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The  Central  Asian  Orogenic  Belt  (CAOB)  is  one  of  the  largest  and  best  preserved  accretionary  type
orogenic belts in the world. Due to its complex tectonic history, the timing and location of the final closure
of  the  Paleo-Asian  Ocean  and  its  tectonic  evolution  have  been  hotly  discussed.  To  determine  the
petrogenesis and tectonic characteristics of the poorly exposed Triassic volcanic-intrusive complex on the
northern  margin  of  the  eastern  North  China  Craton,  the  authors  conducted  a  study  of  zircon  Lu-Hf
isotopes,  integrated  with  zircon  U-Pb  dating  and  whole-rock  geochemistry.  Zircons  from  eight
representative volcanic and intrusive samples yielded concordant U-Pb ages of 251–245 Ma. The volcanic
and intrusive rocks are all characterized by enrichments in large ion lithophile elements and depletions in
high field strength elements, and they have features similar to those of highly fractionated I-type granites.
The  εHf(t)  values  for  the  volcanic  and  intrusive  rocks,  respectively,  range  from  –1.69  to  +3.75
(mean=+1.22)  and  –2.17  to  +3.15  (mean=+0.38),  with  two-stage  model  ages  of  1035–1345  Ma
(mean=1196 Ma) and 1073–1401 Ma (mean=1250 Ma). The Hf isotopic features indicate that these rocks
were  formed  by  partial  melting  of  young  crustal  material  that  was  newly  accreted  from  the  depleted
mantle, together with a degree of contamination by other crustal material. The volcanic–intrusive complex
was related to an active continental margin in a volcanic arc and syn-collisional setting, indicating that the
Paleo-Asian Ocean was closed after the Middle Triassic (245 Ma) along the northern margin of the North
China Craton. This provides a constraint on the timing of the change in tectonic setting in this area from
compression  to  extension.  The  results  enhance  our  understanding  of  the  evolution  of  the  Paleo-Asian
Ocean.
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1. Introduction

The  Central  Asian  Orogenic  Belt  (Fig.  1a),  which  is  one
of  the  world’s  largest  and  best-preserved  accretionary
orogens,  records  intense  accretion  during  the  Phanerozoic
(Jahn  BM,  2004;  Windley  BF  et  al.,  2007;  Xiao  WJ  and
Windley  AK,  2009;  Xiao  WJ  et  al.,  2015).  The  northern
margin  of  the  North  China  Craton  (NCC)  located  along  the

southern margin of the CAOB, and it has become key site of
geological research due to its complex tectonic history (Xiao
WL et  al.,  2003; Wu FY et  al.,  2007a; Cao HH et  al.,  2013;
Zhao  P  et  al.,  2016).  The  Late  Paleozoic–Early  Mesozoic
tectonic  evolution  of  the  CAOB  debated,  especially  with
respect  to  the  timing  and  location  of  the  final  closure  of  the
Paleo-Asian  Ocean  (Xiao  WJ  et  al.,  2003;  Wu  FY  et  al.,
2007a; EizenhöFer PR et al.,  2014; Yu Q et al.,  2014; Wang
ZJ et al., 2015; Wilde SA, 2015; Xu B et al., 2015; Chen C et
al.,  2017; Liu  YJ  et  al.,  2017; Guan  QB et  al.,  2018).  Some
studies have proposed that the Paleo-Asian Ocean was closed
during  the  Middle–Late  Devonian  to  Early  Carboniferous
(Zhao  Pet  al.,  2013; Yu  Q  et  al.,  2014; Xu  B  et  al.,  2015).
However,  others  have  proposed  that  the  ocean  was  closed
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during  the  Late  Permian–Early  Triassic  or  Middle  Triassic
(Cao HH et al., 2013; EizenhöFer PR et al., 2014; Yu Q et al.,
2014; Wang ZJ et al., 2015; Chen C et al., 2017; Guan QB et
al.,  2018),  with  developments  during  the  Early–Middle
Triassic  representing  an  important  stage  in  the  evolution  of
the Paleo-Asian oceanic system. Therefore, the Early–Middle
Triassic  magmatic  rocks  along  the  northern  margin  of  the
NCC  may  provide  valuable  insights  into  the  relationships
between collisional processes and magmatic responses during
the final stages of the evolution of the CAOB.

The present study area is located in the eastern segment of
the  northern  margin  of  the  NCC,  which  records  the  tectonic
evolution  of  the  Paleo-Asian  Ocean.  Previous  studies  of  the
Triassic  tectonic  evolution  of  the  Paleo-Asian  Ocean,  have
examined the intrusive rocks along the northern margin of the
NCC (Zhang LC et al., 2008; Liu JF et al., 2012; Cao HH et
al., 2013; Wang ZJ et al., 2015; Liu J et al., 2016; Zhao P et
al., 2016; Zhu JB and Zhang SM, 2020; Wu DD et al., 2021),
but little research on volcanic rocks has been reported because
these  rock  are  rarely  exposed  in  the  region.  Nevertheless,
Triassic volcanic rocks occur along the northern margin of the
eastern  NCC  in  the  Shuiquangou  area  of  western  Liaoning
Province (zircon U-Pb ages of 220.9 ± 3.2 Ma and 220.1 ± 3.5
Ma; Ma Q et al., 2012), the Weichang area of northern Hebei
Province (249 ± 3 Ma, 245 ± 2 Ma, 236 ± 4 Ma, and 233 ± 4
Ma;  Ye  H,  2014)  and  the  Faku  area  of  northern  Liaoning
Province (244.3 ± 1.3 Ma and 253.3 ± 3.7 Ma; Xue JL, 2021).
In  addition,  Triassic  volcanic–intrusive  complexes  that  had
previously  been  classified  to  Permian  in  age  have  been
identified  in  the  Aohan  Banner  area  during  our  regional
geological  mapping  in  this  desert  and  grassland  area,  and  in
this  paper we present  zircon U-Pb ages,  Lu-Hf isotopic data,
and  whole-rock  geochemical  data  for  these  newly  identified

Triassic  complexes.  Their  petrogenesis  and  tectonic
affiliations have been constrained by the new analytical data,
thus  providing  insights  into  the  timing  and  location  of  the
final closure of the Paleo-Asian Ocean. 

