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Abstract

In situ trace element characteristics of scheelite and garnet provide the evolution information of ore-forming
fluids. The Longjiaoshan deposit is a large skarn tungsten deposit discovered in southeastern Edong orefield of the
Middle-Lower Yangtze River Metallogenic Belt (MLYB). The fluid evolution history of the deposit has not been
systematically studied, which restricts the prospecting work and theoretical research of the MLYB. Based on de-
tailed field work and previous studies, this study carried out in situ major and trace elements analyses of scheelite
and garnet formed at different stages. The composition of red-brown garnet (Grt-1), yellow-green garnet (Grt-2)-
pyroxene skarn and veined wollastonite-garnet (Grt-3) from the Longjiaoshan deposit is Adr, ., Grol, 5, ,PyT, 5505,
Adryg; 100G100.40.PY10 5., and Adr,s; 1000GT0g .15 P YT, 0155, TESPectively. These three types of garnet are rich in LILEs
and LREE, depleted in HFSEs and show positive Eu anomaly. The content of U element in garnet from the
Longjiaoshan deposit gradually decreases, which is consistent with the composition change of andradite, indica-
ting that the oxygen fugacity of ore-forming fluid gradually increases in the skarn stage. From retrograde to quartz-
sulfide stage the Mo content of scheelite increases and then decreases, as well as the oxygen fugacity increases and
then decreases, indicating the complex pulse oxygen fugacity change characteristics in the mineralization process.
The scheelite formed in the retrograde alteration stage and quartz sulfide stage shows decreasing in Eu negative
anomaly but increasing in Eu positive anomaly, indicating that the pH value of ore-forming fluids gradually in-
creases. Therefore, pH value is not the main factor affecting scheelite precipitation. In the Skarn stage, there is a
positive correlation between the total REE and Y of Grt-1, but there is no positive correlation between the total
REE and Y of Grt-2 and Grt-3, and Grt-3 is rich in Fe, indicating that the degree of water-rock reaction increases
gradually as the crystallization of garnet changes from fluid equilibrium state to non-equilibrium condition. Moreover,
the irregular growth zones of Sch-1 in the retrograde stage (main mineralization stage) is more developed than Sch-2
in the quartz sulfide stage, indicating that the water-rock reaction degree reaches the peak in the main mineraliza-
tion stage, that is, the water-rock reaction is an important factor controlling the ore mineral precipitation. Fluid mi-
xing and water-rock reaction are the main mechanisms controlling tungsten precipitation in the Longjiaoshan de-
posit. The Longjiaoshan area is a prospective terrane for the formation of large and high grade W ore deposits.

Key words: geology, skarn, scheelite, garnet, trace elements, mineralization, Longjiaoshan deposit
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Fig. 6 Hand specimen and photomicrographs of the Longjiaoshan deposit

a. Red-brown garnet from endoskarn; b. Yellow-green garnet from exoskarn; c. Veined wollastonite-garnet from exoskarn; d. Photomicrographs of
red-brown garnet (orthogonal); e. Photomicrographs of yellow-green garnet (orthogonal); f. Photomicrographs of veined wollastonite-garnet
(polarized); g. Hand specimen of scheelite mineralization of skarn; h. Photomicrographs of scheelite metasomatic garnet grain (orthogonal);

i. Photomicrographs of scheelite encased in garnet ring (orthogonal); j. Hand specimen of scheelite intergrowth with sulfide;
k. Fluorescent image of scheelite intergrowth with sulfide (fluorescence);l. Photomicrographs of subhedral

scheelite intergrowth with pyrite (orthogonal)
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Fig. 7 Cathodoluminescence and mapping images of scheelite from the Longjiaoshan deposit

a. Retrograde scheelite (Sch-1) metasomasis garnet (Grt) (perpendicular polarized); b. Cathodoluminescence of retrograde scheelite (Sch-1) ; ¢. Map-

ping image of retrograde scheelite (Sch-1) of Mo element; d. Retrograde scheelite (Sch-1) metasomatic garnet (perpendicular polarized); e. Cathodo-

luminescence of retrograde scheelite (Sch-1); f. Mapping image of retrograde scheelite (Sch-1) of Mo element; g. Idiomorphic-semiidiomorphic

quartz-sulfide stage scheelite (Sch-2); h. Cathodoluminescence of idiomorphic-semiidiomorphic quartz-sulfide stage scheelite (Sch-2);

