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Abstract: The Motianling pluton is one of the oldest uranium-related granites in southern China. However,
the characteristics and properties of its post-magmatic fluid have not yet been sufficiently studied, which
limits the in-depth understanding of its mineralization mechanism. Tourmaline can provide important clues

for investigating magma-hydrothermal processes. In this study, systematic research was conducted on
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tourmaline from the Motianling rock mass using electron probe microanalysis, in-situ laser ablation analysis,
and principal component analysis. The results show that the tourmaline in the Motianling rock mass can be
classified into three types: disseminated tourmaline (Tur-1) formed during the late magmatic stage, quartz-
tourmaline aggregates (Tur-2) formed during the magmatic-hydrothermal transition stage, and tourmaline-
quartz veins (Tur-3) formed during the hydrothermal stage. These tourmalines exhibit distinct clustering
features in major elements, with the vast majority being schorl. The study indicates that from Tur-1 to Tur-3,
the formation environment of tourmaline transitions from magmatic to hydrothermal, with Tur-2 potentially
recording this evolution process. The further increase in elements such as V and Co also suggests continuous
fractional crystallization of the magma. The different types of tourmaline reflect the intensification of fluid
activity and stage transition within the magmatic system. Meanwhile, the magmatic-hydrothermal fluid
activity in the Motianling area plays a significant role in forming local uranium deposits (e.g., Xincun and
Daliang uranium deposits) and tin deposits (e.g., Jiufeng tin deposit). The presence of volatile components not
only enhances the magma's ability to enrich uranium but also further increases the uranium content in the
main granitic body of Motianling, providing a substantial material basis for the formation of uraninite with the
rock mass. When the Motianling granitic magma evolved to its late stage, it exsolved fluids rich in F and B,
which provide both the heat source and Sn-F-B-enriched fluids essential for tin mineralization, thus offering
sufficient ore-forming materials for the formation of the deposit.

Key words: tourmaline; element replacement; Principal Component Analysis (PCA); magma-hydrothermal

evolution; Motianling
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Fig. 1 Simplified geological map

of Motianling area in Northern Guangxi
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Fig. 2 Hand specimen photos of granite in Motianling area and representative micrographs of tourmaline with different occurrences
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E NIt NG a o= ) =t DAY il eV Ui I i, Si0, & 1 N 34.44~35.50 wt.%, ALO; & & N
MK b BB S A (Tur-1) B FEXTESEE 32.41~33.91 wt.%, FeO' &M 13.57~14.31 wt.%,

F1 EXRRBZSEREFRSABRTFRHSTHEREFIHTELER (wt. %)

Table 1 Microprobe data and ion calculation(wt. %) of tourmaline from the Motianling biotite granite

I Tur-1(n=12) Tur-2(n=12) Tur-3(n=12)
- BRAE e/ MA FHIH BRME f/MA A BRMH 5ZNE FHIE
Sio, 35.50 34.44 35.12 35.06 34.40 34.76 36.42 35.86 36.10
TiO, 0.42 0.11 0.18 1.00 0.28 0.67 0.50 0.18 0.38
AlLO, 3391 3241 33.46 31.38 29.86 30.48 33.71 32.14 32.79
Cr,0; 0.04 0.00 0.01 0.05 0.00 0.01 0.04 0.00 0.01
FeO' 14.31 13.57 13.96 14.57 13.51 14.11 13.20 12.31 12.79
MgO 2.09 1.19 1.40 1.63 1.29 1.46 3.12 1.95 2.53
CaO 0.44 0.03 0.10 0.10 0.05 0.08 0.42 0.04 0.14
MnO 0.20 0.11 0.17 0.18 0.10 0.14 0.13 0.07 0.09
Na,O 1.81 1.46 1.63 1.95 1.64 1.81 1.86 1.59 1.72
K,0 0.04 0.02 0.03 0.04 0.02 0.03 0.04 0.01 0.02
F 0.09 0.00 0.01 0.05 0.00 0.01 0.09 0.00 0.01
Cl 0.01 0.00 0.00 0.02 0.00 0.01 0.01 0.00 0.01
H,O* 3.61 3.51 3.58 3.50 3.44 3.47 3.66 3.58 3.63
B,0O;* 10.47 10.30 10.39 10.13 10.00 10.07 10.60 10.48 10.53
O=F 0.04 0.00 0.00 0.02 0.00 0.00 0.04 0.00 0.00
Total* 100.74 99.73 100.22 98.09 96.61 97.27 101.56 100.42 100.92
531418 F(0, OH, FYIt &
T-Site
Si 5.90 5.81 5.87 6.03 5.96 6.00 5.98 5.92 5.96
Al 0.19 0.10 0.13 0.04 0.00 0.01 0.08 0.02 0.04
B 3 3 3 3.00 3.00 3.00 3.00 3.00 3.00
Y-Site
Al 0.56 0.26 0.47 0.37 0.08 0.20 0.47 0.24 0.34
Ti 0.05 0.01 0.02 0.13 0.04 0.09 0.06 0.02 0.05
Cr 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Fe** 0.24 0.22 0.23 0.25 0.23 0.24 0.22 0.20 0.21
Mg 0.53 0.30 0.35 0.42 0.33 0.37 0.76 0.48 0.62
Mn 0.03 0.02 0.02 0.03 0.01 0.02 0.02 0.01 0.01
Fe*' 1.76 1.67 1.72 1.86 1.71 1.79 1.61 1.50 1.55
Li* 0.22 0.17 0.19 0.35 0.23 0.28 0.24 0.18 0.21
Z-Site
Al 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
X-Site
Ca 0.08 0.01 0.02 0.02 0.01 0.02 0.07 0.01 0.02
Na 0.59 0.47 0.53 0.66 0.55 0.60 0.60 0.51 0.55
K 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00
Xo 0.51 0.32 0.45 0.43 0.32 0.37 0.48 0.36 0.42
V+W-Site
OH 4.00 3.95 3.99 4.00 3.97 3.99 4.00 3.95 3.99
F 0.05 0.00 0.00 0.03 0.00 0.00 0.05 0.00 0.01
Cl 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Na/(Na+Ca) 0.99 0.88 0.97 0.98 0.97 0.98 0.99 0.88 0.96
Fe/(Fe+Mg) 0.85 0.77 0.83 0.84 0.81 0.83 0.76 0.66 0.71
Fe/Mg 5.80 3.33 5.04 5.24 4.34 4.81 3.24 1.97 2.53

