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Genesis of Tourmaline in the Early Paleozoic Piaochi Granitic Pluton in East Qinling:

Implications for the Rare Metal Mineralization
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. School of Earth Sciences and Resources, Chang’an University, Xi’an 710054, Shaanxi, China; 2. Key Laboratory of Western China's

Mineral Resources and Geological Engineering, Ministry of Education, Xi’an 710054, Shaanxi, China)

Abstract: The magmatic-hydrothermal evolution during the differentiation of granitic magma is a key stage to
the formation of magmatic pegmatites and related rare-metal mineralization. However, the controlling factors
during this process are still unclear. Numerous Paleozoic felsic plutons and rare-metal-mineralized granitic peg-
matites occur in the East Qinling tectonic belt, and their genetic relationship has attracted much attention. In or-
der to examine the magmatic-hydrothermal evolution at the late stage of the felsic plutons and shed light on the
formation of rare-metal mineralization in East Qinling, we carried out comprehensive analyses on in situ major
and trace elements for tourmaline from the Piaochi pluton, the largest S-type granite in East Qinling. Tourma-
line from the Piaochi pluton can be divided into four types, i.e., disseminated tourmaline (Tur-D), quartz-tour-
maline nodules (Tur-N), tourmaline-quartz veins (Tur-V), and tourmaline along schistosity (Tur-d). The substi-
tution of major elements of Tur-N and Tur-V tourmalines is mainly controlled by (Na, Mg) (X,.., Al),, and (Mg,
OH) (ALO),, instead of Fe''Al , substitution. This indicates that the hydrothermal fluids of the Piaochi pluton
are in a reducing environment with medium-high salinity content. Based on the occurrence and composition of
Tur-D tourmaline, it can be further divided into Tur-D1 and Tur-D2. Tur-D1 is schorlite with a considerable
amount of Al in the Y-site, indicating that they crystallize at an early stage of magma cooling. In contrast, Tur-
D2 is dravite and replaces Tur-D1 in local places with Tur-D1 tourmaline inclusions, possibly due to the interac-
tion with external fluids at a late stage. Tur-N tourmaline can be further divided into Tur-N1 and Tur-N2. Tur-
N1 is schorlite with high Fe, Sn, Nb, Ta, and Zn and low Mg, V, and Sr, and crystallizes from immiscible aque-
ous boron-rich fluids at the late stage of magma differentiation. Tur-N2 and Tur-V tourmaline have similar com-
positions, varying from schorlite to dravite, with higher Mg, V, Sr, and Pd compared to Tur-N1. This suggests
the influence of the external fluids from country rocks on the composition of magmatic-hydrothermal evolution
of the Piaochi pluton. Tur-d tourmaline (dravite) is closely related to biotite, with magnetite occurring along its
rims and fractures, indicating that the metasomatism of biotite by boron-rich fluids. Additionally, the high Nb
and Ta concentrations of Tur-N1 tourmaline suggest a transient Nb-Ta enrichment on cooling of the Piaochi plu-
ton. Nevertheless, the reduced condition and intensive interaction with country rocks may impede the Nb-Ta
mineralization at a late stage of cooling. Therefore, rare metals would be enriched by the felsic melt differentia-
tion and the exsolution of immiscible fluid during the magmatic-hydrothermal stage. However, the potential of
rare-metal mineralization is mainly controlled by the redox condition of the fluids and the interaction with wall-
rocks.

Keywords: tourmaline; magmatic-hydrothermal evolution; Piaochi pluton; east Qinling
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HL A AL R 4B B AT A A B R G 3 2R A
W TR (INES BB . B4 Cu-Mo 87 PR FIH & o U R AT
&8 PR ) v 3 2 R 5 9 4 (London et al., 1996;
Harlaux et al., 2020) , EL. 75 % K i H f2 28 70 BBl MR 4T
AR fiE 71 (Yang et al., 2015), T H &4 e 2 b il s
K] 20 AT (Henry et al,, 2011) . B, HLAS A7 AT LA
AR G b 32 3% L 235 o R A o R e A 3 AR IR
(4 ) B 27 P o B LA Ak b AR, S RIS A 1 2 FIAE 14

5 i 25 0 A R/ AR P Y b B A A PR AR U
B (van Hinsberg et al., 2011a; Yang et al., 2015) .

AR A 1A (RIAE R I 1A R BO T R FH
KRl A K A fLEA Lis Be. Nb, Ta %A 4
JE B IR 9 6 B A i A (R P8 5 55, 19935 £ DURE 2%
2023), “AHTEAS ) b AR SR IR AR — A2
(Zhou et al., 2021) . HHEIAFFEIA N, 4L 1 e 2
T 1T A B BT SR AR 45 b 40 S BAR JoT 2 1) TR A A
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SRR (10 7 i 3 & A TR A R X, 1A ol J& %%
A BB VE T B9 72 9 (Zhou et al., 2021) . Rtk 25 HA
Tt A TE A I P B B v e B B Tk — 2
IR B IS A &80 RIE Bt /2, 4R S8 A 4 it
JAR

K I b 2 (R (4 AT 5 22 4 o U DX o A
S Ak AR X IR A B B 1 T Ak B = 3 A A
F8, AT AT R KA A 4 s w A R A
W B AR R B A REEA SRS A,
SRR ST A S IR Y B A SRR 4 TR s P
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JEASE BG4 53 A, 48 78 A8 B BT I Ve B M 3B o R A
B B 1) B A b A, TR D AR 2 0 il XL A AR SR R
FHRIE S SWA SR Z R R