2. Geological setting

The  formation  of  the  CAOB  was  closely  related  to  the
evolution of the Paleo-Asian Ocean. The tectonic evolution of
the oceanic system was complex, and the timing, location, and
mode  of  ocean  closure  are  debated  (Xiao  WJ  et  al.,  2003;
Zhang SH et al., 2014; Liu YJ et al., 2017; Zhu JB and Zhang
SM,  2020).  The  present  study  area  is  located  in  the  region
where  the  CAOB  and  NCC  join  (Fig.  1a),  and  it  is  an
important  part  of  a  zone  that  contains  the  Late  Paleozoic
Bainaimiao island arc. The study area is bound by the regional
Xar  Moron  fault  to  the  north  and  the  Chifeng–Bayan  Obo
fault  to  the  south  (Fig.  1b).  The  area  records  several
significant evolutionary stages, including the formation of an
Archean  basement,  the  development  of  a  Paleozoic
sedimentary  cover,  and  Mesozoic  tectonic  tectonism  and
magmatism (Xiao WJ et al., 2003; Wu FY et al., 2007a; Zhao
P  et  al.,  2016).  During  the  Early–Middle  Triassic,  the  NCC
recorded  the  deposition  of  terrestrial  sedimentary-rocks
including variegated sandstones laid down in a stable fluvio-
lacustrine  environment.  This  Early–Middle  Triassic
environment  characterized  eastern  Inner  Mongolia,  but
outcrops  are  sporadic.  Paleoproterozoic  metamorphic  rocks,
Late  Paleozoic  sedimentary  and volcanic  rocks  (Devonian to
Carboniferous)  and  Mesozoic  volcanic  rocks  are  the  main
rocks  exposed  in  the  study  area  (Fig.  2).  Affected  by  the
subduction of the Late Paleozoic Paleo-Asian Ocean plate, the
Triassic  strata  on  the  northern  margin  of  the  NCC  were
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Fig. 1.   Regional structural location (a) and Triassic magmatic rock distribution map (b) of the eastern segment of the northern margin of the
North China Craton area (modified from Xu B et al., 2015).
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mostly  worn  away  and  are  only  preserved  in  small
intermontane basins.

The  Late  Paleozoic–Early  Mesozoic  is  one  of  the  most
important stages of magmatic activity on the northern margin
of  the  NCC,  giving  rise  to  mainly  Late  Permian–Early
Triassic  and  Middle–Late  Triassic  acidic  intrusive  rocks
(Zhang  SH  et  al.,  2014; Zhang  Z  et  al.,  2014).  The  Triassic
magmatic  rocks  usually  have  high  contents  of  SiO2,  low
initial  87sr/86Sr  ratios,  and  negative  εNd(t)  and  εHf(t)  values,
and they are similar in composition to highly differentiated I-
type  granites  (Zhang  SH  et  al.,  2014).  The  Early–Middle
Triassic  volcanic  rocks  in  the  study  area  are  mainly  acidic
volcanic  lavas,  dacites,  and  pyroclastic  rocks  that  were
accompanied  by  contemporaneous  granitoid  intrusions.
Lacking  fossils  and  reliable  isotopic  ages,  these  rocks  were

classified  as  Permian  in  a  1∶200000  Regional  Geological
Survey  report.  Newly  identified  as  being  Triassic  in  age
during our 1∶50000 regional geological mapping work, these
rocks  provide  a  rare  example  of  an  Early–Middle  Triassic
volcanic–intrusive  complex  on  the  northern  margin  of  the
NCC.
 

3. Sampling and analytical methods
 

3.1. Petrological features of the samples

The study area is in the desert and grassland area of mid-
eastern  Inner  Mongolia,  and  the  outcrops  of  volcanic  and
intrusive  igneous  rocks  are  mostly  small  and  isolated.  The
volcanic  vary  from  area  to  area,  but  most  are  intermediate-
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Fig. 2.   Geological schematic map and sampling location map of the study area.
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acid  in  composition.  Dacites  are  dominant,  accompanied  by
minor  rhyolite,  rhyolitic  fused  tuff,  dacitic  welded  tuff,  and
volcanic breccia,  amongst  others.  The dacites  are black–gray
with  porphyritic  textures  and  blocky  structures  (Figs.  3a–b),
and there are some weak rhyolitic structures. They are mainly
composed  of  plagioclase  phenocrysts  (20%–25%),  quartz
phenocrysts  (15%–20%)  and  matrix  (60%–65%).  The
rhyolites  are  light  gray,  show  flow  structure,  and  are
porphyritic  (Figs.  3c–d).  Most  of  the  phenocrysts  in  the
rhyolites  are  quartz  (0.5–1.0  mm  in  size),  accounting  for
25%–30%  of  the  total  rock.  The  quartz  crystals  show
embayed  edges.  The  intrusive  rocks  are  mainly  medium-  to
coarse-grained  syenogranites,  with  a  wide  range  of  crystal
sizes  in  different  outcrops.  The  syenogranites  are  flesh-red,
and have blocky, granitic, or porphyritic structures. The major
minerals are K-feldspar (40%–50%), quartz (25%–30%), and

plagioclase  (15%–20%),  with  small  amounts  of  biotite  (5%)
(Figs.  3e–f).  Among  these  minerals,  the  K-  feldspar  crystals
are the largest, mainly 3–5mm, and locally >10 mm in size. In
addition,  there  are  small  amounts  of  mainly  coarse-grained
monzogranites  (Figs.  3g–h)  that  contain  K-feldspar
(35%–40%), quartz (25%–30%) and plagioclase (30%–35%),
together with minor biotite (5%). 

3.2. Whole-rock geochemical analyses

A total  of  24  fresh  samples  of  the  Triassic  volcanic  and
granitic  rocks  were  collected  during  1∶50000  regional
geological  mapping  work.  Samples  were  collected  from  the
scattered  outcrops  and  boreholes  in  the  study  area,  and  the
distances between sample sites are >500 m, ensuring they are
representative. The samples were crushed to 200 mesh before
undertaking  whole-rock  geochemical  analyses.  The  volcanic

 

1 mm0

1 mm0

1 mm0

1 mm0

Pl

Q

Kf

Kf
Q

Kf

Q

Pl

Q

Kf

Kf

Kf

(a) (b)

(c) (d)

(e) (f)

(g) (h)

 
Fig.  3.     Field  and  micrographs  of  the  Triassic  volcanic  and  intrusive  rocks  of  the  study  area.  a–b–dacite;  c–d–rhyolite;  e–f–syenogranite;
g–h–monzonitic granite.
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rocks are mainly dacites and rhyolites, and the intrusive rocks
are  monzogranites  and  syenogranites.  The  whole-rock
geochemical  analyses  were  carried  out  at  the  National
Geological  Experimental  Testing  Center,  China  Geological
Survey,  Beijing,  China.  Major  element  compositions  were
analyzed  by  X-ray  fluorescence  spectrometry  (PW4400)  on
fused  glass  disks,  and  trace  and  rare  earth  element
compositions were measured by ICP–MS (PE300Q) after acid
digestion  of  the  samples  in  Teflon  bombs.  Details  of  the
analytical procedures are given by Wang S et al (2016). 

3.3. LA-ICP MS zircon U-Pb dating

Eight  representative  samples  (four  volcanic  and  four
granitic  rocks)  from  the  study  area  were  selected  for  U-Pb
dating (see Fig. 2 for locations). The zircon grains were hand-
picked  after  standard  heavy  liquid  and  magnetic  separation
techniques, and mounted on an epoxy resin disk and polished
to  about  half  the  grain  thickness.  Zircons  with  no  cracks  or
inclusions  were  selected  for  U-Pb  isotope  analyses  after
examining  cathodoluminescence  (CL)  and  microscopic
images.  The  zircon  U-Pb  isotopic  analyses  were  carried  out
using  a  laser  ablation  inductively  coupled  plasma  mass
spectrometer  (LA-ICP  MS)  at  the  Key  Laboratory  of
Paleomagnetism  and  Tectonic  Reconstruction,  Ministry  of
Natural Resources, Beijing, China. Details of the instrumental
conditions are given by Wang S et al. (2022). Standard zircon
91500 was used as  an external  standard,  and ICPMSDataCal
software  10.9  version  was  used  to  calculate  the  ages  and

207Pb/206Pb,  206Pb/238U,  and  207Pb/235U ratios  (Liu  YS  et  al.,
2010).  The  concordant  and  weighted  mean  ages  were
calculated  using  ISOPLOT  3.75,  using  1σ  and  95%
confidence levels (Ludwig KR, 2012). 

