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Abstract LA-CP-MS (Laser ablation-inductively coupled plasma-mass spectrometry) analysis of fluid inclusion is characterized by
high precision low detection limit and simultaneous measurement of multiple elements which has remarkable advantages in revealing
the specific mineralization processes. Based on using synthetic NaCl-H, 0-Rb-Cs and NaCl-KCl-CaCl,-H, O-Rb-Cs fluid inclusions in
quartz a reliable analytical method of quantitatively determing major and trace elements in single fluid inclusion by LAICP-MS was
established. In this method external standard NIST610 and internal standard Na were used. The Na content was obtained from
microthermometric measurement and calculated using the charge-balancing method. Analytical results show that the accuracy is within
16% and the precision is better than 7% RSD. In addition combined with using the external standard NIST610 and a natural quartz
standard an analytical method for determing trace elements in quartz was also established. The accuracy for Li Al and Ti is within
10% and the precision is better than 5% RSD. The above methods were applied to study the Cu and Mo mineralization mechanisms in
the Wangjiazhuang Cu-Mo deposit in Luxi Block eastern North China Craton. The results show that Cu is enriched in vapor—rich fluid
inclusions whereas Mo is concentrated in daughter mineral-bearing fluid inclusions indicating that Cu was prone to be carried by
vapor while Mo was likely carried by brine. This property is thus likely responsible for the depositional separation of Cu and Mo in the
deposit. In addition from the magmatic quartz to the ore-forming and then to the post-ore-forming quartz the Ti contents decrease
while the Al contents increase suggesting the precipitation of Cu and Mo was also affected by the temperature and pH changes of the
fluid.
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1
Table 1  Instruments and analytical conditions used for the LAJCP-MS measurements
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Fig. 1 Relative deviations of element concentrations in the reference glasses calibrated against the preferred values
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2 LAICP-MS ( x1079)
Table 2 Trace element concentrations in reference quartz analyzed by LAACP-MS ( x10™%)
Li Al Ti Fe Mn Ge
NIST610 GSE-HG NIST610 GSEAG NIST610 GSEAG NIST610 GSEAG NIST610 GSEAG NIST610 GSEAG
074 27.8 28.4  151.2  158.7  53.1 62.8 3.40 3.95 0.43 0. 60 1.87 1.23
072 27.6 28.2  149.4  158.2  51.3 60. 8 3.43 4.39 0.48 0.40 1.66 1.19
QzZ3 27.9 28.5 149.9 158.5 53.4 63.3 2.32 2.59 0. 56 0.75 1.31 0.97
QZ4 29.0 27.8 148.9 151.6 53.9 61.8 2.67 3.47 0.12 0.13 1.72 1.28
0Z5 29.5 28.5 149.4  150.3  51.8 55.4 2.11 0.00 0.32 0.74 1.79 1.45
076 27.4 28.2  143.6  150.4  53.7 58.9 0.00 2.85 0.61 0.34 1.81 1.38
QzZ4 27.4 29.7 146.0 158.3 50.9 63.4 0. 00 0. 00 0.00 0.05 1.82 1.30
QZ-8 28.2 30. 1 146.0 158.5 51.4 61.2 0. 00 0. 00 0.14 0.12 2.13 1.52
079 27.8 28.7  145.4  150.3  52.3 60. 3 2.38 3.86 0.46 0.38 1.50 1.26
QZ40 27.1 27.5 145.9 148.5 54.3 60.7 1. 80 0. 00 0.23 0.05 1. 45 1.20
28.0 28.6 147.6 154.3 52.6 60.9 1.81 2.11 0.34 0. 36 1.71 1.28
1SD 0.8 0.8 2.5 4.4 1.2 2.4 1.35 1.89 0.21 0.27 0.24  0.15
RSD(%) 2.7 2.8 1.7 2.8 2.3 3.9 74.5 89.4 61.4 75.7 13.9 12.0
30.0 30.0 154.0 154.0 57.0 57.0 2.2 2.2 0.34 0.34 1.70 1.70
(%) -6.8 -4.8 -4.2 0.2 -7.7 6.8 -17.7 -4.0 -1.24 4.82 0.33 -24.9
. £5% ~20% .
BCR2G. BIRHG GSDAG.BCR2G.BIR4G  BHVO-
BHVO2G BCR2G  Be.B.Ge.As.Se.Ag.Sn.Sh. Au. Tl 2G  GSEAG
Bi 5% 5% BHVO2G  NIST610 Mg, Si K.