1 RS

ZE U 1 11T LA RS FHaE Gl S S o AL R IE A
1 H A e 28 I8 K 1 47 (Dong et al., 2011; & 5% Ak &,
2020; 757K F %, 2026; [ 1a) . dbZE W4y A7 L £
R B8 S PP B . RSP A 0 . 2508 5 R Y
VB I WS E 4 1 B0 (Dong et al., 2011), o,
SEPEEROIE L TR oe i I —R AR, B s A AR
TERsk R A RHMAINE . KA s B A e nd
M (Wuetal, 2013) . —BRFEA BRI BT A1,
B B ok L R KL AR R S R R
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B (~450 Ma) L) 1Z & B M K ALK A N RHE, B A%
T XK K TR B A BT T A R I AR 5 =
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(Qinetal, 2014) . AT ABFFEIN N, EH A AR BAT 554
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TR A M KA A BUE R E R, A s R
KAL X 7 F1 = B R TR B A AR A AR 20 2% 0 3
#2 ([ 2a, [ 2b), 47 Pk 22 m) A2 2l o6 &R, B
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FR KR AT, M s KR AR S
BRI AT RS A SRR, %8R E A
16 B L S A T R A S B R 0 P, EH
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Fig. 1 Distribution of the Early Paleozoic granitic plutons and pegmatites in the East Qinling tectonic belt, Central China
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Fig. 2 Field outcrops of the Piaochi pluton and photos of different types of tourmaline
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54

S AEAE AR BRI TR A AR AL B MR e T R B AR e T B R X A A R I B R 259

J Ve Sy
Tur-N1 '%

a. Tur-D2 B S A2 Tur-D1 B AT (B3R ) 3B -0 4544, FEA PC-35; b. Tur-DI RS AW EH AIMK A, FE5 PC-28; c it
Tur-N1 B4, BEAD PC24-15 d. Tur-N1 S A P REAHC A, KBS PC24-1; e Tur-N2 S A Y- 454, BESh PC24-32; f Tur-N2 #L
A MIE-R G5, b PC24-46; g Tur-V VS A MHRG IR SRR, FEah PC24-38; h. Tur-d S A BB S HIF L FIRG A,
UK R BEARE , BE 5 PC24-12; 1 BEARTUY Tur-d S A JIFERBR 430 , B 5 PC24-11; b WIEZSRIGHIE A, L3RER b AN iR
fRIEI A Tur S5 Qz A3 PLAMCA; Kfs fIKA; Bt Butk; Mt BEgH"
E3 EmEEPAREEESABRIFE