T 45K LT 314N B T (0,0H,F). B,OsFIH, 084k 11k, B=3 apfu, OH+F=4 apfu; Li*=[15—(T-+Z+Y) & B & 713155
Total* & liEAE iR THE S5 FILAl 154k
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Fig. 3 Classification diagram of tourmaline in different occurrences in Motianling area

a. Ca-Xo-(Na+K) =JCKIf#; b.2 Li-YFe*'-YMg* = JuIEIfi#; c. Mg/(Mg+Fe)-Xo/(Xo+Na+K) 22K ## JIE I HE Henry et al.(2011); EHIRE %] 3
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1.68x107° ~ 110.53x10°°, 9.00x10°° ~ 72.52x10°,  Nb. Ta. Be. Li. V Fl Sr & &, P20 Zn 5. £
4.76x107°~188.18x107° F12.96x10°~162.06x107,  He-H S A % (Tur-2) 512 YR B S HA FH L)
w4 fis, RYWIRH S A (Tur-1) A RAY Co. St & &, (HETEH BEAKE M V. Co. Sc. Li, Be &%

K2 BERREBZBEREFRSBEMEBTRESNER (x10°)

Table 2 Summary of traceelements (x10°°) of tourmaline from the Motianling biotite granitic pluton

I Tur-1(n=9) Tur-2(n=10) Tur-3(n=10)

- IS YN[] /M FH1H IS PN[] FME FEMH BRMH e/ ME A1
Li 127.01 76.23 96.45 452.68 100.45 263.34 108.61 91.50 103.09
Be 4.23 1.68 3.09 110.53 4.42 43.47 10.99 4.07 7.13
\% 52.42 9.00 17.42 53.98 10.92 31.59 72.52 34.94 57.72
Sc 27.21 4.76 9.04 188.18 31.77 94.85 18.17 7.86 12.87
Co 7.27 0.11 1.59 8.22 1.37 4.32 15.98 8.44 13.43
Zn 343.27 282.78 307.92 1511.13 249.26 805.85 270.64 197.86 237.28
Ni 11.90 0.14 2.06 7.10 1.86 4.34 8.81 3.22 7.07
Cu 0.86 0.00 0.24 6.73 0.00 1.79 0.88 0.00 0.35
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4.1 BEALZER S BBRAF

A A T E 2R Mg i m B AT iz M2
Bl R BG, X S AR 2P TE X, Y Al
W {if & ( Buridnek and Novédk, 2007; Henry and
Dutrow, 2012) o M H S A K Mg-Fe — jt K
(4 62) AT AFE H, Mg 55 Fe 5 B i 3 i 11 AH
K, T Fe” I Mg™ fE Y 1 B (1 AH B &5
HL A A B B AR ) GBI 2R . AR L AL-Xo& i
(4 6b) Hh, A A B Xo5 Al S B FE A6 X
R, X R Y 7 E Al EZE T Xo, AI(Na,R* )
RARAILHI E A AT S 2548 . RIA, 765 Al-
& Fe FLEL Fe-Xo _JollffHh, ARIZEAIRYHL A )
R XoR Fe Z Rl B E AR (4 6c., 6d),
XA AL T Na,Fe*' (Xo,Al), BEARALHIHEA
Y i

