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                     Abstract     The Triassic granitoids and associated diorites in 
the Qinling orogenic belt reveal critical evidence of crust–
mantle interaction during the terminal collision between 
the North China and Yangtze Blocks. This study presents 
new constraints from zircon U–Pb age, Lu–Hf isotopes, 
and amphibole-plagioclase-apatite geochemistry for the 
Maoerliang diorite in the Foping area. Zircon U–Pb dat-
ing yields a crystallization age of 212 ± 2.8�Ma, with �Hf(t) 
values ranging from Š8.6 to +3.0 and corresponding two-
stage Hf model ages  (T DM2 ) of 886–1479�Ma, indicative 
of derivation from an evolved lithospheric mantle source. 
Petrogenetic indicators reveal a mantle a�  nity: amphiboles 
exhibit high MgO (9.8–11.2 wt%) and elevated Nb/Ta ratios 
(14.3–18.1), while apatites display F-rich (2.1–2.8 wt%) and 

Cl-poor (0.08–0.15 wt%) characteristics. Thermobarometric 
calculations based on amphibole chemistry constrain crystal-
lization conditions of 805–866 °C and 211–383�MPa, cor-
responding to mid-crustal emplacement depths (8–14�km). 
Both amphibole and zircon indicate elevated oxygen fugac-
ity (�NNO = Š4.08 to Š3.71; �FMQ = Š1.14 to +3.96) 
and hydrous magma conditions  (H 2 O = 4.22–4.94 wt%). 
Late-stage plagioclase crystallization (An21–26.5) re” ects 
prolonged fractional crystallization in a hydrous dioritic 
magma. These diagnostic features„mantle-derived sig-
natures, high  f O 2 , and hydrous nature„exhibit remarkable 
convergence with gold-mineralized granites in the East Qin-
ling. Our “ ndings suggest that Triassic dioritic magmatism 
may have played an underappreciated role in facilitating gold 
enrichment processes within the South Qinling metallogenic 
belt. 

   Keywords     South Qinling   �·  Hydrous diorite   �· 
 Heterogeneous source   �·  Amphibole   �·  Apatite chemistry  

       1  Introduction 

 Appinite represents amphibole-rich diorire, which is closely 
associated with high-Ba–Sr granites in collisional orogenic 
belts, providing signi“ cant insight into the properties of the 
metasomatized mantle lithosphere (Murphy  2020 ; Iveson 
et�al.  2021 ; Chang et�al.  2021 ). Appinite also preserves 
information about metasomatic agents of the lithospheric 
mantle (Zhang et�al.  2012 ; Murphy  2013 ,  2020 ; Laurent 
et�al.  2017 ; Pe-Piper et�al.  2018 ). Moreover, the residual 
” uids in the late crystallization stage of appinite are pivotal 
for the high degree of crustal melting and the genesis of 
granites (Collins et�al.  2020 ). Globally, typical appinites are 
commonly associated with high-Ba–Sr granites (Tarney and 
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  Table 1       Results of zircon LA-ICP-MS U–Pb analysis for the Maoerliang diorite  