Fig. 3 Photomicrographs of different types of tourmaline from the Piaochi pluton
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Tab. 1 Major (%) and trace (10°) element compositions of tourmaline from the Piaochi pluton
A A
Ko Tur-D1 Tur-D2 Tur-N1 Tur-N2 Tur-V Tur-d
T i P i 70 [ i 34 [ T o W bR W BRdE 1 [l P i
JLE  (N=27) fw (N=108) {2 (N=14) w2 (N=85) i 2 (N=55) {2 (N=78) M2
) 34.66~ 34.61~ 34.92~ 34.80~ 35.12~ 34.89~
$i0, 36.76 048 36.34 0-34 35.58 02 37.22 043 36.52 032 37.01 0-54
, 0.23~ 0.47~ 0.41~ 0.19~ 0.25~ 0.21~
TiO, 506 0.39 571 0.41 0.65 0.06 |66 0.28 . 0.21 129 0.21
31.44~ 29.17~ 31.13~ 28.52~ 29.84~ 26.85~
ALO; 34.00 081 33.95 075 32.02 028 33.24 : 32.45 062 33.12 136
737~ 7.09~ 13.10~ 8.83~ 7.88~ 235~
Feo 8.94 047 8.95 041 14.77 057 11.45 063 11.50 08 10.20 234
0.03~ bdl~ 0.04~ 0.04~ 0.07~ bdl~
MnO 014 0.03 014 0.03 o1 0.03 0.1 0.02 05 0.05 013 0.03
234~ 470~ 1.66~ 3.14~ 3.22~ 5.02~
MgO 432 0-54 6.56 031 2.86 045 6.80 0.79 6.26 0.73 721 05
0.24~ 0.46~ 0.23~ 0.18~ 0.10~ 0.31~
Ca0 1o 0.22 i 0.13 043 0.06 100 0.21 0.86 0.22 17 0.18
1.79~ 1.84~ 1.78~ 1.61~ 1.61~ 1.88~
Na,0 529 0.13 546 0.13 o 0.07 535 0.16 2o 0.12 548 0.13
bdl~ 0.01~ 0.04~ 0.02~ 0.03~ bdl~
K,O ol 0.02 0.10 0.02 0.08 0.01 007 0.01 019 0.02 o1 0.02
82.08~ 83.57~ 85.28~ 84.76~ 84.08~ 74.80~
Total o605 094 go52 O 86.43 036 §7.06 O so.16 0¥ 658 2
0.11~ 0.14~ 0.14~ 0.10~ 0.08~ 0.16~
F 051 0.08 0.56 0.08 041 0.07 0.66 0.12 056 0.12 058 0.11
‘B0, 10.26~ 014 10.69~ 007 10.49~ 0.06 10.68~ ol 10.62~ 0.0 9.67~ 037
; 10.85 11.08 10.72 11.14 10.97 11.11
*Li,0 069~ 0.12 090~ 0.09 0867 0.04 077~ 0.19 074~ 0.15 092~ 0.19
: 1.20 1.48 1.05 1.59 131 1.89
*H,0 334 0.06 s 0.04 340 0.04 47 0.04 e 0.04 2 0.12
3.61 3.66 3.61 3.65 3.63 3.73
96.57~ 99.17~ 100.19~ 99.95~ 99.53~ 89.54~
Total 0156 = 102.50 0.62 101.60 043 10300 64 o184 0 10264 8
0 31 31
, 5.76~ 5.53~ 5.67~ 5.65~ 5.65~ 5.58~
Si 611 0.072 5 85 0.051 s 0.043 503 0.063 502 0.063 6.49 0.237
B 3 0 3 0 3 0 3 0 3 0 3 0
6.14~ 5.59~ 6.00~ 528~ 5.65~ 529~
Al 670 0.15 62 0.14 615 0.043 635 0.226 626 0.148 619 0.223
) 0.03~ 0.06~ 0.05~ 0.02~ 0.03~ 0.03~
Ti 096 0.05 033 0.049 0.08 0.008 090 0.034 014 0.026 015 0.025
0.59~ 1.13~ 0.41~ 0.76~ 0.78~ 1.24~
Mg Lo 0.123 153 0.07 0.70 0.108 15 0.177 |48 0.168 L6 0.111
0.00~ 0.00~ 0.01~ 0.01~ 0.01~ 0.00~
Mn 0.00 0.004 0.02 0.004 0.02 0.004 0.02 0.003 0.03 0.006 0.02 0.004
1.03~ 0.94~ 1.78~ 1.18~ 1.05~ 0.34~
Fe 124 0.064 120 0.056 o 0.082 155 0.09 155 0.115 137 0.3
0.04~ 0.08~ 0.04~ 0.03~ 0.02~ 0.05~
Ca 0.19 0.039 0.19 0.022 0.08 0.011 017 0.036 015 0.037 091 0.03
0.58~ 0.57~ 0.56~ 0.51~ 0.51~ 0.58~
Na 074 0.045 075 0.038 0.64 0.021 0.7 0.045 0.69 0.035 077 0.041
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2k 1
ys
Egij;jf Tur-D1 Tur-D2 Tur-N1 Tur-N2 Tur-V Tur-d
T 70 [ s 1 7 P 7 T 1 7 b i 1 P 7 v
JLE  (N=27) IR (N=108) W2 (N=14) fW2 (N=85) (w2 (N=55) w2 (N=78) fW2
0.00~ 0.00~ 0.01~ 0.00~ 0.01~ 0.00~
K 0.02 0.004 0.02 0.003 0.00 0.002 001 0.003 0.04 0.004 0.00 0.004
0.06~ 0.07~ 0.07~ 0.05~ 0.04~ 0.08~
F 097 0.045 098 0.041 091 0.036 033 0.061 08 0.061 099 0.056
0.00~ 0.15~ 0.18~ 0.07~ 0.08~ 0.00~
AI(VI) 024 0.059 047 0.051 033 0.043 037 0.064 035 0.063 0.4 0.132
0.09~ 0.00~ 0.00~ 0.00~ 0.00~ 0.00~
AI(Y) 0.70 0.164 015 0.017 0.00 0 017 0.035 o4 0.025 0.09 0.015
6.00~ 533~ 573~ 4.99~ 538~ 507~
Al(Z) 6.00 0 6.00 0.143 so4 0.059 6.00 0.252 6.00 0.187 6.00 0.24
0.00~ 0.00~ 0.06~ 0.00~ 0.00~ 0.00~
Mg(Z) 0.00 0 067 0.143 027 0.059 Lol 0.252 0.62 0.187 0.93 0.24
220~ 2.07~ 231~ 2.00~ 2.15~ 1.63~
Y total 553 0.079 a0 0.057 a3 0.028 550 0.116 55 0.096 5 a1 0.148
, 0.47~ 0.58~ 0.57~ 0.50~ 0.48~ 0.59~
Li 0.80 0.079 0.93 0.057 0.69 0.028 100 0.116 0.85 0.096 137 0.148
0.13~ 0.10~ 0.28~ 0.15~ 0.19~ 0.07~
X e 035 0.075 029 0.042 038 0.026 0.45 0.07 0.47 0.063 033 0.051
3.73~ 3.72~ 3.79~ 3.67~ 3.72~ 3.71~
OH 204 0.045 203 0.041 303 0.036 305 0.061 306 0.061 302 0.056
Tl It I Hl b i 3 P 1 70 1 Finil i 1 1 P 1 70 T A
JLE  (N=16) W% (N=45)  fw2 (N=8)  fi2 (N=50) w2 (N=29) w2 (N=36) W2
_ 723~ 545~ 100~ 55.6~ 114~ 46.8~
Li 167 272 L64 25.9 1 549 25 923 . 324 100 14.7
0.85~ 222~ 711~ 2.83~ 511~ 1.56~
Be 163 457 120 30.2 238 5.06 11 4.07 208 492 102 471
123~ 8.90~ 7.61~ 9.51~ 12.6~ 18.8~
Sc 340 7.96 05 737 55 13.7 9 19.7 051 18.4 6.1 13.4
70.4~ 63.6~ 235~ 1.05~ 63.1~ 121~
\Y% 166 21.8 170 25.7 82 1.13 207 59.9 150 19.2 o 323
143~ 145~ 7.77~ 0.60~ 6.46~ 10.1~
Co 249 2.76 257 1.98 118 1.64 129 8.52 263 5.18 " 422
_ 13.9~ 17.1~ 0.29~ 0.46~ 4.17~ 11.7~
Ni 57.7 13 54.1 877 7.01 247 50.3 144 535 123 70.5 16
328~ 317~ 1252~ 395~ 490~ 346~
Zn i 382 33 29.1 1461 81.2 16 64.4 87 87.4 51 435
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~
R 7.52 1.87 20.2 311 0.99 04 4.14 06 3.39 082 28.5 376
40.2~ 477~ 4.77~ 152~ 133~ 50.8~
Sr 65.8 8.48 135 153 6.96 0.99 22 39.2 102 21.6 135 19.1
0.01~ bdl~ 0.78~ 0.01~ 0.02~ 0.03~
Nb 055 0.16 110 0.21 1 4.17 110 0.23 0.98 0.23 0.88 0.21
6.91~ 6.83~ 64.0~ 8.28~ 17.9~ 8.71~
Sn 127 36.5 71 153 5 143 17 335 109 20.8 633 13.9
0.44~ 2.73~ 1.29~ 0.40~ 0.95~ 0.53~
La 703 1.55 077 1.44 o 0.23 07 1.85 058 221 105 2.56
0.87~ 486~ 2.61~ 0.57~ 1.83~ 0.94~
Ce 11.0 23 18.7 26 3.90 046 10.7 295 152 361 16.7 416
0.09~ 0.40~ 0.18~ 0.001~ 0.16~ 0.10~
Pr 104 0.24 L% 0.27 032 0.06 0.90 0.26 |40 0.32 153 0.34
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A A
#m Tur-D1 Tur-D2 Tur-N1 Tur-N2 Tur-V Tur-d

fill FleNi| T 1 Fiie| P WHE bR FleNil T Fieiel P 1 il s 1

JLHE (N=16) @2 (N=45) fw2% (N=8) W2z (N=50) {2 (N=29) (w2 (N=36) W%
0.18~ 0.99~ 0.36~ 0.11~ 0.70~ 0.15~

