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Mineralogical and thallium enrichment characteristics of the Nanhua
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Abstract: Thallium (TI), a strategically critical metal, holds significant application value in high-tech industries.
The Nanhua As-TI deposit in Yunnan Province represents one of the few independent thallium deposits worldwide,
with ore bodies occurring as stratiform layers within thin-bedded dolomite of the Upper Jurassic Series. This study
systematically investigates the deposit’s mineral assemblages, textural characteristics, thallium occurrence modes,

and enrichment mechanisms through comprehensive field surveys, petrographic observations, and analytical techni-
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ques including scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). The results dem-
onstrate that realgar and orpiment dominate the ore minerals, with hydrothermal mineralization divisible into two sta-
ges: Stage 1 comprises realgar-orpiment-pyrrhotite-pyrite-( thallium minerals-chalcopyrite-galena) assemblages,
while Stage II is characterized by realgar-orpiment-thallium mineral assemblages. Stage | realgar (Rlgl) appears
as orange-yellow fine veins, contrasting with Stage I realgar (Rlg2) exhibiting coarser orange-red veins. EPMA
analyses reveal thallium primarily exists in two forms: discrete mineral phases and isomorphism. Beyond discrete
thallium minerals, realgar, orpiment, pyrite, and pyrrhotite display anomalously high Tl concentrations, serving as
principal carrier minerals. Pyrrhotite contains the highest Tl content (0.47% ~1.89%, average 1.06%), showing
strong positive correlation with As and negative correlation with Fe, suggesting coupled substitution of Fe by As™ +
TI* +TI* 2 Fe** +Fe’.
mental correlations, indicating direct TI* substitution for Fe** via 2 T1*«>[J+Fe** ([ representing vacancy). Real-

gar contains slightly higher Tl (=<0.59%, average 0. 13%) than orpiment ( <0. 17%, average 0. 07%), both

Pyrite exhibits Tl concentrations of 0. 04% ~0. 18% (average 0. 10%) with similar ele-

likely incorporating Tl through isomorphism. Integrated studies suggest differential Tl enrichment correlates strongly
with Tl-rich ore-forming fluids under low sulfur fugacity and reduced low-temperature conditions, identifying pyrrho-
tite as a key prospecting indicator for Tl-rich resources.

Key words: thallium; occurrence; textural and structural feature; enrichment law; Nanhua As-Tl deposit
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Fig. 1 Regional geological map (a, modified from Wu Peng, 2009) and geological map of the Nanhua As-TIl deposit
(b, modified from Zhang Xingmao, 1998)
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Fig. 2 Field photos and hand specimen photos of the Nanhua As-TI deposit
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a—the ore-bearing strata of the Nanhua arsenic-thallium deposit ( Upper Jurassic Jiangbian Formation) mainly consist of thin-bedded dolomite and pur-
ple-red yellow, thin-bedded and medium-bedded argillaceous dolomite ; b—the arsenic-thallium veins cut through argillaceous dolomitic dolomite; ¢—
on the fracture surface of realgar ore, flaky red arsenate minerals and tabular gypsum can be seen; d—realgar and dolomite occur in parallel with the
bedding, and there is a clear cross-cutting relationship between the two generations of realgar, with red arsenate minerals visible in the rock fractures;
e—the colors of the two generations of realgar are slightly different, with Rlgl being orange-yellow and Rlg2 being orange-red ; f—RIg2 forms fine veins

that cut through the host dolomite and earlier coarse veins of Rlgl that occur parallel to the bedding

fH0.13%) ,Rlg2 H Tl &8 <0. 16% (¥I{H 0. 02%), 0.13%) ,Pb # i <0.16% ($#1H 0. 03%), Ca i
I Ak T Al s T DM As ol JEWIN, R TR, Sh & &&= {E R 0. 06%,
68.32% ~70.97% (¥J1H 70.33%) ,S &N 29.14% Mg & & <0.09% ( ¥J{H 0.03%) , Zn & & <0.04%
~30.26% ( ¥41H 29. 86%) ,0 & E <0.29% (#{8  (H{H0.01%) ,Fe & & <0.03% (4{H0.01%) ,
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a—RIg2 cuts through Rlgl, dolomite and iron dolomite (reflected light) ; b—Rlgl cuts through Rlg2 and Rlg3 (single polarized light) ; c—realgar
occurs in the bedding plane in the host dolomite, and pyrrhotite is distributed in granular form in dolomite (reflected light) ; d—long columnar orpi-
ment (reflected light) ; e—spherical orpiment ( reflected light) ; f—pyrite is dispersed in marcasite in the form of tiny particles (reflected light) ;
g—galena and chalcopyrite grains ( reflected light) ; h—arsenate minerals in fractures (single polarized light) ; i—gypsum in fractures (single

polarized light)