i. Mapping image of quartz-sulfide scheelite(Sch-2) of Mo element
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Tablel Results of EPAM analysis of garnet from the Longjiaoshan deposit
/Héul:h o L lU(B)/% yAsg ) Yo frt
5 s Si0, TiO, AI20; FeO MnO MgO CaO Na,0 K,0 P,0, Ml Wﬁﬁﬁ‘zgﬁ;;zz PR AT
Grt-1  5402-551-1 36.71 0 13.75 1436 098 0.51 33.09 0 0 0 9940 41.11 8.24 50.65
Grt-1 5402-551-10 36.18 0.01 8.07 1946 1.02 0.02 34.60 0 0 0 99.36 65.87 2.35 31.77
Grt-1  5402-551-11 35.50 0 10.82 19.51 137 0.10 31.90 0 0 0 99.20 55.43 10.18 34.38
Grt-1 5402-551-12 35.02 0.08 10.73 19.34 1.68 0.03 3235 0 0 0 9923 57.33 9.15 33.52
Grt-1  5402-551-13 36.61 0 7.63 19.88 1.71 0.02 33.37 0 0 0 99.22 66.03 4.59 29.38
Grt-2  5401-607-1 38.64 0 13.07 17.31 094 1.74 2737 0.01 0.21 0 99.29 38.31 22.26 39.44
Grt-2  5401-607-10 35.56 0.05 5.66 22.76 156 0.03 33.58 0 0 0 99.20 77.68 3.70 18.63
Grt-2  5401-607-11 35.32 0.01 5.65 2322 1.12 0.02 33.93 0 0 0 99.27 78.68 3.00 18.32
Grt-2  5401-607-12 36.64 0 4.00 2390 126 0.01 33.40 0 0 0.01 99.22 81.43 2.98 15.59
Grt-2  5401-607-13 34.55 023 820 22.84 217 0.04 3I1.11 0 0 0 99.14 68.91 11.41 19.69
Grt-3  5403-283-1 34.27 041 690 2447 185 0.04 31.12 0 0 0 99.06 75.33 10.81 13.86
Grt-3  5403-283-10 43.72 0.01 090 20.03 0.83 0.18 33.51 0 0.01 0  99.19 95.11 2.63 2.26
Grt-3  5403-283-11 36.89 0 048 2743 0.58 0.03 33.77 0 0 0  99.18 97.66 1.47 0.88
Grt-3  5403-283-12 11.38 0 10.05 28.79 1.24 3.01 4432 0.01 0.06 0.01 98.87 100 0 0
Grt-3  5403-283-13 22.50 0 835 947 071 025 5830 0 0 0.0199.59 100 0 0
AR A B R AR A
& a A Grt-1
o o Grt-2
© Grt-3
A A
160 AM s A-'?A"A-'.‘“f.(','t‘.\tqh 0
p > 5 2
0 25 50 75 100
ERR A YA

K8 Jesfilid KA 54 =

Fig. 8 Section of the ternary diagram for garnets from the Longjiaoshan deposit

JCZ , U REEs . LILEs(Sr) .HFSEs(Nb) .Mo.Sn .U %%,
A SRy S SR IR 2 R R AL B BE TR 4R J3E
pH{E /K7 S 2 B 45 (X1 3% 5 55,2007 ; Song et al.,
2014; Guo et al., 2016; Park et al., 2017; Xiao et al.,
2018), Kt , A SCAA B3R LA I T 23 7l e e £ 1L
W PR LA SRR AFALE o
4.1 BH RAREHE
411 SFUREE

U s — Mo A AR R BUR B JT R B UM I
UCBEA LB RAOM A IR, B0, /]
DAREAT U 700 A v 1) 9 gk B2, DT 38 o 488 4 e )
w(U) (Smith et al., 2004 ; Gaspar et al., 2008) , H T

WS rp 73 B R R AR K v AN [ RS A AR T
A A B AN (Shu et al., 2017) , #GR G 1A HH1 4G
w (U AR, A A7 1 0 (U) 32 A SR AL I DR 2
Pl o P, Ao A R R w (U) SR T 41 14 78
T SAACFREE T 00 (U)W S T AT I 8T
I EEREE o e AL Gre-1 09w (U) e, DU B R TE
FHX I B B8 HPE B (181 9b) o Grt-3 Y 0 (U) it
1%, R WO BT AR, X5 A8 540 B A5 kA
A BT R & Ry R 55 B BOSAT R AR
ML T