Nd 508 0.8 621 0.98 179 0.42 390 0.88 3.0 0.81 379 1.01
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Sm 053 0.13 130 0.25 039 0.13 1,00 0.21 0.95 0.21 061 0.16
0.04~ 0.05~ bdl~ bdl~ 0.01~ 0.08~

Eu 032 0.08 0.65 0.12 0.10 0.04 0.59 0.12 035 0.09 070 0.14
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

ad 0.35 01 1.17 02 0.27 01 0.48 0.12 0.54 0.12 0.29 0.08
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Tb 0.07 0.02 013 0.03 0.03 0.01 0.08 0.02 0.10 0.03 0.05 0.01
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Dy 021 0.07 059 0.12 o1 0.04 0.2 0.07 0.44 0.1 0.2 0.05
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Ho 0.10 0.03 013 0.02 0.05 0.02 0.04 0.01 0.09 0.02 031 0.01
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Er 039 0.1 047 0.08 0.03 0.01 017 0.03 0.10 0.02 013 0.03
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Tm 0.03 0.01 0.05 0.01 0.06 0.02 0.04 0.01 0.06 0.01 0.03 0.01
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Yb 030 0.1 0.44 0.09 091 0.08 029 0.06 041 0.1 018 0.05
bdl~ bdl~ bdl~ bdl~ bdl~ bdl~

Lu 0.07 0.02 0.10 0.02 0.01 0.03 0.01 0.09 0.02 0.03 001
bdl~ bdl~ 0.29~ bdl~ bdl~ bdl~

Ta 0.78 0-26 1.40 0-24 12.7 0.32 0.08 0.51 0-19 0.66 0.16
429~ 6.92~ 3.05~ 1.98~ 4.02~ 7.95~

133 242 352 554 5.79 26.6 542 21.8 4.23 56.4 781

e I\ RS PO A (Y+Z+T) 5 1580 BH 25 1 F03 1R BA 25 1~ (Henry et al., 2011) Bl s B A 4502, it OH+F=4FIB=31—1k
(Henry et al., 2011) 358 H1*B,0;. *Li,OM*H,0; NFERSHEAEG bdFRTTE S RIETRINR ; —Fm 2B T4 1 BRI Jo i 38

AR BB R O 22

Sn(6.83x10 °~452x10"°) & AR fL A K, ATk JLA B0
9%, i Mo, Cs., Cd. Sb, Hf, Bi, Th, U fl X # 4> REE
FRARMCONT 1x10°), F K TR R (E D
Tur-N1 FL S A i 0 R & I AN [R) 1 Al 2%
RIS A, BAT{R V., Sr, & Nb., Ta, Zn, Sn HJ4F 4, Tur-
d A A EA IR V. Pb, St &%, 1M Tur-D
S A Nb, Ta, Sn & X AR, ARZEHES A Sc &
HALE/NE 6) . 5 Tur-V A A AR, Tur-N2 B/,
£ Zn, Sn FEMEALIFH V. Sn & 82k K (A 6a.
Kl ed, € 6h) . Ak, F KB B AMES ERot
ZHAMNE (K 6) ., Tur-N2 #l Tur-V H40 Nb &85
Mg/(Mg+Fe){H i # & (] 6e), Tur-N2 L <, 41 Sn Al
Sc &g, Tur-V Hf Sc 1V & i 5 Mg/(Mg+Fe) i
TEAE (K 6a, &l 6b. & 6d), Tur-N2 Fl Tur-V B, A
o1 Sr, Pb Ll K i + 50 (REE) ¥ 5 Na/(Na+Ca) 7t 4

(A of, K 6g. K 61),

6.1 BSAKE

AR R, A R B S L e —, |
DL Fe/Mg (EF1 Y A7 2 AT = Al BB 500 R4, 1
p N A WS R A G o N i M S A UL SR WS A
FAE R Y, LUE Mg H Y K ALECTE ALY
FEAE, JF 1) T 2R -8 M <0 i B HE <A 9 76 (Lon-
don et al., 1996) . b A & H13Z YR Tur-D1 5 Tur-
D2 HL A 43 o LR RN FL A (] 4a), BRI
“HAREEAARNFRKE ., Tu-DI B A543, KA
AHE AL ZE (] 3b), RIIHAT R 5 1 4 0 9 [RHE 1,
It HH Mg/(Fe+Mg) {30 0.4(<<0.5), Y fii I fE7E
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FerAl. | (Mg, OH) (Al O). 0.25 0.5
1 (Na, Mg) (Xvac, A]l),1 o I“. (Na, Mg) (Xvac, Al)_,
220 < £ 020f . RY S 041 A
=1 = = A
° Ln = o (Xvac, Al,)_ \b
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a. Mg/(Fe+Mg) oo (X oetNa+K) 22 i (P Henry etal,2011); b.Ca-Fe-Mg = JC [EIff (JFE B Henry et al., 1985), 1 °M& Li /£ A K AR
A . Ui, 2 RET LifbRA B A . i, 3 0E Ca e . BRM A RESEEREE, 4 W CaBles . BRwbs
MASR-BS AR, S BRI xﬂﬁ%ﬁ@’i‘ﬁ; c. Mg-Fe Flfft; d. Al-Fe Bt ; e.Mg-Ca Elfft; f. Na-Xvac &5 4 & i
E4 EEEPBESAER

Fig. 4 Plots of tourmaline from the Piaochi pluton

K Al(0.09~0.70 apfu), 5 4 K H < A R ik — 3
(London et al., 1996; = 7k 4%, 2025) . A b, Tur-D1
T RELS S T AL BUG A, e KBS A, Tur-D2 1S,
i Mg & (F de), YR FEAR RS AL THH 5%
Ca 78 5T Jfe 45 A2 B ith i vh B B %) v, <A B AR ALY
Ca, Mg il Fe 41 h (& 4b), AS[A] T4 3 B S R A .
PRI, Tur-D2 AT BE & 7E M I A4 T 235 i ) R H
Ao BEAN, 7 Tur-D1 B S A 8% Tur-D2 HLS A 3818
MBI E5 K T, AR T B S 2 AN HL (18] 3a),
878 Tur-D1 L ATE R Z 58 s B ARG M .