3.4. Zircon Lu-Hf isotope analysis

In-situ Hf isotope analyses of zircons from eight samples
were  performed  on  the  same  sites  as  used  for  U-Pb  dating,
employing  a  Neptune  MC-ICP MS attached  to  a  New Wave
UP213  laser  ablation  microprobe  at  the  Institute  of  Tibetan
Plateau  Research,  Chinese  Academy  of  Sciences,  Beijing,
China.  The  representative  zircons  used  for  the  isotope
analyses  had uniform U,  Pb,  and Hf contents,  and consistent
U–Pb isotopic ages. Details of the instrumental conditions and
data acquisition procedures are given by Wu FY et al. (2006).
Standard zircon GJ-1 was used as the external standard with a
beam  diameter  of  20  μm.  The  software  ICPMSDataCal
(version  10.9;  Liu  YS  et  al.,  2010)  was  used  to  process  the
Lu-Hf  isotope  data  and  calculate  the  Lu-Hf  isotope  ratios.
Details of the analytical techniques are given by Meng E et al.
(2014). 

4. Results
 

4.1. Whole-rock geochemical data

The  results  of  the  major  and  trace  element  geochemical
analyses  are  listed  in  Table  1.  The  volcanic  and  intrusive
rocks have similar geochemical features with SiO2 contents of

 

Table 1.   Major elements (wt.%), REE and trace elements (10−6) analytical results for Triassic volcanic and intrusive rocks from the
northern margin of eastern North China craton.
Sample Lithology SiO2 Al2O3 CaO Fe2O3 FeO K2O MgO MnO Na2O P2O5 TiO2 LOI A/NK A/CNK R1 R2

P15GS10 Dacite 71.99 14.32 0.24 0.48 1.38 4.66 0.38 0.09 4.00 0.02 0.41 1.24 1.23 1.19 2224 325
GSD2018 Dacite 67.42 16.54 1.27 1.88 0.45 5.06 0.35 0.10 3.84 0.05 0.56 2.20 1.40 1.17 1870 478
GSD2023 Dacite 72.12 14.83 0.14 1.61 0.38 4.83 0.32 0.07 3.43 0.03 0.41 1.23 1.36 1.33 2394 322
GSD3028 Dacite 71.49 14.37 0.94 1.57 0.45 4.62 0.60 0.03 3.92 0.08 0.28 1.42 1.26 1.09 2230 412
P11GS4 Dacite 72.97 13.60 1.16 1.63 0.23 5.68 0.31 0.02 2.83 0.11 0.26 0.78 1.26 1.05 2473 406
P11GS17-1 Dacite 71.25 14.76 1.25 1.55 0.48 4.34 0.58 0.02 3.38 0.07 0.27 1.37 1.44 1.18 2471 452
P11GS17-2 Dacite 71.99 14.38 1.27 1.43 0.27 4.29 0.60 0.03 3.13 0.07 0.26 1.76 1.47 1.19 2630 448
WS011-GS1 Dacite 67.15 15.69 1.71 2.85 – 4.92 0.83 0.10 4.21 0.15 0.60 0.86 1.28 1.02 1740 532
P10GS14-1 Dacite 68.44 13.57 0.24 5.59 0.59 6.06 0.15 0.17 3.74 0.06 0.55 0.56 1.07 1.03 1643 299
P10GS14-2 Dacite 67.89 14.27 0.19 5.81 0.23 6.05 0.13 0.13 3.49 0.04 0.57 1.03 1.16 1.13 1702 307
GSD2185-1 Granite 76.54 12.66 0.28 0.91 0.34 4.66 0.08 0.03 3.87 0.01 0.13 0.60 1.11 1.06 2598 282
GSD2185-2 Granite 76.28 12.81 0.25 1.00 0.20 4.69 0.10 0.03 3.82 0.01 0.09 0.65 1.13 1.08 2594 283
GSD1082 Granite 72.90 15.07 0.69 0.80 0.45 3.92 0.26 0.03 4.81 0.06 0.22 0.72 1.24 1.12 2192 382
GSD1083 Granite 72.26 14.66 0.90 0.76 0.99 4.45 0.46 0.03 4.25 0.11 0.33 0.70 1.24 1.09 2208 407
GSD1120 Granite 75.84 13.08 0.31 0.56 0.31 4.82 0.11 0.06 3.93 0.01 0.13 0.55 1.12 1.07 2502 295
GSD6109 Granite 75.71 13.43 0.38 0.52 0.38 4.80 0.14 0.04 3.76 0.02 0.13 0.60 1.18 1.11 2558 311
P4GS2-1 Granite 74.74 13.87 0.25 0.58 0.38 5.07 0.17 0.01 3.74 0.03 0.13 0.68 1.19 1.15 2436 307
P4GS2-2 Granite 74.61 13.96 0.29 0.76 0.20 5.04 0.18 0.02 3.86 0.03 0.14 0.66 1.18 1.13 2392 314
P4GS6-1 Granite 71.12 15.45 0.53 1.27 0.63 4.43 0.44 0.04 4.60 0.12 0.37 0.93 1.25 1.16 2009 382
P4GS6-2 Granite 73.13 14.26 0.43 1.08 0.45 4.54 0.30 0.03 4.13 0.08 0.28 0.81 1.22 1.14 2296 341
P9GS3-1 Granite 77.53 12.17 0.29 0.46 0.38 3.91 0.13 0.04 3.95 0.00 0.14 0.46 1.13 1.08 2821 276
WS012-GS1 Granite 75.26 12.93 0.15 0.88 – 5.96 0.15 0.01 2.64 0.04 0.15 0.85 1.20 1.17 2655 277
P9GS3-2 Granite 77.38 12.58 0.29 0.52 0.41 4.27 0.10 0.03 4.04 0.01 0.15 0.47 1.12 1.07 2692 283
WS015-H1 Granite 70.48 15.39 1.64 1.77 – 4.25 0.59 0.02 4.35 0.12 0.33 0.65 1.31 1.04 2103 507
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67.15%–72.97% and 70.48%–77.53%, respectively,  and they
plot  mainly  plotted  in  the  rhyolite  field  on  the  TAS diagram
(Fig. 4a). K2O contents are 4.29%–6.06% and 3.91%–5.96%,
and  Na2O  contents  are  2.83%–4.21%  and  2.64%–4.81%,
respectively.  The  samples  plot  mainly  plotted  in  the  high-K

calc-alkaline  and  alkali-calcic  fields  on  the  SiO2  vs.  K2O
(Fig. 4b) and SiO2 vs. (K2O+Na2O–CaO) (Fig. 4c) diagrams.
The Al2O3 contents are 13.57%–16.54% and 12.17%–15.45%,
respectively,  and  the  samples  plot  in  the  Peraluminous  field
on the A/CNK vs. A/NK diagram (Fig. 4d).

