2

  
  2
4
.1

7
0
5
9
6
6
8
  

  7
6
5
  

  9
.5

2
6
9
3
9
5
5
2
    5

5
5
0
  

  6
2
0
.1

0
1
2
0
5
9
  

  1
5
  

  1
3
.3

  
  2
0
8
  

  0
.0

6
  

  3
2

.2
4

  
  0

.0
8

4
3

  
  0

.0
0

3
5

  
  1

.6
2

8
6

  
  0

.0
6

6
4

  
  0

.1
3

8
6

  
  0

.0
0

1
8

  
  0

.1
1

0
9

  
  0

.0
0

9
2

  
  1

3
0

2
  

  7
9

.6
3

  
  9

8
1

  
  2
5
.6

6
8
1
2
5
3
8
  

  8
3
7
  

  1
0
.3

5
1
7
9
0
5
  

  2
1
2
7
  

  1
6
6
.7

4
3
7
9
8
7
  

  1
6
  

  1
.5

3
    2

3
8
  

  0
.0

1
  

  3
7

.9
7

  
  0

.0
6

6
0

  
  0

.0
0

2
4

  
  1

.4
0

3
1

  
  0

.0
5

3
5

  
  0

.1
5

2
8

  
  0

.0
0

2
5

  
  0

.0
4

3
5

  
  0

.0
0

7
4

  
  8

0
9

  
  7
7

.7
7

2
5

  
  8

9
0

  
  2
2
.5

9
3
2
6
0
6
2
  

  9
1
7
  

  1
3
.7

2
6
7
4
4
0
7
  

  8
6
0
  

  1
4
3
.3

8
7
5
0
5
9
  



714 Acta Geochim (2024) 43:707–718

1 3

     5   Discussion 

    5.1   Timing of metamorphism 

 The garnet-biotite schist sample 22LC–8 analyzed in this 

study exhibits zircon characteristics (rounded, patchy, or 

structureless) with low Th/U ratios (0.003–0.053), which 

indicate that they are metamorphic zircons (Wu and Zheng 

2004). These zircons recorded a weighted mean  206 Pb/ 238 U 

age of 831.2 ± 7.2 Ma, which is similar to the metamorphic 

ages of the garnet muscovite-plagioclase quartz schists and 

garnet amphibolites from the southwestern margin of the 

Yangtze Block (Yang et al.  2012 ,  2013 ; Li et al.  2021 ,  2022 ). 

The fl at to depleted HREE pattern in zircons suggests that 

they coexisted with garnet during the growth process. The 

Ti-in-zircon thermometer has yielded the mean temperature 

of 616 °C, which is lower than the peak metamorphic tem-

perature. Consequently, this age is interpreted to represent 

the post-peak metamorphic age of the garnet-biotite schist. 

 In the past decades, geochronological studies of meta-

morphic rocks from Dahongshan, Yuanmou, Yanbian, and 

Miyi in the southwestern margin of the Yangtze Block 
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  Fig. 5        A – F  Cathodoluminescence (CL) images of zircon grains from sample 22LC–8, showing the analytical spots and ralated ages (Ma).  G  U–

Pb concordia diagram.  H  Chondrite-normalized REE patterns of zircons  
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(Fig.  1 B), have yielded metamorphic ages from ca. 885 to 

767 Ma, with a peak age at ca. 840 Ma (Cao  1997 ; Green-

tree et al.  2006 ; Yang et al.  2012 ,  2013 ; Zhou et al.  2014 ; 

Jin et al.  2017 ; Li et al.  2021 ,  2022 ). Similar metamorphic 

ages have also been obtained from the quartz-carbonate 

veins of Xikuangshan, Yinachang, and Lala (Zhou et al. 

 2014 ). The ages of 860–820 Ma are interpreted as cooling 

or reset ages subsequent to the Neoproterozoic thermal event 

(Greentree and Li  2008 ; Zhou et al.  2014 ). In contrast, Yang 

et al. ( 2012 ,  2013 ) and Li et al. ( 2021 ,  2022 ) have proposed 

that the western margin of the Yangtze Block experienced 

a period of regional metamorphism during the Neoprote-

rozoic era. As the metamorphic ages reported in the region 

spread from ca. 885 to 767 Ma (Table  2 ), supporting that the 

southwestern Yangtze Block underwent regional metamor-

phism during the Neoproterozoic with a long duration of the 

metamorphic event.  

     5.2   Metamorphic evolution and its tectonic implication 

 Initial studies suggest that the metamorphic grade of the 

Dahongshan Group only reached the lower amphibolite 

facies (Qian and Shen  1990 ; Yang et al.  2014 ; Geng et al. 