A1 BE—H S A A A AE T AR R A R, 6T
HH EZA LT 3FARRNE, O K E Bk
TE 6 W0 5 38 O O BR A B AR BOPE B B
(Rozendaal et al., 1995); @ M 1] M 34748 5 0t A 3%
OB B AN IR & OKE B G IR B AR 4 B R
(Drivenes et al., 2015); @7 3% # AL B A R AE () & B 1k
el S A 122 45 f i (Perugini et al., 2007) . it
A ER A Tur-N LA R A R F A 5 SHE A
R Z AN 3e), I HAFAEH B ABENRKA
(18 3d), & Tur-N A TESS P 45 s . It 4h,

HAR Tur-N A Y AR RS AL AETAKBES

A FRE, B EITE Ca-Fe-Mg = JC Kl fig th R B 5 7% Li
BB A B VT B R ek (18] 4b) o R, 7 9 —rL S A 45
Kl BEI AR A4S T8 BRI, W28 M T 16 5 A
45 i M A3 B TRV BK R B B, e SR T VE
I BN BRI I R Y A A

H R Tur-N1 Fl Tur-N2 AR E TAR-HES
GG, B Tur-N1 HL S A (854238 5 ISL 50 A 76
P, RAERR S8 R T R L] R S A, 3R
L BEAR R A2 SN TR ARSE 0 o I 7E % Tur-N2 HL <A
AIZEAZA, T UL H S A0 k-5 o3 = AR 2 (18] 2d),
e R HIE T — IO . AT A KBS A Tur-
D1, JE BT M NI & K & B #UR Y Tur-N1 LS
Mg & A BT T (K de), 5 R ZHEK I TR Mg
B BRI 7 ) AL A — B (Ji et al., 2023), 1] Tur-
N2 5 A Mg & & T+ 5 (K 4e), BLA MBS A [0
B Sk U (A 4a) . Tur-N2 HL S A 7R
Ca-Fe-Mg — Tt &l fift h 75 A\ 5 30 AE I 7 A0 23 45 48 Joit
Ve A2 b A OC Y L (] 4b) o BRI, Tur-N2
LA AT BE R B AU HUE 37K s B A AR Y
FrgkiEfb, bl e ok A FHA s Mg iR mA .

Tur-V B A 5 Tur-N2 8 A AL B4 FRAE, DL
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Fig. 5 Compositional zonation profile of Tur-N2 and Tur-V tourmaline from the Piaochi pluton

B S AN EA 4a), HFE Ca-Fe-Mg = JG K ft 7%
A5 AL R AR TR A | AR TR AH A X
N ([ 4b), B Tur-V HLASCA AR T HAL R <A
HA 8 Mn 2 #(0.01~0.03 apfu) . K& &3
Wk, & B A MnO 7 29 N2 T2 Mn/Fe HIY
Fhm (Yu et al,, 2024; TR 5, 2025) o 55t 7 14 A
Tur-N1., Tur-N2 | Tur-V B3 /1 Mn/Fe HAE % i 36 K
(43 %1 4 0.0059. 0.009 1 F1 0.0143) 7] F Jz b T H:
MnO & & Z#i T . Ik, BASA A kT iE g
BT Tur-N2 A UG &K & B A K ik i) ik —
A ay B R AL, oAl g 4ok A T LS 1Y E Mg Ui
A .

B B LA AR R RS L R AT fiR S AR i s R
CL25 fh 0 2R = B R AR O TP L S G A Ol B
T, 2019) B AR ER B A AR TP Tur-d LS
AW R R, SR A XREVIR T IRG A
e (&L 3h), 763853 FL A 9 340350 B 24 B Ak v] WL R ke
(1 31), 45 f ] b e T35 5 ), 3R Wt AR [ 45 )5
AIREMATEE B A S AR . A, & B kS
AR P R 2 B R SR B AR R BRI 43 TR
B S AR R JRORT kA 2, AR G AT IR B D R s B
Fr B, -0 F SR 5 SRR 1 R R A S (Bosi

et al, 2019) . [, V5t A R 31 3 e AR Ak T i
J KRB 537 1 Tur-d ] BE 2 J5 BRI 3 AR B R L A
62 BSAMNEFER-ARIEMNIET

LA T TE 3R & i RS 0 SR 2 AR R AR B
TV LA RRAE, I FH R S AR, 5 25 e/t A% 110 Y A o A
(van Hinsberg, 2011b) . Tur-D1 5 Tur-N1 F1 5 Z [6]
(18 8 725 B 015 F2 e 38t A V4 D e B S — I TR 11Y
WAL R, TR & AR AR 32 AN R AR S ) (5] 7a.
Kl 7b), EEZE T oo R RGP AN 1T
B T Y. MxE SRR, VE
Bl F K48 7 A A B B L1 (Yang et al., 2015), 7€
FRA A P O SRR R A R R A
W4 R, T A A R VS i [ K (van Hinsberg,
2011b) . PR, AT B A BB A A VS =,
T iE A K- Y B, VL Ti S50 % & i ¥
8 REAR, PR LS A VO E i 3 R I (Duchoslav
etal, 2017) . Eih 7 & Tur-N1 B A V& i (2.35%
10 °~5.82x10 )3 {% T Tur-D1 HL S 7 (V {2 70.4x
10 °~166x10"° & 6a), & W] Tur-D1 HL S A1 45 & 7 T
Tur-N1 B (] 7a, B 7b) o BEAF, Tur-N1 BLS A E
F R Zn 75 (] 6h), 1 AR X T ik R Eh 45K, Zn B 5
HEA S K WK (Zhao et al., 2021), I IE T 1301
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TRE SKE B AR Tur-N1 S AR R T
I BRI A B IR A B (T Tb)
Tur-N2 #H# F Tur-N1 HL S A A B 8 3045 45 4
(& 3f, &l 5a), INAZHS 23138 Al Mg, Na, Ti, Ca &%
i B AR Ak (18] 5b) o Na PR 21 34 36 1) & 4 1] 5B )
W T SRR i — 2T A (18] 5b), RIVAR X T~ 247
JEAA, Na 1 5 i A K K (Badanina et al., 2004) .
Liu et al.(2023) I\ R 45 & T4 K A HLIA LS )
P B S A 23 B & BRPT A AR, 1 B <A Mg,
Ca 7 1 RE A% R 48 78 A6 11 5 b 0 o R 32 o s 1) 2
(Bai et al., 2023) ., A, Tur-N2 5 A Ca, Mg & &
FEMS R 2 4R T 5 (] Sb) AT RE S e T A (DT RS
P in A, i Tur-N2 RS A R THMERAES 5T
F KPR FRATES (] Te) o FEF4T Tur-N2 HL/< 6
Wk B A Fe ik Ca, Mg 1934138 (1 5¢. K 5d), B
250