Mo L2 —Fiof S AL i JEUBUR I T R, TR A %
R Mot B I WO A8, 4
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Table 2 Results of EPAM analysis of scheelite from the Longjiaoshan deposit
w(B)/%
LR TS =257 : : -
Na,O MgO Sio, Ca0 TiO, FeO MoO, WO, SN
Sch-1a 5403-377-al 0 0 0.10 20.23 0 0.02 1.92 77.72 99.99
Sch-1a 5403-377-a10 0 0 0.10 19.79 0 0.02 1.56 78.15 99.62
Sch-1la 5403-377-all 0 0 0.09 19.62 0 0.02 1.46 78.23 99.42
Sch-1a 5403-377-al2 0 0 0.09 19.71 0 0.02 1.46 78.23 99.51
Sch-1a 5403-377-al3 0 0 0.09 20.25 0 0.01 1.50 78.16 100.01
Sch-1b 5403-377-bl 0 0 0.12 20.71 01 0.02 2.73 76.50 100.08
Sch-1b 5403-377-b2 0 0 0.11 20.24 0 0.01 2.62 76.56 99.54
Sch-1b 5403-377-b3 0 0 0.18 20.71 0 0.14 2.88 75.97 99.88
Sch-1b 5403-377-b4 0 0 0.24 21.19 0 0.04 3.02 75.89 100.38
Sch-1b 5403-377-b5 0 0.01 0.30 19.97 0 0.05 2.47 76.80 99.6
Sch-1c 5403-398-c1 0 0 0.09 19.87 0 0.02 0.67 79.55 100.2
Sch-1c 5403-398-c2 0 0 0.09 19.35 0 0.02 0.63 79.77 99.86
Sch-1c¢ 5403-398-c3 0 0 0.07 19.44 0 0.02 1.16 78.52 99.21
Sch-1c 5403-398-c4 0 0 0.08 19.22 0 0.02 0.74 79.20 99.26
Sch-1c 5403-398-c5 0 0 0.09 20.21 0 0.01 0.99 78.79 100.09
Sch-2a 5401-645-al 0 0.02 0.82 20.23 0 0.04 1.93 77.72 100.76
Sch-2a 5401-645-a10 0 0.13 0.43 20.73 0 0.27 2.30 77.25 101.11
Sch-2a 5401-645-a2 0.01 0.01 0.68 19.59 0 0.04 1.18 78.51 100.02
Sch-2a 5401-645-a3 0 0.01 0.18 19.84 0 0.02 1.01 78.75 99.81
Sch-2a 5401-645-a4 0 0 0.40 19.90 0 0.02 1.15 78.56 100.03
Sch-2b 5401-645-bl 0 0 0.08 19.30 0 0.03 0.55 79.99 99.95
Sch-2b 5401-645-b2 0.01 0 0.09 19.14 0 0.02 0.59 79.92 99.77
Sch-2b 5401-645-b3 0 0 0.08 19.06 0 0.01 0.54 80.07 99.76
Sch-2b 5401-645-b4 0 0 0.08 18.13 0 0.01 0.30 81.05 99.57
Sch-2b 5401-645-b5 0 0 0.07 18.36 0 0.01 0.44 80.90 99.78
a 60 b
: FRE W > Gn2
4 | 00 ) . gz:;: a N O Grt-3
Sch-2b 40
T 30
S s
§~ o1 E‘}f, % (o] o
= o, 520
E @ A
P A
il t0 . R
ol § 0 SREBRD 60 A
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Fig. 9 Diagrams of major and trace elements of scheelite and garnet from the Longjiaoshan deposit

a. Diagram of WO;-MoO, of scheelite; b. Diagram of XREE-U of garnet
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Table 2 Trace elements of the garnet from the Longjiaoshan deposit
w(B)/10°