  Analysis    Content (ppm)        Ratios  

  Th    U    t (a)     Th/U     207 Pb/ 206 Pb    2�     207 Pb/ 235 U    2�  

  ML-Zr-03    116    213    662    0.54    0.049    0.002    0.226    0.01  

  ML-Zr-04    107    215    689    0.5    0.057    0.004    0.252    0.017  

  ML-Zr-05    94    194    706    0.48    0.055    0.003    0.245    0.011  

  ML-Zr-06    101    205    688    0.49    0.052    0.002    0.244    0.01  

  ML-Zr-09    124    240    736    0.52    0.055    0.002    0.251    0.01  

  ML-Zr-11    195    276    666    0.71    0.05    0.002    0.24    0.009  

  ML-Zr-12    134    227    687    0.59    0.051    0.003    0.245    0.012  

  ML-Zr-13    145    249    672    0.58    0.055    0.004    0.242    0.019  

  ML-Zr-17    142    278    689    0.51    0.049    0.002    0.229    0.011  

  ML-Zr-18    99    193    724    0.51    0.052    0.003    0.241    0.015  

  ML-Zr-19    163    277    712    0.59    0.056    0.003    0.265    0.015  

  ML-Zr-21    97    241    680    0.4    0.053    0.004    0.24    0.019  

  ML-Zr-22    104    201    736    0.52    0.052    0.004    0.235    0.017  

  ML-Zr-23    71    147    654    0.48    0.056    0.005    0.262    0.023  

  ML-Zr-24    145    264    680    0.55    0.048    0.003    0.229    0.013  

  ML-Zr-28    119    211    712    0.56    0.053    0.003    0.248    0.014  

  ML-Zr-29    144    284    683    0.51    0.056    0.003    0.266    0.013  

  ML-Zr-30    104    206    691    0.5    0.046    0.003    0.213    0.015  

  ML-Zr-31    143    377    709    0.38    0.051    0.003    0.229    0.012  

  ML-Zr-33    154    308    635    0.5    0.056    0.004    0.252    0.019  

  ML-Zr-35    292    361    666    0.81    0.055    0.002    0.252    0.011  

  ML-Zr-40    109    211    704    0.52    0.054    0.004    0.251    0.016  

  ML-Zr-43    108    223    683    0.48    0.055    0.003    0.252    0.015  

  Analysis    Ratios    Ages (Ma)  

   206 Pb/ 238 U    2�     207 Pb/ 206 Pb    2�     207 Pb/ 235 U    2�     206 Pb/ 238 U    2�  

  ML-Zr-03    0.034    0.000    128    82    207    9    214    3  

  ML-Zr-04    0.032    0.000    476    161    229    14    205    3  

  ML-Zr-05    0.033    0.000    392    80    223    9    207    3  

  ML-Zr-06    0.034    0.000    299    75    222    8    215    2  

  ML-Zr-09    0.033    0.000    397    67    227    8    211    2  

  ML-Zr-11    0.034    0.000    214    69    218    8    219    2  

  ML-Zr-12    0.035    0.000    239    93    222    10    221    3  

  ML-Zr-13    0.032    0.000    402    187    220    16    203    3  

  ML-Zr-17    0.034    0.000    125    88    209    9    217    3  

  ML-Zr-18    0.033    0.001    302    116    219    13    212    3  

  ML-Zr-19    0.034    0.000    447    134    238    12    218    3  

  ML-Zr-21    0.033    0.001    326    184    219    15    209    3  

  ML-Zr-22    0.033    0.001    261    129    214    14    210    4  

  ML-Zr-23    0.034    0.001    444    206    237    19    216    4  

  ML-Zr-24    0.034    0.001    119    104    209    11    217    3  

  ML-Zr-28    0.034    0.001    330    102    225    11    215    3  

  ML-Zr-29    0.034    0.000    452    82    240    10    218    3  

  ML-Zr-30    0.033    0.001    9    165    196    13    212    3  

  ML-Zr-31    0.033    0.000    243    130    209    10    207    2  

  ML-Zr-33    0.033    0.001    438    181    228    16    208    3  

  ML-Zr-35    0.033    0.000    422    75    228    9    210    2  

  ML-Zr-40    0.034    0.001    379    115    227    13    213    3  
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Table 1    (continued)

  Analysis    Ratios    Ages (Ma)  

   206 Pb/ 238 U    2�     207 Pb/ 206 Pb    2�     207 Pb/ 235 U    2�     206 Pb/ 238 U    2�  

  ML-Zr-43    0.033    0.001    421    108    228    12    210    3  

  Fig. 4       LA-ICP-MS U–Pb zircon concordia diagrams ( a ) and weighted mean age ( b ) from the Maoerliang diorite  

  Fig. 5       Chondrite-normalized 
rare earth element patterns of 
zircon for the Maoerliang dior-
ite from Sun and McDonough 
( 1989 )  
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higher than those of the primitive mantle and continental 
crust, which may be attributed to the high partition coef-
“ cient of Nb over Ta  (D Nb /D Ta  > 1) in the amphibole.         