 2017 ), but a systematic study on the metamorphic conditions 

for the Dahongshan Group is still lacking. In this study, the 

peak metamorphic condition of garnet-biotite schist sample 

22LC–8 is constrained to be 8–9 kbar and 635–675 °C by 

phase equilibrium modeling (Fig.  4 A), which is consistent 

with the mean temperature of 616 °C obtained from the 

Ti-zircon thermometer. The garnet in the sample preserves 

a prograde metamorphic profi le (decreasing spessartine, 

increasing pyrope, and initially constant, then rapidly 

decreasing grossular from core to rim; Fig.  4 C), and thus a 

prograde  P–T  path with heating and compression is defi ned 

for sample 22LC–8 on the basis of the changing trends of 

the  X Sps ,  X Grs , and  X Prp  in garnet (Fig.  4 C). The metamor-

phic  P–T  conditions of 6.6–7.8 kbar and 539–570 °C were 

obtained from the compositions of garnet rims and  Bt 2  by 

GBPQ geothermobarometer below the peak metamorphic 

condition, which may be related to the fact that  Bt 2  repre-

sents late-stage retrograde growth. The metamorphic  P–T  
conditions obtained from the GBPQ geothermobarometer 

represent retrograde metamorphic conditions. In addition, 

the partial replacement of rutile by ilmenite (Fig.  2 E) sug-

gests that the sample records a decompression path follow-

ing the peak metamorphic stage. Therefore, a clockwise met-

amorphic  P–T  path is constructed. Meanwhile, the results 

also suggest that the metamorphic grade of Dahongshan 

Group reached medium to high-grade metamorphism. 

 Previous studies have investigated the metamorphism 

of the Miyi, Huili, Yuanmou, and Yanbian regions in the 

western margin of the Yangtze Block (Fig.  1 B; Zhang et al. 

 1987 ; Wang et al.  1998 ; Deng et al.  2001 ; Geng et al.  2008 ; 

Li et al.  2021 ,  2022 ), both counterclockwise and clock-

wise  P–T  paths have been proposed (Fig.  6 ). Zhang et al. 

( 1987 ) proposed that the Miyi metamorphic terrane has 

  Table 2       Summary of metamorphic ages in the southwestern margin of the Yangtze Block  

  Area    Rock Type    Age (Ma)    Minerals (Method)    Reference  

  Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group  

  Muscovite schist 

 Albites 

 Biotite schist 

 Porphyrite 

 Marble 

 Marble 

 Schist 

 Marble  

  730 

 812 

 706 

 897 

 808 

 819 

 818 

 800  

  Whole-rock K–Ar 

 Whole-rock K–Ar 

 Whole-rock K–Ar 

 Whole-rock Rb–Sr 

 Biotite K–Ar 

 Biotite K–Ar 

 Sericite K–Ar 

 Biotite K–Ar  

  Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 ) 

 Cao ( 1997 )  

  Dahongshan Group    Amphibolites    860–820    Biotite  40 Ar– 39 Ar    Greentree and Li ( 2008 )  

  Dahongshan Group    Garnet-amphibolites    849 ± 12    Zircon LA–ICP–MS    Yang et al. ( 2012 )  

  Dahongshan Group 

 Dahongshan Group 

 Dahongshan Group  

  Garnet-muscovite-plagioclase-quartz schists 

 Garnet-muscovite-plagioclase-quartz schists 

 Garne-muscovite-plagioclase-quartz schists  

  837.7 ± 4.2 

 839.6 ± 4.2 

 844.2 ± 4.2  

  Muscovite  40 Ar– 39 Ar U–Pb 

 Muscovite  40 Ar– 39 Ar 

 Muscovite  40 Ar– 39 Ar  

  Yang et al. ( 2013 ) 

 Yang et al. ( 2013 ) 

 Yang et al. ( 2013 )  

  Dahongshan Group 

 Dahongshan Group  

  Amphibolite 

 Garnet-biotite schist  

  831 ± 20 

 851 ± 9  

  Amphibole  40 Ar– 39 Ar 

 Biotite  40 Ar– 39 Ar  

  Zhou et al. ( 2014 ) 

 Zhou et al. ( 2014 )  

  Dahongshan Group    Metamorphic gabbros    748.9 ± 5.7    Zircon LA–ICP–MS U–Pb    Jin et al. ( 2017 )  

  Yuanmou, 

 Yanbian, 

 Miyi  

  Kyanite-bearing garnet staurolite mica schist 

 Kyanite-bearing garnet biotite plagioclase gneiss 

 Garnet-bearing sillimanite biotite schist  

  885 ± 3 

 778 ± 4 

 840 ± 3  

  Monazite LA–ICP–MS U–Pb 

 Monazite LA–ICP–MS U–Pb 

 Monazite LA–ICP–MS U–Pb  

  Li et al. ( 2021 ) 

 Li et al. ( 2021 ) 

 Li et al. ( 2021 )  