Mn &N 0. 02% ~0. 06% ( YJ{EH 0.04%) ., 1 B M e R p AR AR IR TP R A0, H
S W MR T & Eh, HAb o R & & KB fbrd ik 20 M T R &3 <0.17% (#41E
FEALL 0.07%, n=20), HAHMRHEE ( <0.13% ,3{H 0. 06%)
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Fig. 4 Backscattered electron image of minerals from the Nanhua As-T1 deposit
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a—quartz coexisting with Rlg2, with a small amount of calcium arsenate distributed near realgar, realgar grains are enclosed by barite, and small grains
of sphalerite are distributed in dolomite; b—in Rlgl, arsenopyrite-tluttite can be observed. fine veins of realgar of stage I cut through coarse veins of

realgar of stage | , as well as prismatic magnesio-tobermorite and gypsum; c—pyrrhotite can be seen, with tlutrite grains appearing near pyrrhotite

grains; d—fine veins of barite and potassium feldspar can be observed; e—massive calcite and calcite veins can be seen; f—realgar and orpiment

are diffusely distributed; g—tlutrite grows on the edge of pyrrhotite, and the residual structure of pyrite replaced by pyrrhotite can be seen; h—in

Rlgl, acicular arsenopyrite-tluttite-Pb can be observed; i—tlutrite coexisting with ferrostibite
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Table 1 Chemical composition of realgar from the Nanhua As-TI deposit