 Most zircon grains in the Maoerliang diorite display 
evolved Lu–Hf isotopic composition, with negative � Hf (t) 
values of Š8.6 to +3.0, with corresponding two-stage model 
age of 886 to 1479 Ma, indicating a crust–mantle mixed 
source. The minor grains which display positive � Hf (t) values 
indicate the incorporation of depleted mantle components, 

which is similar to the Laocheng, Yanzhiba, and Sihaiping 
diorite in the Triassic Ningshan pluton (Fig.� 5 ) (Wang et�al. 
 2021 ). According to the evolved Nd isotopic compositions, 
� Nd  (t)= Š3.7 to 2.5, with corresponding two-stage model 
ages of 1.17 to 1.44 Ga) of the Triassic granites in the Qin-
ling orogenic belt, Zhang et�al ( 1997 ) proposed that these 
Triassic granites mainly derived from dehydration melting 
of the Neoproterozoic crystalline basement, e.g., the Neo-
proterozoic Yaolinghe meta-basalts (Zhang et�al.  1997 ). The 

Table 2    (continued)

  Element    Ho    Er    Tm    Yb    Lu    Y    Ti    �FMQ    T�(°C)  

  ML-Zr-32    37.6    162    34.6    345    64.7    1097    2.12    2.62    751  

  ML-Zr-33    24.6    109    22.5    220    40.5    755    7.16    3.96    882  

  ML-Zr-35    19.1    85.0    18.7    187    36.4    595    5.84    2.53    858  

  ML-Zr-36    14.5    65.7    14.4    144    27.4    454    4.74    3.02    834  

  ML-Zr-38    22.5    103.3    22.8    239    46.8    729    2.21    3.87    755  

  ML-Zr-39    20.9    97.0    21.9    222    42.9    660    5.61    1.51    853  

  ML-Zr-42    13.1    59.1    12.9    131    25.6    409    8.14    3.58    897  

  ML-Zr-43    28.0    123    25.3    253    48.2    837    4.40    3.16    826  

  ML-Zr-44    13.3    62.2    13.8    144    27.4    421    5.89    1.28    859  

  ML-Zr-45    16.8    77.6    17.2    176    35.2    530    6.08    1.42    862  

 Zircon Ti-temperature (Ferry and Watson  2007 ): 

 log(ppm Ti-in-zircon) = (5.711 ± 0.072) Š (4800 ± 86) / T(K) Š  logaSiO 2  +  logaTiO 2 ; 

 aSiO 2  = 1,  aTiO 2  = 0.2; 

 Zircon oxygen fugacity (Loucks et�al.  2020 ): 

 �FMQ = 3.998(±0.124)log[Ce/  
�

(Ui × Ti] + 2.284(   ±0.101) 

  Fig. 6       Zircon � Hf (t) value U–Pb age diagram. Date sources: the Guangtoushan pluton (Lu et�al.  2016 ); Yanzhiba, Lanbandeng, and Laocheng 
pluton (Wang et�al.  2021 ); Sihaiping pluton (Wang et�al. 2022)  
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Maoerliang diorites share similar isotopic composition with 
these Triassic granites, indicating a common source region. 