A A R S A RRE, IR B S A R A R R
F B (E 3e), F W] Tur-N2 B A4 TE LS T A7 78 4
HABOF H g AR . P, Bt A R T RE AR AE 3 RN IR
Vs f KR B AR 4 B, T Tur-N2 B A 338 09 5
Fe & [ BERS /R T Tur-V B AT UHES = A H
P53 B0 R (B 7d) o

T 5 A L S — A S R B B AR AR, I AE T4
Jik H S T IR 3 R (18] 3. B/ Se) o SE TV
A A TR IR, FEALIF 3 AR, Of
T Ak BT g R BEAE ) & AR AR Bk & 2k
R SRR AR L @ fb AR A K R 1 AR b QTR
A1 1 AH ELAE B A0 38 I A4 Y 7 A (Bosi et al., 2018) o
PR T BRI, S 2 ) B LS A s T A, R
AR T RE R I 3 ST 4R 5 21 (Bosi et al., 2018) .
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Fig. 6 Plots of element pair for the tourmaline from the Piaochi pluton
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JIFA Tur-V HLAS A A 21 300 5 10 B o0 728 £k 35 5 31
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Fig. 7 Genetic model of tourmaline in the Piaochi pluton
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Fig. 8 Plots of (a) Li vs. Zn and (b) Li vs. V of tourmaline from the Piaochi pluton

R MW &)@ oc R, JEmsgm lin . B
wR TR AR A ZE AR H K 2808 Tur-N2 Al
Tur-V B A, 107 Tur-N1 S A 7R AR5
PR A, 3% B FLZ5 & T Ak ) T80 B BEAE B A 5 KA
AR A AR P B R RN, 1 Tur-N2 Fl Tur-V B
AN R AS R RR B 1l A7 B LA AR 2 m . DRt
1A 55 BBl A A0 AR B AE R 0T BB BELAS: 1 I8 th A A A 2
W B Nb-Ta i 4k o [ U A4 i A8 A 1 ) B
Ry R RHE AL T E, A AR B R ST R AR )
FElA T DL R S S 0 ) 45 o A a2, i
— LR T Nb-Ta S0 WIS L, BEAT T AR K-
PO R gk el s 4, NIEm T A & @1k .

7 g5

(D) AE = AR & BB GRS A (Tur-D) |
A G5 (Tur-N) | B 1 JE K (Tur-V) Al
WA RBE A A A S A (Tur-d) 4 8BS 6 . RIEE
AT, Tur-D 1 Tur-N HLS0A AT #F— 2040 434 Tur-
D1. Tur-D2 #1 Tur-N1. Tur-N2,

(2) Tur-D1 253 B A, 45 T A8 R R A,
1M Tur-D2 2 40 &8 WA AFE T 245 @ i i i <A
Tur-N1, Tur-N2 Fl Tur-V BS A T BT A 2K 45 i 15 1Y)
BB EANRE S /KE B IR, H Tur-N2 1 Tur-V H
A2 B[R B B B LA & Mg AR 52 M . Tur-d
R AR B S PRSI A

(3) A IR TE PRI B B ¥4 AF 7 10 55 87 1Y Nb-Ta & 4
AR, B T RGA IR A PR A B R B A AH ELAR
FH, BHES T Nb Fil Ta i — 22 B LG . H L, 48X i

Fe VRT3 AL 200 o IR IR B BERE 5 T8 A AT 2 R A
PRATS 52 42 T Wt A 9 48 A 3 DR 285 B 5 FLE B A L
PERT.

Bift: RKERFEEAREFTF N, FIEAFA
ES R AR A SR B EAEFRAET H Y,
72 3t — H R ift !

F) 25 % 22 5 BH (Conflict of Interests):

AT M P AN AE R i v 2

All authors disclose no relevant conflict of interests.

S Z 3wk (References) :

PRVE AT, LR, 5K 75 8. 2206 48 5 5 it 2R AR R AR B 1
F M. db st 15 iR AL, 1993: 8-70.

BT, SRR, IS, S5 o BEAE R A T I A R 1Y
B W5 X L S B b A B )R s ] P R sk
R, 2019, 49(11): 1772-1787.

CHENG Lining, ZHANG Chao, YANG Xiaosong, et al. Experiment-
al investigation of reactions between two-mica granite and
boron-rich fluids: Implications for the formation of tourmaline
granite[J]. Science China Earth Sciences, 2019, 49(11):
1772-1787.

RUKRI, B8, EAFAS, 4. ZRZ I TR S s T L A kAl
FRRAE R R 8 R B TN A A2 i, 2022, 38(2):
428—-451.

FENG Yonggang, LIANG Ting, WANG Mengxi, et al. Geochem-
istry of tourmaline from graniticpegmatites in East Qinling and

its implications for mineralization[J]. Acta Petrologica Sinica,


https://doi.org/10.18654/1000-0569/2022.02.08
https://doi.org/10.18654/1000-0569/2022.02.08

268 o4t o# R

NORTHWESTERN GEOLOGY

2026 4

2022 38(2): 428—444.

WK, AL, AT, S5 ZRIS T B T ML A R IR g (0],
Vb HL R, 2026, 59(1): 23-43.

GAO Yongbao, LI Hang, YANG Ke, et al. Gold Metallogenic Regu-
larity and Resource Potential in the Qinling Metallogenic
Belt[J]. Northwestern Geology, 2026, 59(1): 23—43.