P 1M B, Tl As S 0 Pb Sh Mg Zn Fe Mn
NH-17-2-8 | 15 8% 0.30 69. 83 29. 84 0.09 0.03 - 0.07 0.02 0.02 0.06
NH-17-2-9 I (i E 0.13 70.63 29. 65 0.21 0.04 - 0.09 0.02 0.03 0.05
NH-17-2-10 I T 8% 0.03 70.91 29.94 0.15 0.02 0.01 0.07 - 0.01 0.01
NH-17-2-11 I T 0.13 70. 18 29. 81 0.16 0.03 - 0.09 0. 04 0.02 0.05
NH-17-2-12 I 15 8% 0.08 70.59 29.58 0.16 - - 0.06 0.02 0.01 0.04
NH-17-2-13 I (xS 0.01 68. 32 30. 02 0. 06 - - 0.07 0.01 - 0.05
NH-17-2-14 I T B 0.04 70.21 29. 14 0.20 - - 0.07 - 0.00 0.03
NH-17-2-15 | i - 70. 17 30. 00 0.20 - 0.02 0.07 - - 0.04
NH-17-2-16 I (e 0.00 70.03 30. 26 0.08 - - 0.07 - 0.01 0.05
NH24-17-2-R1 I [y 0.34 70.74 29.52 0.13 0.16 0.01 0.00 0.01 0.01 0.03
NH24-17-2-R2 I iy 0.31 70. 69 29.85 0.05 0. 06 0.02 0.01 - 0.02 0.03
NH24-17-2-R3 I 15 8% 0.59 69. 68 30.03 0.06 0.10 0.03 0.01 0.04 - 0.04
NH-17-2-1 Il [ AN - 70. 44 29.93 0.13 0.02 0.00 0.06 - N 0.04
NH-17-2-2 il AN 0. 06 70.43 29. 86 0.10 0.00 0. 06 0.07 0.01 X 0.03
NH-17-2-3N I AN 0.02 70. 64 29. 84 0.06 0.04 - 0.07 0.01 - 0.06
NH-17-2-4 I AN - 70.53 29. 84 0.16 0.04 0.02 0.07 0.01 - 0. 05
NH-17-2-5 I AN - 70. 16 29.94 0. 06 - - 0.08 0.04 0.01 0.06
NH-17-2-6 I iEan - 69. 41 30. 16 - 0.03 . 0.07 - - 0.05
NH-17-2-7 I AN 0.01 70.51 30.09 - 0.01 0.02 0.07 - 0.02 0. 06
NH24-17-2-R4 I AN 0.09 70. 60 30. 13 0.28 0.09 - - 0.02 0.01 0.04
NH24-17-2-R5 I AN - 70. 62 29.85 0.07 > - 0.00 - 0.01 0.03
NH24-17-2-R6 I AN - 70.97 29. 80 0.16 - - - - - 0.02
NH24-17-2-R7 1 LZEAN - 69.81  29.92 0.07 - - - 0.01 - 0. 04
NH24-17-2-R8 I AN - 70.51 30. 06 0.16 - - - 0.02 0.00 0.02
NH24-17-2-R9 I i EAN 0.16 70.82 30. 08 0.17 - 0.05 - - - 0.04
NH24-17-2-R10 1T [ EAN C 70.20 30.07 0.15 - - - 0.01 0. 00 0.03
NH24-16-R1 | AN - 70.19 30. 11 0.02 0.11 0.00 - - 0.01 0.03
NH24-16-R2 I ZEAN - 70. 69 29.62 0.03 - - 0.01 - 0.02 0.03
NH24-16-R3 I i Ean - 70. 92 29.94 0.11 - - 0.01 0.01 0.00 0.02
NH24-16-R4 I AN - 70. 48 29. 64 0.19 - 0.01 0. 00 0. 00 0.03 0.04
NH24-16-R5 I AN - 70.34 29.48 0.23 0.06 0.02 0.00 0.03 - 0.02
NH24-11-R1 I [ AN 0.09 69. 60 29.56 0.29 0.09 - 0.00 - 0.01 0.03
NH24-11-R2 I AN - 70. 66 29.80 0.19 - - - - 0.01 0.00
NH24-11-R3 I AN - 70.35 29. 68 0.23 - 0.01 - - 0.01 0.05
NH24-11-R4 I AN - 70.77 29. 86 0.15 - 0.02 0.00 0.02 - 0.02
NH24-11-R5 I et 0.04 70. 12 30.20 - - - - - - 0.05
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Fr KA F AR, =8 0. 01%,
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Table 2 Chemical composition of orpiment from the Nanhua As-TIl deposit
IS JEAR Tl As S 0 Ph Sh Mg Zn Fe Mn
NH24-32-1-1-1 FER 0.02 60. 99 39.24 0.06 - 0.01 - - - -
NH24-32-1-1-2 FEAR 0.09 61.27 38.83 0.26 - - - - 0.02 -