FE kS

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
Grt-1  5402-551-1 0.361 4.648 1.415 10.284 3.799 3.765 4988 1.157 10.163 2.742 10.312 1.791 12.316 1.157 28.466
Grt-1 5402-551-10 6.739 20.594 1930 4.576 0.236 1.776 0.419 0.047 0.329 0.056 0.211 0.024 0.145 0.020 7.163
Grt-1 5402-551-11 1.978 5.303 0.497 1.749 0.334 0.631 0.266 0.082 0.577 0.115 0.259 0.050 0.355 0.059 0.584
Grt-1 5402-551-12 4.949 9.832 0.878 3.098 0.411 0.497 0.575 0.072 0.454 0.133 0365 0.044 0.200 0.048 3.512
Grt-1 5402-551-13 3.625 7.323  0.706 2.565 0.296 0.411 0.567 0.065 0.379 0.085 0.322 0.031 0.227 0.029 1.643
Grt-1 5402-551-14 4.020 8.866 0.826 2.908 0.516 0.506 0.437 0.081 0460 0.138 0.385 0.036 0.263 0.035 2.973
Grt-2  5401-607-1 0.851 2.101 0.336 1.144 0.087 0.340 0.170 0.014 0.107 0.017 0.038 0.005 0.068 0.005 0.005
Grt-2 5401-607-10 0.127  1.029 0.352 2.194 0.799 1.567 0.372 0.034 0.155 0.023 0.038 0.017 0.074 0.012 0.046
Grt-2 5401-607-11 0.804 3.623 0.517 1.238 0.183 0.549 0.188 0.028 0.203 0.051 0.134 0.020 0.112 0.029 0.048
Grt-2 5401-607-12 0.505 1.991 0.181 0.213 0.021 0.116 0.032 0.001 0.016 0.001 0.003 0 0.002 0 0.054
Grt-2 5401-607-13 0.256 4.068 1.072 6.584 2.201 2.404 2.587 0.482 4.002 0.992 3.788 0.638 4.639 0.496 0.059
Grt-2 5401-607-14 0.344 4211 1.221 6.717 0.847 1976 0.447 0.051 0221 0.026 0.062 0.002 0.128 0.005 0.069
Grt-3  5403-283-1 0.431 2.451 0.333 0.458 0.023 0.097 0.066 0.008 0.032 0.006 0.015 0.002 0.008 0.001 1.759
Grt-3 5403-283-10 0.420 5.254 1.176 4.615 0.555 1.407 0.146 0.018 0.111 0.022 0.117 0.013 0.057 0.012 2.644
Grt-3 5403-283-11 0.439 1.803 0.219 0.669 0.128 0.074 0.146 0.025 0.111 0.015 0.050 0.006 0.022 0.003 2.682
Grt-3 5403-283-12 0.162  2.830 0.948 6.539 0.728 2.001 0.474 0.058 0.291 ~ 0.059 0.177 0.024 0.137 0.019 2.785
Grt-3 5403-283-13 0.194 1.283 0.368 0.577 0.019 0.340 0.042 0.006 0.030 0.001 0.003 0 0.002 0 2.964
Grt-3 5403-283-14 0.268 3.185 1.085 7.202 0.798 1.883 0.459 0.062 0322 0.057 0.188 0.025 0.146 0.019 3.005

w(B)/10°

B S RS

Rb Sr Zr Nb Mo Cs Hf Ta W Th U REE XLILE XHFSE
Grt-1 5402-551-1 0.222 27238 0.114 0.005 0.082 0.111 0 0 11.634 0.063 0.232 68.898 27.571 0.414
Grt-1 5402-551-10 0.097 0.546 0.419 1.812 0.128 0 0 0.011 0970 0.226 1.295 37.102 0.643 3.763
Grt-1 5402-551-11 0.021 29.445 0.087 0.545 0.259 0 0.043 0.014 23.144 0.085 3.724 12.255 29.466 4.498
Grt-1 5402-551-12 0.044 0.108 9.252 5.633 0.145° 0.017 0.280 0.029 0.491 0.201 2.576 21.556 0.169 17.971
Grt-1 5402-551-13 0 0.201  0.003 0.003 0.291 0.025 0 0 11.390 0.021 3.031 16.631 0.226 3.058
Grt-1 5402-551-14 0.057 0.147 12259 7.166 0.243 0.015 0.361 0.037 0.610 0.266 2.808 19.477 0.219 22.897
Grt-2  5401-607-1 12.431 90.975 0.290 0647  1.092 0.846 0.003 0 4,537 0.080 3.776 5283 104.252 4.796
Grt-2 5401-607-10 0 0.169 1.826/ 1.608 0.117 0.009 0.019 0.036 25612 0.092 3.414 6.793 0.178 6.995
Grt-2 5401-607-11 0.032  0.620 0.310 * 2.714 0.283 0 0.025 0.016 2.828 0.177 3300 7.679 0.652 6.542
Grt-2 5401-607-12 0.057  0.138 0 0.021 1.032 0.032 0.021 0.012 11.433 0.001 9.377 3.082 0.227 9.432
Grt-2 5401-607-13 0 0.230. 15.640 19.149 0.226 0 0.562 0.386 15.347 0.274 0962 34209 0.230 36.973
Grt-2 5401-607-14 0.004 0.461 4209 0.696 0.211 0 0.094 0.021 1.048 0.226 1.788 16.258 0.465 7.034
Grt-3  5403-283-1 0 0.228 33.266 24.960 0.227 0 1.495 0.810 0.684 0.545 4785 3931 0.228 65.861
Grt-3  5403-283-10 0.691 401.064 0.319 2.134 3.013 0.439 0.030 0.019 0.497 0.033 1.458 13.923 402.194 3.993
Grt-3  5403-283-11 0 0.668 0.082 0.107 0.163 0.017 0.012 0.006 0.071 0.046 5460 3.710 0.685 5.713
Grt-3 5403-283-12 3.699 381.796 0.418 0.232 3.556 0.812 0.018 0.012 0.642 0.091 1.449 14.447 386.307 2.220
Grt-3 5403-283-13 0.078 268.630 0.276 0 0.164 0 0.007 0.002 0.632 0.120 7.399 2.865 268.708 7.804
Grt-3 5403-283-14 1.188 334.386 0.428 0.007 0.354 1.177 0 0 0.036  0.142 1.364 15.699 336.751 1.941