Table 1. (Continued)

Sample Lithology SiO2 Al2O3 CaO Fe2O3 FeO K2O MgO MnO Na2O P2O5 TiO2 LOI A/NK A/CNK R1 R2

Sample Lithology V Ni Zn Rb Sr Y Zr Nb Ta Cs Ga La Ce Pr Nd Ba
P15GS10 Dacite 31.90 8.76 53.1 136 133 16.7 320 19.30 1.49 4.47 15.9 48.0 98.0 9.79 32.6 1027
GSD2018 Dacite 18.50 5.19 82.4 160 235 22.1 434 21.30 1.56 6.42 20.7 52.7 107.0 11.70 42.8 1077
GSD2023 Dacite 23.00 2.80 48.6 177 118 20.3 335 20.20 1.57 8.03 18.1 51.3 95.8 10.80 35.6 807
GSD3028 Dacite 25.10 6.25 44.2 162 324 7.12 181 9.62 0.80 2.91 16.0 40.0 70.4 7.33 23.7 1256
P11GS4 Dacite 23.50 3.32 41.4 193 279 9.55 197 10.40 0.68 2.29 17.1 48.1 85.2 8.94 29.2 1133
P11GS17-1 Dacite 28.00 4.23 40.2 157 355 6.58 180 9.88 0.78 3.67 18.4 40.3 75.9 7.67 24.9 1181
P11GS17-2 Dacite 20.60 3.35 36.7 153 311 6.53 174 9.35 0.74 3.36 18.0 38.5 74.0 7.36 25.1 1114
WS011-GS1 Dacite 13.10 0.56 – 176 385 28.6 278 17.90 1.20 4.19 78.6 47.5 91.9 10.90 41.8 1219
P10GS14-1 Dacite 11.20 0.66 86.8 132 75.1 36.8 395 21.70 1.27 5.13 25.5 55.4 118.0 13.60 50.6 348
P10GS14-2 Dacite 17.80 11.80 98.8 136 68.1 40.8 401 22.20 1.29 3.82 24.5 57.9 129.0 14.30 54.5 334
GSD2185-1 Granite 4.81 1.13 29.4 217 23.6 20.1 145 24.50 2.71 3.57 18.0 19.6 65.9 5.03 17.1 139
GSD2185-2 Granite 4.63 1.41 28.4 207 28.8 20.4 136 19.20 1.83 2.82 17.3 24.8 69.3 5.83 18.4 125
GSD1082 Granite 17.30 2.43 31.6 164 381 6.54 151 6.57 0.57 6.79 19.9 16.6 46.5 3.53 11.5 830
GSD1083 Granite 23.80 4.11 39.5 169 369 7.55 199 11.40 1.00 3.67 22.2 24.8 58.6 5.33 16.7 736
GSD1120 Granite 6.70 3.62 22.4 291 43.1 16.8 118 30.10 3.14 4.71 20.7 24.1 62.2 5.93 18.9 208
GSD6109 Granite 8.24 2.72 10.0 312 87.8 19.4 105 30.00 3.76 4.78 19.5 27.8 54.4 5.26 16.4 450
P4GS2-1 Granite 17.10 1.34 14.9 252 117 11.2 113 14.40 1.99 5.75 19.8 21.2 40.8 4.29 12.9 498
P4GS2-2 Granite 15.30 1.14 14.0 244 122 9.74 115 13.80 1.54 5.53 20.1 16.3 34.3 3.25 10.0 507
P4GS6-1 Granite 27.70 4.52 38.6 200 298 7.77 192 12.00 1.04 5.60 22.4 34.5 70.2 6.80 22.4 815
P4GS6-2 Granite 22.20 4.25 33.7 199 232 5.25 156 10.50 0.93 4.96 21.9 19.8 51.5 3.49 10.3 621
P9GS3-1 Granite 6.74 7.12 49.7 139 50.5 23.8 137 18.30 1.52 1.93 14.4 20.3 56.4 5.01 15.6 353
WS012-GS1 Granite 3.72 2.36 – 198 44.7 38.6 143 21.70 1.51 3.00 17.5 44.8 103.0 10.40 37.6 464
P9GS3-2 Granite 7.72 3.73 45.4 142 46.7 17.8 144 19.40 1.52 2.04 14.5 24.8 59.6 6.20 17.4 339
WS015-H1 Granite 19.50 2.28 – 168 564 9.8 103 11.60 1.09 4.51 34.3 31.9 57.4 6.39 22.7 994
Sample Lithology Sc Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Pb Th U Cr
P15GS10 Dacite 3.56 5.01 0.91 3.36 0.49 3.17 0.62 1.95 0.29 1.95 0.31 8.41 30.5 21.81 4.46 2.23
GSD2018 Dacite 4.32 6.19 1.28 3.58 0.61 3.88 0.78 2.44 0.35 2.38 0.38 10.30 57.7 20.80 3.25 1.00
GSD2023 Dacite 3.62 5.32 0.95 3.67 0.58 3.69 0.72 2.22 0.32 2.19 0.34 8.85 34.0 22.40 3.38 1.08
GSD3028 Dacite 3.26 3.55 0.67 1.98 0.26 1.43 0.24 0.73 0.09 0.61 0.09 4.69 27.2 11.20 1.64 11.10
P11GS4 Dacite 3.06 4.06 0.74 2.45 0.30 1.82 0.31 0.93 0.13 0.86 0.13 5.02 21.2 9.74 1.62 9.90
P11GS17-1 Dacite 3.23 3.39 0.66 1.80 0.22 1.30 0.23 0.68 0.09 0.58 0.09 4.55 25.7 11.70 2.13 9.89
P11GS17-2 Dacite 3.09 3.36 0.65 1.92 0.23 1.27 0.21 0.61 0.08 0.56 0.08 4.48 22.9 11.30 1.92 10.40
WS011-GS1 Dacite 7.15 7.38 1.82 6.84 1.01 5.48 1.14 3.17 0.54 3.32 0.55 7.88 25.5 16.40 4.08 2.00
P10GS14-1 Dacite 14.30 9.22 1.07 7.97 1.20 7.32 1.48 4.35 0.61 3.90 0.64 10.30 24.1 10.60 1.02 0.95
P10GS14-2 Dacite 16.00 9.15 1.11 7.95 1.28 7.87 1.58 4.69 0.64 4.56 0.70 10.00 22.6 11.20 1.27 1.56
GSD2185-1 Granite 2.95 3.54 0.25 2.97 0.52 3.53 0.73 2.25 0.34 2.37 0.38 5.65 20.6 16.40 2.73 1.08
GSD2185-2 Granite 2.78 3.80 0.26 3.25 0.55 3.50 0.72 2.15 0.33 2.21 0.35 5.11 14.1 14.30 2.68 1.20
GSD1082 Granite 2.02 2.27 0.51 1.41 0.19 1.18 0.22 0.66 0.09 0.62 0.10 4.22 19.0 11.40 1.00 3.03
GSD1083 Granite 2.31 2.86 0.60 1.73 0.25 1.45 0.25 0.75 0.11 0.80 0.13 5.36 18.8 16.80 1.66 2.87
GSD1120 Granite 2.05 4.01 0.36 2.82 0.47 2.90 0.58 1.76 0.27 1.88 0.29 4.97 23.5 22.80 1.91 1.94
GSD6109 Granite 2.43 3.07 0.41 2.41 0.43 2.84 0.61 1.99 0.33 2.45 0.42 4.06 25.0 30.70 3.38 2.31
P4GS2-1 Granite 1.59 2.41 0.42 1.81 0.29 1.89 0.40 1.27 0.20 1.49 0.24 3.82 24.5 15.80 5.76 2.21
P4GS2-2 Granite 1.42 1.96 0.39 1.45 0.24 1.61 0.33 1.09 0.17 1.21 0.21 3.81 21.8 15.40 6.24 2.61
P4GS6-1 Granite 2.57 3.50 0.75 2.07 0.26 1.53 0.26 0.74 0.11 0.75 0.12 5.24 18.1 15.50 1.54 2.94
P4GS6-2 Granite 2.32 1.88 0.47 1.15 0.16 0.98 0.19 0.60 0.09 0.71 0.13 4.66 18.4 17.50 2.50 2.30
P9GS3-1 Granite 2.73 3.31 0.29 2.96 0.54 3.88 0.79 2.48 0.40 2.80 0.42 4.98 23.8 14.80 1.47 1.74
WS012-GS1 Granite 7.39 6.83 0.52 6.92 1.19 7.01 1.53 4.27 0.75 4.56 0.73 6.03 29.1 28.70 3.36 2.00
P9GS3-2 Granite 2.62 3.55 0.31 2.55 0.46 3.12 0.64 2.08 0.32 2.32 0.37 5.27 24.4 15.90 1.63 1.44
WS015-H1 Granite 2.56 3.63 0.72 3.17 0.40 1.88 0.36 1.01 0.17 1.05 0.17 3.76 19.2 21.50 6.49 3.32
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The  volcanic  and  intrusive  rocks  have  variable  but  high
rare  earth  element  (REE)  contents  with  total  REE  values  of
151×10−6–295×10−6  (mean=210×10−6)  and  73×10−6–230×
10−6  (mean=122×10−6),  respectively.  They  all  have  similar
REE  patterns  with  enrichments  in  light  rare  earth  elements
(LREEs)  and  negative  Eu  anomalies,  and  the  patterns  are
slightly  right-dipping  in  the  chondrite-normalized  REE
diagram  (Fig.  5a).  The  samples  are  characterized  by
enrichments in large ion lithophile elements (e.g., Rb, Cs, and
K)  and  depletions  in  high  field  strength  elements  (e.g.,  Ta,
Nb,  and  Ce),  and  they  all  show  similar  curves  in  primitive
mantle normalized trace element spider diagrams (Fig. 5b). 