NH24-32-1-1-3 FER 0.01 61.56 39.21 0.22 - - - - 0.02 -
NH24-32-1-1-4  FBMk 0.13 61.63 39.00 0.15 0.03 - - - - -
NH24-32-1-1-5 FER 0.12 61.32 38.65 0.19 - 0.03 0.01 0.05 - -
NH24-32-1-1-6 FEAR 0.11 61.27 38.94 0.14 - - 0.01 - - -
NH24-32-1-1-7 FEAR - 61.04 38.91 0.33 - - 0.01 - 0.04 -
NH24-32-1-1-8 FER 0.02 61.52 38.81 0.26 - 0.01 - 0.01 0.01 -
NH24-32-1-1-9 FER 0.11 61. 60 38.93 0.14 - 0.01 - - 0.01 -
NH24-32-1-10 FEAR 0.04 60. 80 39.11 0.17 - - 0.01 0.03 - -
NH24-32-2-1-1 BRI 0.06 61.01 38. 62 0.52 0.01 0.02 - - 0.01 -
NH24-32-2-1-2  3RIK 0.03 60. 81 38.56 0.71 - - - - - -
NH24-32-2-1-3 BROR 0.12 59.92 38.43 0.41 - - 0.00 - 0.01 -
NH24-32-2-1-4 BRI 0.08 59. 63 38.62 0.76 0.09 - 0.00 - 0.01 -
NH24-32-2-1-5 BRR 0.05 61.21 38.62 0.51 0.03 - - 0.02 0.01 -
NH24-32-2-1-6  3RIK 0.10 60. 39 38.47 0.40 - - 0.01 0.01 - -
NH24-32-2-1-7 BROR 0.03 60.07 38.79 0.47 0.02 - - 0.02 - -
NH24-32-2-1-8  ERIR 0.17 61.09 38.63 0.16 - - - - - -
NH24-32-2-1-9  3RIK 0.02 60.93 39.01 0.32 0.02 - 0.01 - 0.01 0. 00
NH24-32-2-1-10  BRIR 0.00 60. 95 38. 44 0.48 - = - 0.01 - -
=" IRFRAR TR DB
=3 TR RERT UEEK wy/ %
Table 3 Chemical element composition of pyrite from the Nanhua As-TI deposit
i s Tl As Fe S Pb Sh Se Cu Ni Co Mn
NH24-6-7 0.09 2.18 46. 83 51.67 0.04 0.01 - 0.00 - - -
NH24-6-8 0.18 2.67 45.02 50. 86 0.02 0.00 0.01 0.01 - 0.00 -
NH24-6-9 0.10 2.57 45.70 51.42 - 0.00 - - - 0.00 -
NH24-6-10 0.04 1.79 45.81 51.53 0.02 - 0.00 0.01 - - -
NH24-6-11 0.05 2.60 45.81 52.39 - - - 0.00 - 0.00 -
NH24-6-12 0.15 2.89 45.58 52.29 0.02 0.01 0.01 - - 0.01 -
NH24-6-13 0.08 2.10 45.37 51.49 - 0.00 - - - - -
NH24-17-2-2 0.12 2.63 46.12 51.47 0.02 - 0.01 - - - -
NH24-17--2-3  0.07 1.95 46. 42 51.83 - 0.01 0.01 - - 0.00 -
NH24-17-2-4 0.10 2.37 46.25 51.49 0.01 0.01 - 0.00 - - -
NH24-17-2-6 0.10 2.85 45.71 51.40 - - 0.01 - - - -
NH24-17-2-7 0.11 2.57 45.36 52.01 - - 0.02 - - 0.00 -
NH24-17-2-9 0.04 2.34 46.30 51.30 - 0.02 0.01 0.03 - 0.01 -
NH24-17-2-11 0.14 2.56 44. 89 50. 87 - - 0.01 0.00 - 0.01 -
NH24-17-2-12  0.10 2.44 45.78 51.89 - - 0.00 - - - -
NH24-17-2-13  0.12 2.88 45.73 51. 60 0.01 0.01 0.02 0.00 - - -
NH24-17-2-15  0.09 2.84 45.42 51.85 - - - 0.01 - - 0.01
NH24-17-2-18  0.08 2.74 46.05 51.97 0.02 0.00 0.00 - 0.00 - -
NH24-17-2-19  0.10 3.43 45.17 51.24 - - - 0.01 - - -
NH24-17-2-20  0.09 2.69 45.57 51.58 - - - - - - -
NH24-17-2-21 0.15 3.04 45.68 51.24 - - - 0.00 - 0.00 -
NH24-17-2-22  0.16 2.82 45.01 50. 61 - 0.01 0.01 - - - 0.00
NH24-17-2-23  0.18 2.98 45.34 51.60 - 0.01 0.01 - - - -
NH-17-1-Py5N-2  0.08 2.18 46. 14 50. 82 0.15 - - - - - -
NH-17-1-Py3-2  0.09 2.44 46.21 50. 85 0.07 - - 0.02 - - -
NH-17-1-Py2-2  0.07 2.23 46.59 51.39 0.02 - 0.03 0.02 - - 0.01