PRI, E KA Ml X PR = REAE A T S A
() Ak 2 B oy A8 Ak 2 B DL B AR AL 4 D)
FeMg_ ,(YMg*'«"Fe’"); 2) Xo, Al(Na,R*)_ (YAI*'+
Xoe*R*+YR*"); 3)Na, Fe*'(Xo,Al)_,(YAP +Xo«
XR¥+YFe™), X S AL 2 [F) 3 BT A K
GaNiNEZ =2

6L b
4
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Q 2 1,0 % FeO
Q
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T

PC1 (57.8%)
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Fig. 5 Principal component analysis (PCA) of Major elements concentration in

tourmaline from the granite in Motianling area
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42 BEAMRTIERERRER-BREL

HL AT 7 T 5 RE A IR 5 H AR TPk
AW IR K A A A A R (Pesquera et al.,
20055 4k, 2016) o HH, H IO B A
A2 2 T B e .35, H: Fe, Mg, Min 4%
i AR SRR B A AL Y O P A
LA T2 R B A BUR R A 2
R KA R, A2 E & Cafl Mg;
LA A AE R A I, A 2 5 Na #il Fe 19 %
B, 54 (Henry and Guidotti, 1985; /7, 2000) .
Bl IR AL FRR AT, oS B AR T
&, el (g B #EH A A (van Hinsberg et al.,
20115 ¥ {HRAF, 2016),

TEFE RIS IE I, B A= FIE 0™
R YR T (Tur-1) | A 9&-AL A2 (Tur-2) A
HL A - e kY (Tur-3) (15 2) . A BFSEAE D,
IR LR A S B Y — 1 S, TR
orti LG, HOB A B Y Fe/Mg LA, [R] B 7E
Y i bR AL BHE 5 TR PR ) i A
oy B9 IR o e, JLRRAE O & & Mg HoAE

Y 7 | J6 Al 8 fi Al(London and Manning, 1995;
van Hinsberg et al., 2011; Ji#A 17, 2022) . A2
WML R, BE R W BB B ) A T R Uik =
AT BB A BSE ¥ EIME T I B
i (1] 36 30), HARS i A 1 —, B RS
Fe/Mg LR (3.84 ~ 6.84) FIH = 1Y Y 37 Al BHES +
B3Rk 0.55) o fEHLA A FEITR KR
(&l 4) v, Tur-1 32 224 v 7R UM R F A Xk
W, X R IR 5 R 22 H0a ISR H A A 2R
(Trumbull et al., 2013; KUK FI S, 2022; B K S,
2024) Ik, A5G A A AR AL 22 R AR, AT LA
FIWr Tur-1 45 L, ELHESS b T BE R IE AE <]
o S AR IR R AR A T

KT AP A S-S A2, HArE:
B 3 FIATH: 1) A SIS B 0 AR S A
2) A IR, B O AL i BT AR SR 1 SR A
YR 3) %5 H T Tl s 1, ARV o B/ AR 1) &5
EeVE RS (BB 4145, 20205 Harlaux et al., 2020) ., Bi#%
BiN, Tur-2 2 82 BB A f ik, 2RI K
A1 ZEETY), R R A R, S T T R
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A AR PR ZU R FAAE B o> BB R ) MgO
i W, T VA A I A AR T R [ 25 A A
Mg, FEURIAE Mg %% Fe(Rozendaal and Bruwer,
1995) o T LA FAFIE, AR SN N 28 =AU R
JEE R FE = BEAE 5 5 T A 08 - S A 3 1B O
HEid, BITEAE < Ba S n i A, B T AR
VR B R4

Tur-3 ABURPRE SR BIE A 3, 3R IR
JRIA A B ST R AR (S5, 2020) 0
Tur-1 Al Tur-2 A EL, Tur-3 78 Y {37 8009 Al 5258
K, 3X —HFAE 5 PRSP L S R AR AT . B
o A E R Ee AT, A AT Li & &
LB T R, T A A T B AR
MEMEIEICEK, W Fe 1l UAFET Y 1 Z fhks
fif & I (Henry et al.,, 2011; van Hinsberg et al.,
2011), SR [ Li=15-(T+ Z +Y) BHES 4 ]
A Li 1Y apfu fB B A BRA T E . 10 R
LA-ICP-MS 73 Mt ELEESR IR Li & & 17 ¥k B ]
FE RO, 2022) o PG, AR SCR HI LA-ICP-
MS AL X BT 3RA L A Li & i AR EE R
Ul DL S AL . Li & e BEE A IR Y
BT T a5 5 A o Sl AR R AR
WEARX A TR B R B G HAY & (R,
20205 H4R)TAF, 2023) o FEBERIGHIIX, LAY
A5 L B s 2 H: Tur-2 LG Tur-1 &
Li, TEAEG o Fat @, SLOV) i kAR
KA (Dy ™™ =3.09, van Hinsberg, 2011), F#£F
X —45t, Drivenes et al.(2015) 324, 7 DAL BB
S Vi IR AR I T R A B A
. 5 Tur-1 AL, HARHACA S, V St
Ramim (A 5), BT AMITE R A AL
Tt TG 2% B AT RE A2 4 Rl A B R R AR - 5 A A
HAEHBIEES], 40 Sc. V Al Co & RIS
A B PR R A B EE M (Hu D L etal.,
2020) 0 Tur-2 AMULELEH FAFE M G, HI
A2 o W AR R AR A, X R HIE it A v
KRR SRR T2, -l S of 3 N i
AR A T 2 i, SRR S AR B3 S, 1%
AR T AP B . M Tur-1 3| Tur-
3, LA AR I SR B B Wi e 78 R A