4.2. Zircon U-Pb analyses

The  zircon  grains  separated  from  the  volcanic  and
intrusive  rocks  are  euhedral  with  crystal  lengths  generally  in
the range 90–150 μm, and they show clear oscillatory zoning
(Fig.  6).  The  LA-ICP  MS  zircon  U-Pb  isotope  analytical
results are listed in Supplementary Table 1. The zircons from
the  volcanic  rock  TWD3101,  TWD1326,  TWD1015,  and
TK05-TW1 have  features  similar  to  those  from the  intrusive
rocks (specimens P9-TW2, P4-TW2, ZKM92, and TW6109),
all they all show typical magmatic oscillatory zoning and high
Th/U  ratios  (>0.1),  indicating  a  magmatic  origin  (Belousova
EA et al., 2002).

Most  of  the  analytical  data  for  each  sample  are

concentrated  in  clusters  on  the  concordia  curve  and  its  near
area  on  the  zircon  U-Pb  concordia  diagram  (Fig.  7).  Some
analytical data are located in the upper areas of the concordia
diagram with  older  U-Pb ages  (such  as  data  from specimens
TWD3101,  TWD1326,  and  TK05-TW1),  and  these  may
represent zircons captured from the surrounding rocks during
magma emplacement or eruption. In addition, some analytical
data  plot  to  the  right  of  the  concordia  curves,  which  may be
the result of large 207Pb/235U analytical errors due to the lower
207Pb  contents  of  these  zircons.  The  concentrations  of  U-Pb
ages  for  each  sample  were  considered  after  eliminating  the
anomalous  points  mentioned  above.  Zircons  from  four
volcanic  samples  (TWD3101,  TWD1326,  TWD1015,  and
TK05-TW1) yield credible weighted mean 206Pb/238U ages of
245.4±1.8  Ma,  250.3±1.4  Ma,  251.4±2.7  Ma,  and  246.9±1.7
Ma,  respectively  (Fig.  7).  Zircons  from  four  intrusive  rocks
(P9-TW2,  P4-TW2,  ZKM92,  and  TW6109)  yield  weighted
mean  206Pb/238U  ages  of  249.2±1.4  Ma,  246.2±2.2  Ma,
247.7±2.1  Ma,  and  247.7±1.6  Ma,  respectively  (Fig.  7).  The
U–Pb ages of zircons are similar in the volcanic and intrusive
rocks. 

4.3. Zircon Lu-Hf isotopes

Representative  analytical  points  were  selected  for  in-situ
zircon  Lu-Hf  isotope  analyses  following  on  from  the  U-Pb
dating, and the zircon Lu-Hf isotope results are listed in Table 2.
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Fig. 4.    Classification diagrams of the lithochemical compositions for the Triassic volcanic and intrusive rocks of the study area. a‒Total al-
kalis vs.  silica  (TAS)  diagram  (after Middlemost  EAK,  1994).  b‒Plot  of  K2O vs.  SiO2  (after  Peccerillo  A  and  Taylor  SR,  1976).  c‒Plot  of
(Na2O+K2O–CaO) vs. SiO2 (after Frost BR et al., 2001). d‒Plot of A/NK vs. A/CNK (after Maniar PD and Piccoli PM, 1989); A/NK=molar ra-
tio of Al2O3/(Na2O+K2O); A/CNK=molar ratio of Al2O3/(CaO+Na2O+K2O).
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The Hf isotope analyses show that 176Lu/177Hf values for most
of  the  samples  are  higher  than  0.0002,  thus  indicating  that
there  was  no  significant  accumulation  of  radiogenic  Hf  after
zircon formation. Consequently, the 176Lu/177Hf values of the
zircon  samples  can  represent  the  Hf  isotopic  composition  of
the  zircon  formation  system  (Knudsen  TL  et  al.,  2001).  In
general,  the  volcanic  and  intrusive  rocks  have  similar  Lu-Hf
isotopic  characteristics  with  initial  176Hf/177Hf  ratios  of
0.282582  to  0.282729  (mean=0.282659)  and  0.282568  to

0.282715  (mean=0.282636),  respectively.  The  calculated
εHf(t)  values  of  the  volcanic  and  intrusive  rocks  range  from
–1.69  to  +3.75  (mean=+1.22)  and  –2.17  to  +3.15  (mean=
+0.38), with two-stage model ages (TDM2(Hf)) of 11035‒1345
Ma  (mean=1196  Ma)  and  1073–1401  Ma  (mean=1250  Ma),
respectively.  The  analytical  data  plot  within  a  relatively
concentrated field near the chondrite Hf isotope evolution line
(Fig.  8),  indicating  the  similarity  of  the  Hf  isotopic
compositions in the volcanic and intrusive rocks. 
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Fig. 5.   Chondrite normalized REE patterns (a) and Primitive mantle-normalized trace element spider diagrams (d) for the Triassic volcanic and
intrusive rocks in the northern margin of eastern North China craton. Normalized values for chondrite and primitive mantle are from Sun SS
and McDonough WF (1989).
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Fig. 6.   Cathodoluminescence images of representative zircons from the Triassic volcanic and intrusive rocks.
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Fig. 7.   Zircon U-Pb concordia diagrams of the Triassic volcanics (TWD3101, TWD1326, TWD1015 and TK05-TW1) and intrusive rocks (P9-
TW2, P4-TW2, ZKM92, TW6109).
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Table 2.   Zircon Lu-Hf isotope data of Triassic volcanic and intrusive rocks in the northern margin of eastern North China craton.