TR K, ROV, 2SO, A BT AR 509 JE PR VS SR A )
5 M 40Ar-39Ar [f] i 3 AF Q22 15 AiF [J]. 74 b 3 i, 2025,
58(4):207-222.

GAO Yongbao, WU Huanhuan, LI Wenyuan, et al. Tourmaline Min-
eralogy, 40Ar-39Ar Dating and Implications for the 509
Daobanxi Lithium Deposit in Xinjiang Province[J]. Northwest-
ern Geology, 2025, 58(4): 207-222.

B MR, FRHESR, AR, S TR ZE 0 A - SR AL AT A B 7
(%) 0" PR AR AE B R PR (] VB HB R, 2020, 53(3):
140-152.

GE Zhanlin, ZHENG Yanrong, HAO Di, et al. On the Geological
Characteristics and Genesis of Yangwuchang Tungsten (Gold)
Deposit in the Yangxie-Fengbeihe Metallogenetic Belt, East
Qinling[J]. Northwestern Geology, 2020, 53(3): 140—152.

IR, PNBEHE, XV R, 45, kT LA-ICP-MS JEL07 it ST R 43
Mroi e L], BB E AR, 2021, 40(2): 167-175.

LUAN Yan, SUN Xiaohui, LIU Minwu, et al. Analysis method for in-
situ trace element determination of magnetite by LA-ICP-
MS[J]. Bulletin of Geological Science and Technology, 2021,
40(2): 167-175.

LDURE, A, B 2his, 5. AR Z IS K REBKITR 45 7 Mo—REE ™
PR T A1 Ml 3R A 2 AR R85 U—Th—Pb 4F i B H 2
SCO. P, 2023, 56(1): 48-62.

WANG Hanhui, TANG Li, YANG Bochang, et al. Geochemical
Characteristics of Calcite and Bastnisite U-Th-Pb Age of the
Huangshui’an Carbonatite—hosted Mo—REE Deposit, Eastern
Qinling[J]. Northwestern Geology, 2023, 56(1): 48—62.

LA, BT, KUK, 4. KRB i & A UE K A 5 TR
B AE A A 8D 6 &R (D0, 97 R s R, 2022, 41(6):
1124-1151.

WANG Mengxi, GUO Tenglong, FENG Yonggang, et al. Genetic
link of Paleozoic granites and mineralized granitic pegmatites in
East Qinling tectonic belt[J]. Mineral Deposits, 2022, 41(6):
1124-1151.

FA P, Tk, Yot Ar, S5 T8 B 509 38 P PG A A 4
JE AT R AT A0 R B A SR A T ST W b s B
2025, 58(4): 223-233.

WANG Libo, WANG Wei, YAO Zongquan, et al. Characteristics of
Garnet in the 509 Daobaxi Lithium Beryllium Rare Metal De-
posits in Hotan County, Xinjiang and Indicative Significance of

Magmatic Evolution[J]. Northwestern Geology, 2025, 58(4):

223-233.

JRRR, Z i, RIAE, % BN S E R AR R
WK (7], M= R 2%, 2023, 30(5): 26-39.

ZHOU Qifeng, QIN Kezhang, ZHU Liqun, et al. Overview of mag-
matic differentiation and anatexis: Insights intopegmatite genes-
is[J]. Earth Science Frontiers, 2023, 30(5): 26—39.

Badanina E, Veksler I, Thomas R, et al. Magmatic evolution of Li-F,
rare-metal granites: a case study of melt inclusions in the
Khangilay complex, Eastern Transbaikalia (Russia)[J]. Chem-
ical Geology, 2004, 210: 113—133.

Bai Y, Shen P, Cao C, et al. In-situ elemental and boron isotopic vari-
ations of tourmaline from the Koktokay pegmatitic rare-metal
deposit, China: Insights into external contamination and the
source of the granitic pegmatite[J]. Ore Geology Review, 2023,
162, 105683.

Bosi F, Naitza S, Skogby H, et al. Late magmatic controls on the ori-
gin of schorlitic and foititic tourmalines from late- Variscan per-
aluminous granites of the Arbus pluton (SW Sardinia, Italy).
Crystal- chemical study and petrological constraints[J]. Lithos,
2018, 308-309, 395-411.

Bosi F, Naitza S, Secchi F, et al. Petrogenetic controls on the origin
of tourmalinite veins from Mandrolisai igneous massif (Central
Sardinia, Italy): Insights from tourmaline crystal chemistry [J].
Lithos, 2019, 342-343: 333-344.

Dong Y P, Zhang G W, Neubauer F, et al. Tectonic evolution of the
Qinling orogen, China: review and synthesis[J]. Journal of Asi-
an Earth Sciences, 2011, 41: 213-237.

Dong Y P, Zhou M F, Zhang G W, et al. The Grenvillian
Songshugou ophiolite in the Qinling Mountains, Central China:
implications for the tectonic evolution of the Qinling orogenic
belt[J]. Journal of Asian Earth Sciences, 2008, 32: 325-335.

Drivenes K, Larsen R B, Miiller A, et al. Late-magmatic immiscibil-
ity during batholith formation: assessment of B isotopes and
trace elements in tourmaline from the Land's End granite, SW
England[J]. Contributions to Mineralogy and Petrology, 2015,
169: 1-27.

Duchoslav M, Marks M A W, Drost K, et al. Changes in tourmaline
composition during magmatic and hydrothermal processes lead-
ing to tin-ore deposition: the Cornubian Batholith, SW
England[J]. Ore Geology Review, 2017, 83: 215-234.

Harlaux M, Kouzmanov K, Gialli S, et al. Tourmaline as a tracer of
late-magmatic to hydrothermal fluid evolution: the world-class
San Rafael tin(-copper) deposit, Peru[J]. Economic Geology,
2020, 115: 1665—1697.