  Yuanmou 

 Yuanmou 

 Yuanmou 

 Yuanmou  

  Garnet mica schist 

 Kyanite-bearing garnet staurolite mica schist 

 Kyanite-staurolite-bearing garnet mica schist 

 Garnet amphibolite  

  767 ± 10 

 875 ± 9 

 882 ± 9 

 834 ± 15  

  Zircon SHRIMP U–Pb 

 Zircon SHRIMP U–Pb 

 Zircon SHRIMP U–Pb 

 Titanite LA–ICP–MS U–Pb  

  Li et al. ( 2022 ) 

 Li et al. ( 2022 ) 

 Li et al. ( 2022 ) 

 Li et al. ( 2022 )  
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experienced low-pressure metamorphism with conditions 

of 3.0–4.0 kbar and 600–700 °C (Fig.  6 ) based on the min-

eral assemblage of regional metamorphic rocks. Wang et al. 

( 1998 ) demonstrated that the Xiaoqingshan Formation in 

the Huili area underwent low- to medium-pressure meta-

morphism and exhibited a clockwise  P–T  path. In contrast, 

Deng et al. ( 2001 ) conducted a study on the metapelites and 

metabasites in the Yuanmou area, determining that these 

rocks underwent a counterclockwise  P–T  path, with peak 

conditions of 5.9–6.1 kbar and 577–587 °C (Fig.  6 ). The 

counterclockwise  P–T  path for the metapelites and meta-

basites at the Yuanmou area was constrained on the basis 

of the inference that the absence of retrograde assemblages 

and no clues of kyanite turning into sillimanite (Deng et al. 

 2001 ). Deng et al. ( 2001 ) postulated that the counterclock-

wise  P–T  path in the region may be attributed to contact 

metamorphism induced by arc magmatism, which is consist-

ent with the conjecture that the Neoproterozoic metamor-

phism of the southwestern margin of the Yangtze Block is 

closely related to contemporaneous magmatic activities, as 

evidenced by the synchronous metamorphic and magmatic 

events identifi ed along the western margin of the Yangtze 

Craton (Fan et al.  2020 ). However, the inference confl icts 

with the petrographic characteristics (i.e., the symplectite 

composed of amphibole, and plagioclase around the garnet) 

of mica schists and garnet amphibolites in the region (Geng 

et al.  2008 ; Li et al.  2022 ). Meanwhile, recent studies have 

demonstrated that the garnet mica schist, metapelites and 

garnet amphibolites of the Yuanmou, Yanbian, and Miyi 

regions in the western margin of the Yangtze Block record 

a clockwise  P–T  path (Li et al.  2021 ,  2022 ). The clockwise 

 P–T  path involves a near-isothermal decompressional pro-

cess, and is widely acknowledged as indicative of conti-

nental collision dynamics (England and Thompson  1984 ; 

Thompson and England  1984 ). Therefore, the metamorphic 

rocks in the western margin of the Yangtze Block all record 

a clockwise  P–T  path, suggesting that the formation of these 

metamorphic rocks is related to the collisional orogenic pro-

cess. This could be associated with the late-stage assembly 

of the Rodinia supercontinent, or localized compression and 

subduction events that occurred during the breakup of the 

Rodinia supercontinent (Geng et al.  2008 ). In addition, the 

  Fig. 6       Metamorphic  P–T  data 

in the southwestern margin of 

the Yangtze Block .  Metamor-

phic facies and metamorphic 

facies series are obtained from 

O’Brien and Rotzler ( 2003 ) 

and Spear ( 1993 ), respectively. 

The  Al 2 SiO 5  phase transition 

lines are based on Holdaway 

and Mukhopadhyay ( 1993 ). Gs–

greenschist facies; EA–epidote 

amphibolite facies; Am–amphi-

bolite facies; Gr–granulite 

facies; Bs–blueschist facies; 

Ec–eclogite facies; low P/T–low 

P/T facies series; intermediate 

P/T–intermediate P/T facies 

series; high P/T–high P/T facies 
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peak metamorphic  P–T  conditions of the metamorphic rocks 

from diff erent locations within the southwestern margin of 

the Yangtze Block are diverse, which indicates that these 

rocks were possibly buried to diverse depths and thus record 

diff erent metamorphic conditions in orogenic belts (Wang 

et al.  2017 ).         

      6   Conclusions 

    1.      The garnet-biotite schist from the Dahongshan Group 

recorded a clockwise  P–T  path, with peak metamorphic 

conditions of 8–9 kbar and 635–675 °C.   

  2.      The post-peak metamorphic age of the garnet-biotite 

schist from the Dahongshan Group is 831.2 ± 7.2 Ma.   

  3.      Neoproterozoic metamorphism along the western mar-

gin of the Yangtze Block is related to collisional orogen-

esis, possibly refl ected by either the late-stage assembly 

of the Rodinia supercontinent or localized compression 

and subduction concurrent with the breakup of the Rod-

inia supercontinent.     
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