BB, X — 5522 o AR AT BB AR Tur-2 1% T2k, V.
Co 50 &R Mt — LIt R A K & 1
RS o S A . UL, BE RIS b X 4K i< 7 TR AN
A PR A A A2 LB T BB IE SR T AR A K
PORAR R A B . 28 Tk, BE RIS TR < 1)
1654 T L S A A A IR I R IR R
(Tur-1) . I PFLAT B Be 1) A 9L <A 2 (Tur-
2) FIHRIE B B 1) L S A - S ik (Tur-3) o 33X =
AN IR A IE 5 T AR R iR sl
BTG R, DL K DA H i B ) AT B B ) i Ak
U
4.3 X NH-BRET B R

JEE U b DX 7 HH PR A5 46 i) 5 AH DG Y & b L
ha IR HR RS IR . X 5 Al AR
TR, 302 AL 3 T PEVE . iy SO iR,
FERIWE EHAE R AT 2R E S SHEEAN A
KA A ERHASTIEAIRE it B rh i ¢
HEA L, BT R A 2R A 2R B RN [ AR R R
FELE T A A 25 AT a], [R]i  T 4 AR
HhAE A —Fh LRI A TR, FE B R AL 1
AR IR, S S B AR A A TR
N . R A AETEAGE R 1A R Y
BAERET], it — PP T TR RS AL A
B &L, RN ST R BRI T R
4 S5 BE Al 3 T A 8 A R AT A Sl PR 1A
R B AR 2 A0S Ml (Zhang L et al.,
2021; Yu Z et al., 2023),

BEAb, FEBE RIS b X k& A LB IR, 20
PR T JBE R A AR PO A DU Es BE N . B A U-
Pb [F] 3 28 2 4F 45 1 W s i 0 IR ) T 4F 1% 4
832+5.3 Ma(Li S S et al., 2020), HEERKIL I A
P8 B = BV G, SRILIE S IR IMIE 5
FER WAL R A A IR S BB AHOC . BT R
W, A6 13 B 25005 B0 B i S AIt T R RIS Sn-
F-B i W 44 ( Chen L et al., 2018; Xiang L et al.,
2018) o HAKI T, 2 JLIEB T IR TE Lt FE v,
JEE RV A 1) IO 7 I AP i Ak 22 I 0T B O ) '
F M B (A, P98 A DUERRE, A0 R AIE i
HET 78 R AR ) R PR (Wang X L et al., 2006,
G, 2017),
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(1) JBE R b X AR 1<) 5 T R E =Rl ] 26 4
HYHL AT A IR GRS A (Tur-1) | A%
PR B B A - S 38 (Tur-2) . PR B
B AT A7 BE KR (Tur-3), I X =Rl S A7 48
KREZHE T HRLR A A RS, HEZEHEAAHL
#14: 1) FeMg ,(Y"Mg?""Fe*"); 2)Xa, Al(Na,R*>)_,
(YAP+XooXR¥+YRY); 3)Na, Fe*'(Xo,Al) (YA +
XoeXR¥+YFe?'),

(2) M\ Tur-1 3] Tur-3, B KIG B A6 X A
HOAS R S B (8 L A R T 5 AR R T AR T 3
F14) 28 VT 348 5 L B DN I B B ) AR B B P e 2
FERIG FHAE AT ZEE & STHRASN S
WA, R A TEAIRES b R b s ¢
SR, EATTRE R RIS IR 0 5 RN [ AR 2 R
FELE IR A A, (R4 T 45 AR R, 75
RS W AETEA UG58 T 25 J X Bl i) ' R RE T,
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PR KO S I AR, A XN R BT A T B B
JE T Y

SE 3k

W e BUPHF B 5 45 S0 2 AT, 50 DR, TR 3 7. 2019 7T
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