Spot Age/Ma 176Hf/177Hf 1σ 176Lu/177Hf 1σ 176Yb/177Hf 1σ εHf(0) εHf(t) TDM1/Ma TDM2/Ma fLu/Hf
TWD3101-01 246 0.282607 0.000006 0.000521 0.000002 0.012693 0.000046 −5.8 −0.5 902 1308 −0.98
TWD3101-02 247 0.282636 0.000009 0.002348 0.000025 0.092865 0.001033 −4.8 0.2 904 1261 −0.93
TWD3101-05 246 0.282634 0.000008 0.000707 0.000003 0.018061 0.000078 −4.9 0.4 869 1250 −0.98
TWD3101-07 245 0.282631 0.000008 0.000668 0.000006 0.015946 0.000140 −5.0 0.3 872 1256 −0.98
TWD3101-09 243 0.282595 0.000007 0.000499 0.000002 0.011994 0.000055 −6.3 −1.0 918 1336 −0.98
TWD3101-11 246 0.282657 0.000007 0.001051 0.000004 0.027861 0.000102 −4.1 1.2 843 1200 −0.97
TWD3101-13 244 0.282595 0.000008 0.000471 0.000002 0.011173 0.000034 −6.3 −1.0 917 1335 −0.99
TWD1326-06 258 0.282608 0.000012 0.001831 0.000011 0.054374 0.000476 −5.8 −0.7 932 1319 −0.94
TWD1326-09 253 0.282666 0.000010 0.001523 0.000011 0.038810 0.000370 −3.8 1.4 842 1185 −0.95
TWD1326-10 255 0.282717 0.000009 0.002116 0.000013 0.052817 0.000357 −1.9 3.1 780 1075 −0.94
TWD1326-11 256 0.282661 0.000013 0.001749 0.000014 0.046124 0.000468 −3.9 1.2 854 1200 −0.95
TWD1326-15 257 0.282582 0.000017 0.002141 0.000007 0.052929 0.000174 −6.7 −1.7 978 1381 −0.94
TWD1326-16 247 0.282675 0.000012 0.001744 0.000003 0.043960 0.000085 −3.4 1.7 834 1167 −0.95
TWD1326-18 256 0.282684 0.000013 0.003172 0.000014 0.083893 0.000435 −3.1 1.8 853 1161 −0.90
TWD1326-19 256 0.282594 0.000011 0.001327 0.000004 0.034607 0.000141 −6.3 −1.1 940 1345 −0.96
TWD1326-01 252 0.282694 0.000014 0.000856 0.000004 0.024655 0.000115 −2.8 2.5 787 1115 −0.97
TK05-TW1-03 250 0.282685 0.000014 0.000911 0.000008 0.027157 0.000193 −3.1 2.2 801 1136 −0.97
TK05-TW1-04 248 0.282685 0.000014 0.000569 0.000001 0.017406 0.000100 −3.1 2.2 795 1133 −0.98
TK05-TW1-07 247 0.282673 0.000014 0.000660 0.000003 0.019944 0.000157 −3.5 1.8 813 1161 −0.98
TK05-TW1-08 253 0.282703 0.000014 0.000870 0.000008 0.026508 0.000148 −2.4 2.8 775 1095 −0.97
TK05-TW1-09 248 0.282705 0.000013 0.000846 0.000005 0.025343 0.000065 −2.4 2.9 772 1091 −0.97
TK05-TW1-10 252 0.282676 0.000013 0.000547 0.000002 0.016980 0.000133 −3.4 1.9 807 1153 −0.98
TK05-TW1-14 251 0.282684 0.000020 0.000712 0.000002 0.020006 0.000095 −3.1 2.2 798 1136 −0.98
TK05-TW1-16 248 0.282686 0.000016 0.000699 0.000004 0.019956 0.000110 −3.0 2.2 795 1131 −0.98
TWD1015-01 248 0.282650 0.000011 0.000531 0.000002 0.012325 0.000032 −4.3 1.0 842 1211 −0.98
TWD1015-03 256 0.282652 0.000010 0.000852 0.000002 0.021218 0.000052 −4.2 1.0 846 1210 −0.97
TWD1015-04 249 0.282643 0.000010 0.000828 0.000003 0.020208 0.000082 −4.6 0.7 859 1230 −0.98
TWD1015-05 251 0.282665 0.000010 0.000792 0.000001 0.019445 0.000014 −3.8 1.5 827 1180 −0.98
TWD1015-08 251 0.282729 0.000012 0.000632 0.000001 0.014744 0.000020 −1.5 3.7 734 1035 −0.98
TWD1015-09 250 0.282664 0.000010 0.000610 0.000000 0.014613 0.000011 −3.8 1.5 824 1180 −0.98
TWD1015-10 248 0.282662 0.000011 0.000889 0.000001 0.021759 0.000007 −3.9 1.3 834 1189 −0.97
TWD1015-11 249 0.282653 0.000011 0.001073 0.000001 0.025576 0.000026 −4.2 1.0 850 1210 −0.97
TWD1015-12 251 0.282687 0.000010 0.001183 0.000001 0.029317 0.000035 −3.0 2.2 804 1134 −0.96
TWD1015-14 251 0.282673 0.000011 0.000912 0.000002 0.022073 0.000050 −3.5 1.8 817 1162 −0.97
TW6109-02 248 0.282607 0.000007 0.001129 0.000000 0.027595 0.000011 −5.8 −0.6 916 1314 −0.97
TW6109-05 249 0.282625 0.000011 0.001960 0.000017 0.050266 0.000592 −5.2 −0.1 911 1283 −0.94
TW6109-06 253 0.282670 0.000010 0.004001 0.000011 0.115748 0.000380 −3.6 1.1 896 1202 −0.88
TW6109-07 252 0.282629 0.000008 0.002389 0.000049 0.065309 0.001494 −5.1 −0.1 916 1278 −0.93
TW6109-08 248 0.282657 0.000007 0.002347 0.000019 0.065447 0.000583 −4.1 0.9 874 1214 −0.93
TW6109-09 249 0.282655 0.000009 0.003171 0.000055 0.089729 0.001787 −4.2 0.7 898 1228 −0.90
TW6109-11 249 0.282614 0.000008 0.002474 0.000019 0.067202 0.000607 −5.6 −0.6 940 1312 −0.93
TW6109-12 250 0.282657 0.000007 0.001836 0.000012 0.048591 0.000392 −4.1 1.0 861 1208 −0.94
TW6109-16 248 0.282666 0.000010 0.002443 0.000018 0.070057 0.000642 −3.7 1.3 862 1194 −0.93
TW6109-17 245 0.282568 0.000009 0.002118 0.000019 0.055139 0.000583 −7.2 −2.2 997 1411 −0.94
P9TW2-01 249 0.282614 0.000014 0.000490 0.000003 0.014220 0.000075 −5.6 −0.3 890 1291 −0.99
P9TW2-04 244 0.282653 0.000014 0.000482 0.000002 0.014222 0.000092 −4.2 1.1 837 1204 −0.99
P9TW2-05 247 0.282674 0.000016 0.000472 0.000002 0.013872 0.000050 −3.5 1.9 807 1156 −0.99
P9TW2-06 252 0.282637 0.000013 0.000497 0.000004 0.014424 0.000138 −4.8 0.5 859 1239 −0.99
P9TW2-07 248 0.282610 0.000014 0.000453 0.000003 0.013199 0.000083 −5.7 −0.4 896 1301 −0.99
P9TW2-10 254 0.282627 0.000013 0.000396 0.000002 0.011616 0.000077 −5.1 0.2 871 1261 −0.99
P9TW2-11 248 0.282629 0.000014 0.000657 0.000001 0.019502 0.000041 −5.1 0.2 874 1260 −0.98
P9TW2-12 245 0.282620 0.000015 0.000527 0.000002 0.015236 0.000061 −5.4 −0.1 884 1279 −0.98
P9TW2-14 244 0.282643 0.000015 0.000492 0.000007 0.015117 0.000241 −4.6 0.7 851 1227 −0.99
P9TW2-15 247 0.282634 0.000018 0.001080 0.000011 0.030444 0.000275 −4.9 0.3 876 1252 −0.97
P4TW2-01 244 0.282606 0.000014 0.000777 0.000025 0.022120 0.000549 −5.9 −0.6 909 1313 −0.98
P4TW2-06 246 0.282677 0.000012 0.000931 0.000016 0.022564 0.000174 −3.3 1.9 812 1153 −0.97
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5. Discussion
 