Henry D J, Guidotti C V. Tourmaline as a petrogenetic indicator min-


https://doi.org/10.12401/j.nwg.2025149
https://doi.org/10.12401/j.nwg.2025149
https://doi.org/10.12401/j.nwg.2025026
https://doi.org/10.12401/j.nwg.2025026
https://doi.org/10.12401/j.nwg.2025026
https://doi.org/10.19509/j.cnki.dzkq.2021.0215
https://doi.org/10.19509/j.cnki.dzkq.2021.0215
https://doi.org/10.12401/j.nwg.2022012
https://doi.org/10.12401/j.nwg.2022012
https://doi.org/10.12401/j.nwg.2025016
https://doi.org/10.12401/j.nwg.2025016
https://doi.org/10.13745/j.esf.sf.2023.5.8
https://doi.org/10.13745/j.esf.sf.2023.5.8

/\‘/~4/ﬂ;ﬁ

S AN IR BRI TR A AR AL B A AR P T R B LA TE AR R X A A R R B R R 269

eral: an example from the staurolite-grade metapelites of NW
Maine[J]. American Mineralogist, 1985, 70: 1-15.

Henry D J, Nov "ak M, Hawthorne F C, et al. Nomenclature of the
tourmaline-supergroup minerals[J]. American Mineralogist,
2011, 96: 895-913.

JiM, Gao X Y, Chen Y X, et al. Boron isotope behavior during meta-
morphic dehydration and partial melting of continental crust:
Constraints from tourmaline in metapelites and leucocratic
dikes, Himalayan orogen[J]. Geochimica et Cosmochimica
Acta, 2023, 362: 1-21.

Liu Y, Hu Z, Gao S, et al. In situ analysis of major and trace ele-
ments of anhydrous minerals by LA-ICP-MS without applying
an internal standard [J]. Chemical Geology, 2008, 257: 34—43.

Liu T, Jiang S Y, Su H M, et al. Tourmaline as a tracer of magmatic-
hydrothermal evolution and potential Nb-Ta-(W-Sn) mineraliza-
tion from the Lingshan granite batholiths, Jiangxi province,
southeast Chinal[J]. Lithos, 2023, 438-439, 107016.

London D, Morgan G B, Wolf M B. Boron in granitic rocks and their
contact aureoles[J]. Reviews in Mineralogy, 1996, 33:
299-330.

Perugini D, Poli G. Tourmaline nodules from Capo Bianco aplite (El-
ba Island, Italy): an example of diffusion limited aggregation
growth in a magmatic system[J]. Contributions to Mineralogy
and Petrology, 2007, 153: 493—508.

Qin Z W, Wu'Y B, Wang H, et al. Geochronology, geochemistry, and
isotope compositions of Piaochi S-type granitic intrusion in the
Qinling orogen, central China: petrogenesis and tectonic signi-
ficance[J]. Lithos, 2014, 202-203, 347-362.

Qiu K F, Yu H C, Hetherington C, et al. Tourmaline composition and
boron isotope signature as a tracer of magmatic hydrothermal
processes[J]. American Mineralogist, 2021, 106: 1033—1044.

Rozendaal A, Bruwer L. Tourmaline nodules: indicators of hydro-
thermal alteration and Sn-Zn-(W) mineralization in the Cape
Granite Suite, South AfricalJ]. Journal of African Earth Sci-
ences, 1995,(1): 141-155.

van Hinsberg V J. Preliminary experimental data on trace element

partitioning between tourmaline and silicate melt[J]. Canadian
Mineralogist, 2011b, 49: 153—163.

van Hinsberg V J, Henry D J, Marschall H R. Tourmaline: an ideal
indicator of its host environment[J]. Canadian Mineralogist,
2011a, 49: 1-16.

Wu Y B, Zheng Y F. Tectonic evolution of a composite collision oro-
gen: an over view on the Qinling—Tongbai—-Hong'an—Dabie—
Sulu orogenic belt in central China[J]. Gondwana Research,
2013, 23: 1402—1428.

Xie L, Tao X Y, Wang R C, et al. Highly fractionated leucogranites
in the eastern Himalayan Cuonadong dome and related magmat-
ic Be-Nb-Ta and hydrothermal Be~-W—-Sn mineralization[J].
Lithos, 2020, 354-355, 105286.

Yang S Y, Jiang S Y, Zhao K D, et al. Tourmaline as a recorder of
magmatic-hydro-thermal evolution: an in situ major and trace
element analysis of tourmaline from the Qitianling batholith,
South China[J]. Contributions to Mineralogy and Petrology,
2015, 170: 1-21.

Yu D, Yan H, Wang S, et al. Chemical and boron isotopic composi-
tions of tourmaline from the pegmatite in Ke'eryin rare metal
orefield, Eastern Tibet: Implications for pegmatitic
evolution[J]. Journal of Geochemical Exploration, 2024, 262:
107475.

Zhao H D, Zhao K D, Palmer M R, et al. In-situ elemental and boron
isotopic variations of tourmaline from the Sanfang granite,
South China: insights into magmatic-hydrothermal evolution
[J]. Chemical Geology, 2019, 504: 190—204.

Zhao Z, Yang X Y, Liu Q Y, et al. In-situ boron isotopic and geo-
chemical compositions of tourmaline from the Shangbao Nb-Ta
bearing monzogranite, Nanling Range: Implication for magmat-
ic-hydrothermal evolution of Nb and TalJ]. Lithos, 2021,
386-387, 106010.

Zhou Q F, Qin K Z, Tang D M. Mineralogy of columbite-group min-
erals from the rare-element pegmatite dykes in the East-Qinling
orogen, central China: Implications for formation times and ore

genesis[J]. Journal of Asian Earth Sciences, 2021, 218: 104879.



	1 地质背景
	2 漂池岩体地质特征
	3 电气石样品特征
	3.1 浸染状电气石（Tur-D）
	3.2 石英–电气石结核中电气石（Tur-N）
	3.3 电气石–石英脉中电气石（Tur-V）
	3.4 沿片麻理定向分布的电气石（Tur-d）

	4 分析方法
	5 分析结果
	5.1 主量元素
	5.2 微量元素

	6 讨论
	6.1 电气石成因
	6.2 电气石对岩体岩浆–热液过程的指示
	6.3 电气石成因对稀有金属成矿的指示意义

	7 结论
	参考文献