- AURAR T AR
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Table 4 Chemical element composition of pyrrhotite from the Nanhua As-TIl deposit

IS gl As Fe S Ph Sh Se Cu Ni Co Mn  Fe(at%) 43T
NH-17-1-Pyl ~ 0.74 1.10 55.20 42.28 - 0.00 0.01 0.01 - 0.00 - 41.80  Feg 755
NH-17-1-Py2  0.67 1.02 54.48 41.96 - - 0.01 - - - - 42.00 Fey 146S
NH-17-1-Py3  0.81 1.43 53.34 42.38 0.24 0.00 - 0.01 - 0.01 - 42.00 Fegy 73S
NH-17-1-Py4  1.05 1.26 54.38  41.90 0.07 0.00 - - - 0.01 - 42.00 Feg 1458
NH-17-1-Py6 0. 82 1.19 54.34 41.79 - 0.00 - 0.01 - - 0.00 42.00 Fey 147S
NH-17-1-Py7 0. 94 1.38 53.69 42.10 0.38 0.00 0.01 - - - 0.01 42.20 Feg ;3,5
NH-17-1-Py8  0.55 1.03 54.39 42.00 0.06 - - - - - 0.00 42.20  Feg 745
NH24--6-1 1.08 1.27 53.56  42.47 0. 05 - - - - - - 42.20  Fep 534S
NH24-6-2 0.85 1.11 54.08 42.25 0.06 - 0.00 - - - - 42.30  Feg 135S
NH32-2-1-1 1.68 1.57 53.35 41.76 - - - - - - 0.01 42.30  Feg 7345
NH322-12  1.43  1.49  53.64  41.66 - - - - - - - 42.40  Feg 738
NH32-2-1-3 1.66 1.72 52.57 42.02 - 0.00 0.02 0.01 - - - 42.40  Feg 78S
NH32-2-1-4 1.39 1.48 53.28 41.90 - - - 0.00 0.00 - 0.00 42.50  Feg 7305
NH24-17-2-1 1.89 1.83 52.69 41.74 0.12 0.00 - 0.01 - - - 42.50  Feg 7255
NH24-17-2-5 1.12 1.31 53.84 41.89 - - - 0.01 - - - 42.60  Feg ;35S
NH24-17-2-8  1.08 1.27 53.78 42.25 0.01 0.01 0.00 - S - 5 42.70  Feg 73,
NH24-17-2-10  0.47 0.69 54.59 42.55 - - 0.01 0.01 - 0.01 - 42.70  Feg 7375
NH24-17-2-14  0.71 1.12 53.87 42.34 0.17 0.01 - - - - - 42.70  Feg 73,5
NH24-17-2-17 1.25 1.44 53.34  42.36 0.23 0.00 0.00 H - - - 42.80 Fep 535S

- AR T AR

BN 0.47% ~ 1. 89% (¥IME 1. 06%, n=19), As
TN 0. 69% ~ 1. 83% (¥I1H 1. 30%) , Fe &N
52.57% ~55.20% (H4{4 53. 82%) , L BB (E K, S &
BN 41. 66% ~42. 55% ( 1 1{H 42. 09%) , Pb & &
<0.38% (11 0. 14%) , Se & & < 0. 02% (¥ {4
0.01%) ,Cu & <0.01% ({4 0. 01%) , Sb.Ni,
Co I Mn 17 AR T AL R

4 he
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AR R I, AR R R 2E TL WA Tl
SLVRIEY/IN N W R 7 T DN 1
B TR [ [ Fe, TL][S, As], | BRAREEH{[T1,
Pb],AsS}| | i il 48 5 5 ( PbTIAs,S, ) F1#E &k 48 6
(TIFe,S,) 3t 4 Bl TL 2 57 & 4 (5K 5 5t 5, 1995,
1996, 1998) , A TAE R R AL £l i A R, A & Bl e
BT B AN T RO RREE T 3 Bl T1 ST
TL A RO /)N 8 L BT 16 1O e e b e e e Y
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FOBCR 22V 2R A=A (B 3e~30) , BHET
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O FE o R B ERCIR, AR S5 4, S i A
KR SCIREAT T4 20 (Kl 3d 3e) o BEBERE 70 A1
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24 25~35 wm, BG4 BT (1A 4f) , BER
W RURIAR LN R AR 4~ 8 wm, BEREH R 28
RERA (K 4f) . L, R4y IR Y T1 32221
ST PRI TL B9 AR BT MEBE R R AE)
TERAEAE, X B0 By kL 20/ B ELAG 22 ) R AE Al
FRE R ZETERS