SO, BT , Mo 18 JFA Mo*t, TTE M £ (MoS,)
(Rempel et al., 2009;Song et al., 2014), FEIK, B/ T

IR SRR A 2R U SRR BE A AR

g b RTIR T L RS RS B BB A By
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Fig. 10  Normalized REE pattern of scheelite and garnet from the Longjiaoshan deposit
a. Normalized REE pattern of Grt-1; b. Normalized REE pattern of Grt-2; ¢. Normalized REE pattern of Grt-3; d. Normalized REE pattern of Sch-1;
e. Normalized REE pattern of Sch-2

i £ R A9 4318 (Bau, 1991) . 3l %k Ud , 78 TP k4
BT, Al FAaNE TR R EEER A TR
MM eE, HEu B RS H dii s £
R pHE AT M 1 ou R AR 2 13z CI Y
=, CI /A2 7E 7T LA 98 Br REE™ 4 (1% 7] %5 Eu?*
(EuCl; N E) B T HRE N, 3550 B AY Bu iE 5
#, HEERM TR S HEM TR (Bau, 1991;
Gaspar et al., 2008 ; Zhang et al., 2017) . 7E e ff 1L
PR, Grt-1.Grt-2 il Grt-3 ) R B H 2 + 0 R 5
HREMRLICR T HIEST, Bl L cR S8R
s D REAE (&1 10) , BEIATERY R B B, i a4
PO pHE AR E , WIRYE S5 o AR pH E/K W ]
DL 7 = U R % (Wood et al., 2000; Wang et al.,
2019) , BV pH {R 4 AF fn7 38 fin 40 T i 5 B0 AR 45 Y
Mo, TS 20 B I TT0E . pH (R AR 1Y R
RGAER P AR B B &R BB B U Ui A4 5 i iR
A L SN AR IR B A 3 — 3 R 3 i al ™
Tk pH {H (Legros et al., 2020) .

AT Y T 7 H R AR S B i A S S B
AT Y ROV R TR X R TR A A A (AN
W) B ) ClnRHE A7) o Bu DU+2 1 285 I8 A7

&, H Eu*" % Eu* 5 5 #E A 8347 4% (Shannon,
1976; Cottrant, 1981 ; Raimbault et al., 1993 ; Ghaderi
et al., 1999; Brugger et al., 2008) , K I, , 1F £ 5 % ik
N T BGROR AR 5 B s K AR S8 2 IR (Sun et al.,
2017; Wang et al., 2017; Zhang et al., 2018; Wu et al.,
2019) . JEA LR 2 28 S H™ R B 0 S o s 4
RS E A RAE , 3X 5 b SCHTA SR H A R B B
W pHIG AW & o 25 BTk, Je M i R & B
B AR b s i B P 38 0 - A B B, LT AR Y
pH ELZ TN, T EAER A2 B B Olin™ B B ) ik 3]
(B, PR pH A AN 2 2 LS TIVE R R R
4.13 KA RNFEE

R ERIE e — A sh g R, A 4E AN TR B B
{18 TR Bl e RGBS 1Y 455 28 8 Ak (Meinert,
1997 ; Meinert et al., 2005), Y /E K —F Rk (1975 1
LR, ETVHIRR T, Y 5 REEFEIEM LR 1
I & & 7, Y 5 REEs T 1E M 6k H & £ 5
+ 7€ & (Gaspar et al., 2008 ; Yardley et al., 1991) .
A SO A Grt-1 7 20K B 5 Y AR IEAR G
M Grt-2 Grt-3 # LU R B85 Y A F A EA
KKFR(E 1), W T FE AR5 8945 i -
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Fig. 11 Diagrams of scheelite and garnet from the Longjiaoshan deposit

a. Diagram of ZREE and Y of garnet; b. Diagram of Sr of scheelite
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