5.1. Early–Middle  Triassic  magmatism  on  the  northern
margin of the eastern North China Craton

The volcanic-intrusive rocks in the Aohan Banner area on
the  northern  margin  of  the  eastern  NCC  were  previously
categorized  as  middle  Permian  in  age.  The  new  zircon  age
data (206Pb/238U ages of 251–245 Ma) indicate that the rocks
belong  to  an  Early–Middle  Triassic  volcanic–intrusive
complex.

Recent  years,  studies  have  examined  the  Early–Middle
Triassic  magmatic  rocks  along  the  northern  margin  of  the
eastern NCC (Wang ZJ et al., 2015; Liu J et al., 2016; Zhao P
et  al.,  2016;  Zhu  JB  and  Zhang  SM,  2020;  Wu  DD  et  al.,
2021).

However,  the  Triassic  volcanic-intrusive  rocks  in  the
Aohan  Banner  area  are  an  important  new  find  because  the

volcanic rocks are rarely exposed in the region. Together with
other Triassic magmatic rocks, they make up a magmatic belt
that  is  subparallel  to the Chifeng–Bayan Obo fault.  This  belt
was probably related to a relaxation in tectonic compression,
possibly  representing  a  transition  from  compression  to
extension during the closure of the Paleo-Asian Ocean (Liu JF
et al., 2012; Wu DD et al., 2021; Xue JL, 2021). 

5.2. Petrogenesis of the volcanic and intrusive rocks

The intrusive rocks are mainly syenogranites that contain
large  amounts  of  euhedral  medium-  to  coarse-grained  K-
feldspar  (>60% in  most  samples).  The  plagioclase  content  is
low.  Biotite  is  the  main  dark  mineral,  especially  in
syenogranites  with  anhedral-granular  textures.  The  volcanic
and intrusive rocks are mainly high-K calc-alkaline rocks that
have  high  contents  of  silica  and  relatively  low  contents  of
MgO,  Fe2O3,  and  CaO,  therefore  indicating  a  relatively  high

Table 2. (Continued)

Spot Age/Ma 176Hf/177Hf 1σ 176Lu/177Hf 1σ 176Yb/177Hf 1σ εHf(0) εHf(t) TDM1/Ma TDM2/Ma fLu/Hf
P4TW2-07 240 0.282610 0.000013 0.000678 0.000004 0.020578 0.000187 −5.7 −0.5 901 1303 −0.98
P4TW2-08 241 0.282648 0.000010 0.000642 0.000005 0.019155 0.000220 −4.4 0.9 847 1217 −0.98
P4TW2-09 250 0.282685 0.000013 0.001029 0.000019 0.026280 0.000341 −3.1 2.2 803 1136 −0.97
P4TW2-10 249 0.282616 0.000014 0.000671 0.000014 0.019460 0.000271 −5.5 −0.2 892 1288 −0.98
P4TW2-11 244 0.282711 0.000013 0.000575 0.000005 0.013834 0.000160 −2.1 3.1 757 1073 −0.98
P4TW2-13 250 0.282715 0.000014 0.001470 0.000059 0.034831 0.001251 −2.0 3.1 771 1075 −0.96
P4TW2-15 243 0.282694 0.000013 0.000872 0.000020 0.023108 0.000297 −2.8 2.5 788 1116 −0.97
ZKM92-01 247 0.282626 0.000008 0.001218 0.000001 0.029471 0.000036 −5.2 0.0 892 1273 −0.96
ZKM92-06 246 0.282629 0.000008 0.000735 0.000001 0.017586 0.000019 −5.1 0.2 876 1261 −0.98
ZKM92-07 242 0.282616 0.000008 0.000954 0.000001 0.022741 0.000037 −5.5 −0.3 900 1293 −0.97
ZKM92-08 249 0.282594 0.000008 0.001281 0.000007 0.035020 0.000233 −6.3 −1.1 938 1345 −0.96
ZKM92-09 247 0.282642 0.000009 0.000913 0.000003 0.021800 0.000097 −4.6 0.6 862 1233 −0.97
ZKM92-12 245 0.282583 0.000008 0.001058 0.000003 0.025753 0.000120 −6.7 −1.5 949 1368 −0.97
ZKM92-13 251 0.282606 0.000008 0.001244 0.000002 0.030019 0.000062 −5.9 −0.7 921 1318 −0.96
ZKM92-14 244 0.282635 0.000008 0.001357 0.000009 0.036191 0.000323 −4.8 0.3 882 1253 −0.96
ZKM92-16 252 0.282629 0.000010 0.001369 0.000009 0.033256 0.000240 −5.0 0.1 890 1266 −0.96
ZKM92-17 253 0.282596 0.000007 0.000979 0.000003 0.023417 0.000093 −6.2 −1.0 929 1338 −0.97
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Fig. 8.   εHf(t)–t diagram (a) and two-stage model ages (b) of zircons from the Triassic volcanics and intrusive rocks.
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degree  of  evolution.  They  are  enriched  in  light  rare  earth
elements, exhibit significant negative Eu anomalies (Fig. 5a),
obvious positive Th anomalies, and strong negative Sr and Ti
anomalies  on  trace  element  spider  diagrams  (Fig.  5b),  and
these characteristics indicate that  plagioclase crystallized and
was  separated  during  evolution  of  the  magma.  On
geochemical discrimination diagrams, the samples plot in the
highly fractionated I-type granite field or nearby (Fig. 9). It is
clear  that  all  these  volcanic  and  intrusive  rocks  have  similar
geochemical  characteristics,  thus  indicating  a  similar
petrogenesis and material source.