     5.2   Crystallization conditions and oxygen fugacity 

 Amphibole has the chemical formula  A 0-1 B 2 C 5 [T 8 O 22 ]
(OH) 2 , which can preserve information about crystalliza-
tion temperature, pressure,  H 2 O content, and oxygen fugac-
ity of the primitive dioritic magma. Ridol“  et�al. ( 2010 ) 

proposed a re“ ned calculation model to calculate the crys-
tallization temperature, pressure,  H 2 O content, and oxygen 
fugacity in igneous rocks, based on a comparison between 
natural amphibole compositions in calc-alkaline igneous 
rocks and experimental works. Through extensive veri“ -
cation of natural amphibole compositions, Erdmann et�al. 
( 2014 ) concluded that the model proposed by Ridol“  et�al. 
( 2010 ) is reasonable. Therefore, we use the Ridol“  et�al. 
( 2010 ) model to calculate the crystallization condition of 

  Fig. 7       Mineral composition in the Maoerliang diorite.  a  Composition of amphibole (after Leake et�al.  1997 );  b  An-Ab-Or diagram of plagio-
clase  

  Fig. 8       Chondrite-normalized rare earth element patterns ( a ) and primitive mantle-normalized spider diagram ( b ) of amphiboles for the Maoer-
liang diorite from Sun and McDonough ( 1989 )  
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the Maoerliang diorite. The results indicate that amphibole 
in the diorite has crystallization temperatures ranging from 
805 to 866 ± 57 °C, with an average of 853 °C, and pressures 
ranging from 211 to 383 ± 60 MPa, with an average of 368 
MPa. According to the crustal average density of 2700 kg/
m 3 , the corresponding emplacement depth is 8.0–14.5 km, 
with an average of 12.4 km, indicating a deep-level crystal-
lization condition. 

 The  H 2 O content and oxygen fugacity are calculated 
according to the chemical features of the amphibole using 
the methods of Ridolfi et� al. ( 2010 ). The results indi-
cate that the Maoerliang diorite has high  H 2 O content of 
4.22–4.94% and oxygen fugacity (�NNO = Š4.08 to Š3.71, 
log f  O2  = Š12.0 to Š13.7). The high  H 2 O content in silicate 
melt would promote crystallization of amphibole and delay 
crystallization of plagioclase (Nekvasil et�al.  2004 ), which 
is con“ rmed by the clinopyroxene inclusions in amphibole 
(Fig.� 2 ) and low An values of the plagioclase (An = 21–26). 
The apatites that crystallized from mantle-derived magma 
would have low F/Cl ratios (Fig.� 9 ; Zhou et�al.  2022 ). The 
apatites in the diorite have high F and low Cl content, with 
high F/Cl ratios of 77 to 690. The low Cl content of these 
apatites indicates that they may have crystallized in magma 
derived from hydrated crust, indicating the existence of 
evolved crustal components in their source (Zafar et�al. 
 2020 ). In addition, most of the points in the F vs. Cl diagram 
fall into the S-type granite area (Fig.� 9 ), which is consist-
ent with the conclusion of previous studies in the Triassic 
Ningshan pluton (Wang et�al.  2021 ). 

 Zircon is ubiquitous in various types of rocks, serving 
as an important accessory mineral. Its stable physical and 

chemical properties record a range of information includ-
ing magmatic crystallization age, temperature, and oxygen 
fugacity, making it widely used in solid Earth geochemi-
cal research (Ballard et�al.  2002 ; Ferry and Watson  2007 ; 
Zou et�al.  2019 ; Loucks et�al.  2020 ; Niu et�al.  2024 ). When 
applying trace elements in zircon to calculate temperature 
and oxygen fugacity, di� erent calculation methods have 
varying principles and application conditions, which may 
lead to deviations in the calculated results. Therefore, selec-
tion of the appropriate calculation method is essential. The 
zircon Ti thermometer uses the method of Ferry and Wat-
son ( 2007 ). To obtain useful temperatures, it is necessary 
to make reasonable estimates of the activity of  TiO 2  and 
 SiO 2 . The diorite contains quartz, magnetite, and ilmenite, 
so the activity of  SiO 2  is bu� ered at 1, and the activity of 
 TiO 2  is bu� ered at 0.2. The calculated zircon Ti-tempera-
tures range from 751 to 932 °C, with an average of 843 °C, 
which is consistent with the crystallization temperature of 
amphibole. In the Maoerliang diorites, the overall high La 
content in zircon ranging from 0.18 to 47.3 ppm suggests a 
higher content of inclusions (e.g., apatite) within the zircon. 
Loucks et�al. ( 2020 ) utilized the correlation between Ce, 
U, and Ti in zircon to propose a Ce–U–Ti oxygen fugacity 
meter for zircon, which can e� ectively avoid the in” uence 
of zircon crystallization temperature and mineral inclusions. 
The calculated results show that �FMQ ranges from Š1.14 
to +3.96, with an average of +2.07, and log f  O2  ranges from 
Š13.3 to Š19.9, slightly higher than mantle wedge oxygen 
fugacity (�FMQ = Š1 to +2). 