FERRAEET PR A LU k- ik Ae 1 32, s
Je AW SRR, ARTE R BB B U, T4l
B (M - MEB - B PR R W) 55 ) HRIR (<200C) &
As-TI-Sb-Hg i #" & 4¢ #H L ( Deditius and Reich,
2016; Li et al. , 2024) , WAL, FEAER" AR ME B (1) i [A)
i Z 8%S N —29. 91%0 ~ — 22. 36%0 ( 15 6 A 55
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Fig. 5 Thallium mineral energy spectrum
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B, T REFE R B i R B I R A T AR, Y
FE>200°C B ANFRAE , AT 23 fifk Ry E 28 F0 [ SR ( AE SE 22
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Fig. 8 Mineral element contents and correlation diagrams of the Nanhua As-TIl depositt
a—WEELERAT BT R S M T BT R S AR s bR MERE O R SRR s o d—REEERET T T As STRIRET A
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a—box plot of thallium content in pyrrhotite and pyrite, realgar and orpiment; b—Dbox plot of content in realgar and orpiment; ¢, d—EPMA mapping

of Tl and As elements in pyrrhotite (Lv. indicates the content grade, and Ave is the average value) ; e—correlation diagram of Tl and As in pyrrhotite

and pyrite; f—correlation diagram of Tl and Fe in pyrrhotite and pyrite
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Table 5 Characteristics of typical thallium deposits in Southwest China

[FREGEA0N7 S KEELTH PR S TR IR
KU 575 5% TR M B 8 A7 HAR G EvaR Akt
FAEHAY 1L W =St Pl
i RK BRI BAE W2, 1Rk 5 RHZ VNN [E2E 2PN [E4 IOV R W28 % 5 8 s vh 2 A i
Fay &4 T XHNERAS T XHNTRASE XN TRAE
e imie b ey PR BRI BT 2 A TS A = WIEREE SRS A TR
Tl 43 )@ & 132t ~225 1t 8 167 t
TI 33754 BRAREEETD MR SRS R T J
& TLEY) v MER WL BT HE Bk Dt YIANEE/S0n
SR 70~ 187°C 90~330%C 105~219°C
BT FAk pH (A SRk SRR SRk
- e FlA A 855 , 2 WA = A& wETk A=Ak Jrfaf.
[ kA AL AR S 11k B s R
22 30k KL, 1996, 1998; A3 RFES, 2021; Luo e al., 2022, FWLSE, 2014; £ UKL, 2025

FEK A, 2023

WE A 2 IR s T W (K Te) o WEBEERD
TEAETE T 9k J5E | I 3% 2 3R B8 (Koski et al.
1985; Zierenberg et al. , 1993 ; Suzuki et al. , 2008) ,
A3 A BRI RE BT (Mpo: Fey oS ~ Fey 46,S) FI7N
TTHERE A (Hpo: Fey gS~Feyo,S) IS, — 511
TE IR A 35 22 5 (B, 1982) , Mpo JE2 IR
FEFHRT AR (<254°C ; Kissin and Scott, 1982) , H Fe
il 46. 5% ~47. 0% , 1l Hpo J& BGIR BEAH X4 5
Fe & &5 47. 0% ~ 47. 8% ( Morimoto et al. , 1975;
Kondoro, 1999) . HLFHREF M4 R B, B0 IR
REBRRE 1Y) Fe R (41. 8% ~42. 9% ) T HIE(H,
XL HIALE A Fey 4158 ~ Fey 450S , Ho o4 il B 42
UET Mpo, 3% — % B 48 00 R TEAR IR Z5 78 T 1y e 4%
PR AEARAL 1B B, Ak, MEE AR AT IR T
R im0, R SRR — AR T T
] T AR APRBR 3% B2 1 340 J5E B 5 v o 42 1 IR 1k
TR (X E S, 1997)
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5 #hig
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(2) WEFARD I TI E2S As FIE B Fe, B
IR A + T +T1 2 Fe* +Fe™ ;I ¥ A1 M &%
i TL FER T E S As; B D T B R
Fe, B =00 2 TI' o O+Fe™ O EZ L,

(3) FERIEEH R BRASE TL 0950, & T
Y E B W R MRS R b TL
Hi, TS 1.89% (JIMH N 1. 06%) , Tl 22 5PEH
ERTRE S & T AR ARG B A% T A J PR 45 25 A
2AK,
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