Due  to  the  high  closure  temperature  of  the  zircon  Lu-Hf
isotope  system,  zircon  Hf  isotope  ratios  do  not  change  with
subsequent partial  melting or crystal.  Therefore, εHf(t)  values
of  the  zircons  represent  the  compositional  characteristics  of
the  magma sources  (Ravikant  V et  al.,  2011).  Granitic  rocks
with  positive  εHf(t)  values  are  generally  considered  to  have
been derived from a depleted mantle or by the partial melting
of young material derived from depleted mantle that had been
accreted at the base of the crust. Granitic rocks with negative
εHf(t) values are generally considered to have originated from
ancient  crustal  material  (Wu  FY  et  al.,  2007b).  The  εHf(t)
values  of  our  volcanic  and  intrusive  rock  samples  are
concentrated in the range –2.17 to +3.75 (average values>0),
near the chondrite Hf isotope evolution line (Fig.  8),  and the
two-stage  model  ages  are  concentrated  at  ca.  1.2  Ga.  The

authors  propose,  therefore,  that  these  volcanic  and  intrusive
rocks  resulted  from  the  partial  melting  of  young  crustal
material  that  had  been  derived  from  depleted  mantle  and
newly accreted at the base of the crust, along with a degree of
contamination by other crustal material. 

5.3. Timing of closure of the ancient Asiatic Ocean

The  Triassic  magmatic  activity  in  the  study  area  was
related  to  the  collision  of  the  NCC  and  Siberian  plate,  but
whether  the  eastern  northern  margin  of  the  NCC  was  in  an
orogenic  or  a  post-orogenic  stage  during  the  Triassic  is
debated (Yang JH et al., 2007; Zhou JB and Wilde SA, 2013;
Liu  YJ  et  al.,  2017;  Zhu  JB  and  Zhang  SM,  2020).  The
Early–Middle  Triassic  volcanic  and  intrusive  rocks  from  the
northern margin of the eastern NCC have similar geochemical
features,  indicating  a  similar  genesis  and  tectonic
environment.  On  the  Yb vs.  Th/Ta  (Fig.  10a)  and  Ta vs.  Th
(Fig.  10b)  diagrams,  most  of  the  samples  plot  in  the  active
continental  margin  field.  This  indicates  that  the  rocks  were
formed  mainly  in  a  compressional  tectonic  setting  related  to
an  active  continental  margin.  On  the  magmatic  source  and
tectonic  setting  discrimination  diagrams  (Fig.  11),  our
samples  mainly  plot  in  the  volcanic  arc  and  syn-collision
fields. This suggests that the Triassic volcanic-intrusive rocks
were formed in a tectonic setting that  was transitioning from
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Fig. 9.   Geochemical discrimination diagrams for the Triassic volcanics and intrusive rocks from the northern margin of eastern North China
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compression  to  extension,  due  to  the  relaxation  of  tectonic
compression  during  the  closure  of  the  Paleo-Asian  Ocean.

The samples have geochemical characteristics similar to those
of  the  Early  Triassic  Baoxing  granite  in  the  Kaiyuan  area,
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which is  located in the same tectonic location (Liu YJ et  al.,
2017).  In  addition,  the  Xilamulun  tectonic  belt,  where  the
study  area  is  located,  records  strong  tectonic  deformation
during the Triassic, which is exhibited as a long NNE–SSW-
trending  belt  of  ductile  deformation  that  was  formed  in  an
extensional  tectonic  setting  (Zhang  J  et  al.,  2021).
Early–Middle Triassic strata are lacking in the region, and this
indicates  that  the  collisional  orogeny  involving  the
Bainaimiao island arc zone and the NCC was ongoing at this
time. Taking into account all the above findings, we conclude
that the volcanic–Intrusive complex along the northern margin
of  the  eastern  NCC  was  formed  in  relation  to  an  active
continental margin.

The  tectonic  evolution  of  the  Paleo-Asian  Ocean  is
debated,  especially  the  timing  of  the  final  closure  of  the
Paleo-Asian  ocean  along  the  eastern  section  of  the  northern
margin  of  the  NCC.  Previous  studies  have  proposed  that  the
Paleo-Asian  Ocean  was  closed  during  the  Middle–Late
Devonian to Early Carboniferous (Zhao P et al.,  2013; Yu Q
et  al.,  2014;  Xu  B  et  al.,  2015),  or  the  Late  Permian–Early
Triassic  (Cao  HH  et  al.,  2013;  EizenhöFer  PR  et  al.,  2014;
Chen C et al.,  2017; Guan Q et al.,  2018). The new LA–ICP
MS  zircon  U-Pb  age  dating  and  whole-rock  geochemical
results  show  that  the  Early–Middle  Triassic  (251–245  Ma)
volcanic–intrusive  complex  in  the  Aohan  Banner  area  was
formed in a transitional  tectonic environment that  involved a
volcanic  arc  and  syn-collision,  thus  indicating  that  Paleo-
Asian Ocean was not completely closed at that time. Our new
data indicate that closure occurred during the Middle Triassic
(ca. 245 Ma) along the northern margin of eastern NCC. This
is  consistent  with  the  findings  of  previous  studies  that  the
Paleo-Asian  Ocean  finally  closed  in  the  Middle  Triassic
(Wilde SA, 2015; Liu YJ et al., 2017). 

6. Conclusions

(i)  U-Pb  age  dating  of  zircons  from  eight  representative
volcanic  and  intrusive  rock  samples  from the  Aohan  Banner
area  along  the  northern  margin  of  the  eastern  NCC  yielded
concordant  ages  of  251–245  Ma,  indicating  that  all  the
samples were formed during the Early–Middle Triassic.

(ii)  The volcanic  and intrusive rocks have similar  whole-
rock  geochemical  and  zircon  Lu-Hf  isotopic  features,
implying  that  they  shared  the  same  or  similar  material
sources.

(iii)Petrological  and  whole-rock  geochemical
characteristics  show  that  the  Early–Middle  Triassic  granites
are similar  to  highly fractionated I-type granites.  The whole-
rock geochemical and zircon Lu-Hf isotopic features indicate
that  these  rocks  formed  by  partial  melting  of  young  crustal
material that had been newly accreted at the base of the crust
and  were  initially  derived  from  depleted  mantle.  There  is
evidence  of  a  degree  of  contamination  by  other  crustal
materials.

(iv)  The  whole-rock  geochemical  compositions  indicate
that  the  volcanic-intrusive  complex  formed  in  a  tectonic

setting  that  was  transitional  from  compression  to  extension,
due  to  the  relaxation  of  tectonic  compression  during  the
closure of the Paleo-Asian Ocean.

(v)  The  results  of  our  integrated  zircon  U-Pb  age  dating,
and  whole-rock  geochemical  and  zircon  Lu-Hf  isotopic
analyses  lead  us  to  conclude  that  the  closure  of  the  Paleo-
Asian Ocean took place in the Middle Triassic, at 245 Ma. 
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