 Early studies on the East Qinling gold deposits suggested 
that magma activity characterized by high oxygen fugacity 
and high  H 2 O content, which are rich in mantle materials, is 
favorable for the formation of gold deposits (Zhi et�al.  2019 ; 
Li et�al.  2022 ; Liu et�al.  2022 ; Wen et�al.  2023 ; Wei et�al. 
 2024 ). We compared the zircon oxygen fugacity and zircon 
Ti-temperature of the Maoerliang diorite, the Mo-W-bearing 
granite in the Ningshan area, and the Au-bearing granite in 
the East Qinling (Fig.� 11 ; Wen et�al.  2023 ). The results show 
that the oxygen fugacity of the Maoerliang barren diorite is 
higher than that of the W-Mo-bearing granite from the same 
source region, but it is similar to that of the Au-bearing gran-
ite in the East Qinling. The deep mantle/crust is an important 
source of ore-forming materials, and ” uids rich in F and with 
high oxygen fugacity are conducive to the precipitation of 
Au and other ore-forming elements. Since the Maoerliang 
diorite has characteristics similar to gold-bearing granite, the 
study of the Maoerliang diorite has certain reference value 
for gold exploration in the South Qinling.         

  Fig. 9       Diagrams of F content versus Cl of apatites for the Maoer-
liang diorite (modi“ ed from Zhou et�al.  2022 )  
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      6   Conclusions 

    1.      The Maoerliang diorite exhibits a zircon U–Pb age of 
212 ± 2.8 Ma, which coincides with the Late-Triassic 
granitic magmatism in the Qinling Orogenic Belt. The 
evolved zircon Hf isotopic compositions, � Hf (t) = Š8.6 
to +3.0, and amphibole composition indicate that the 
primitive dioritic magma was derived from a crust–man-
tle mixing source.   

  2.      Based on the temperature–pressure date from amphi-
bole and zircon, the dioritic magma crystallization 

temperature ranged from 805 to 866 °C and pressure 
ranged from 211 to 383 MPa. This high oxygen fugac-
ity (�NNO = Š4.08 to Š3.71; �FMQ = Š1.14 to +3.96) 
and relatively high  H 2 O content (4.22%–4.94%) indicate 
hydrous melting underplating beneath the lower crust. 
This process has signi“ cant implications for granite gen-
esis and crustal evolution, and will aid the prospecting 
work of the South Qinling gold deposit.     
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  Fig. 11        a  Log f  O2  vs. T diagrams and  b  �FMQ vs. T of zircon for the Maoerliang diorite (data for the Sihaiping giant Mo-W deposits were cal-
culated based on Wang et�al. data for the Hewan giant Au deposits were calculated based on Wen et�al.  2023 )  

  Fig. 10       Origin diagram of amphibole for the Maoerliang diorite.  a   TiO 2  versus  Al 2 O 3  diagram (after Jiang and An  1984 ) and  b  
 Ca B -(Fe 2+  + Fe. 3+ )-Mg diagram (Xie and Zhang  1990 )  
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