Be.Ge Ag.Sn.Sb.Cs Au.Lu.W.Tl.Bi.Pb.U Ti-Fe £5% ~15% £5% (
5% 5% BIRAG  Be.Ge.Rb.Nb.Mo.Ag-. lc-e) 5% ~ 10% .
Sn.Sb.Cs<Ba.La.Pr.Nd.Sm+ Eu.Gd.Tb.Ho.\Er.Tm. Yb. Lu. NIST612 +5%
Hf.Ta.Bi.Th U 5% 5% ( +5% ~20% GSE-AG  NIST610
lce)o 5% o
10x10°° 1x10°° 5.2.2
10x107° 7
- . Li=30+2x10 %Al =154 15 x 10 °.Ti =57 +4 x 10 °.Fe
+5% ~20% £10% =2.2+0.3%x10°Mn=0.34 +0.04 x 10 °.Ge =1.7 £0.2
( lce) NIST610 x107°  Ga=0.020 £0.002 x 10 ° (Audétat et al. 2015) .
. 32pum. 10Hz. 10J/em’
GSEAG NIST610 10 Li =28.0 0.8 x
GSD4G ( 1b).9 58 107\ Al=147.6 £2.5 x10 *.Ti=52.6 + 1.2 x10™°  Ge =
P Se 5% 1.71 £0.24 x 10 °(1SD) ( 2)
90% 3% o P.Cr.As  Se o Fe  Mn
+10% 1% (Fe=1.81+1.35%x10"° Mn=0.34 +
~5% . NIST612 P.Fe.Se.Au 0.21x107%). Ga (Ga=0.04 +0.03 x
5% 70% 107%) o LivALLTi  Ge
£5% ~15% NIST610 .
10% ( la). 32pum
BCR2G Be.B.P.Ge.Ag.Sn.Sh.Tl.Bi 80 ~90um
5% FeMn.Ge Ga o
p 107° 106 : GSEAG 10 Li=28.6+0.8 x
Be.B.P.Cu.Zn.Ga.Ge.AgSn.Sbh.Ta.Tl. Bi 10° Al=154.4 £4.4 x10 °\Ti =60.9 2.4 x10"°
+10% +10% . BIRAG BHVO=2G NIST610 Al. Ge
107° 10°° 3 NaCl-H,0 LAICPMS
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Table 3 Element concentrations in synthetic NaCl-H,0 fluid
inclusions analyzed by LAJCP-MS

Na (wt%) Rb ( x10°%) Cs (x107%)
NIST610 GSEAG NIST610 GSEAG NIST610 GSEAG
A204 3.92 3.92 293 299 205 216
A202 392 3.92 323 319 199 208
A203 3.92 3.92 295 201 185 194
A204  3.92  3.92 304 297 191 200
A205  3.92  3.92 293 285 196 206
A206  3.92  3.92 289 278 182 185
A209 392 3.92 307 295 196 199
A208  3.92  3.92 314 302 196 199
A209 392 3.92 280 269 185 187
A2040  3.92  3.92 332 318 201 202
A2041  3.92  3.92 315 301 208 209
A2042 3.92 3.92 314 300 213 213
A2043  3.92  3.92 282 269 184 184
A2044 3.92 3.92 297 283 196 195
A2045 3.92 3.92 321 305 212 211
A2046 3.92 3.92 302 285 182 191
A2047  3.92  3.92 289 273 216 226
A2048 3.92 3.92 305 285 183 184
A2049 3.92 3.92 295 276 211 211
A2020 3.92 3.92 307 288 195 196
3.92 3.92 303 291 197 201
1SD 0. 00 0. 00 14.0 14.5 11.2 11.6
RSD (%) 0.01 0.01 4.63 4.99 5.68 5.78
3.93 3.93 300 300 200 200
(%) -0.32 -0.31 0.98 -3.05 -1.59 0.38
(1.28 £0.15 x107%) 25% .
Fe.Mn (Fe=2.11+1.89 x10°°
Mn=0.36+0.27x10™%)  Fe .
GSEAG NIST610
5.2.3
o NaCl-H,0
Bodnar (1993)  Heinrich et al. (2003)
o NaCl-H, 0
NIST610 . 10% NaCl 20
Rb =303 +14 x10°.Cs =197 = 11 x
10°°(1SD)( 3) Rb  Cs 6%
+13% . GSEAG Rb =

291 £ 15 x 107°.Cs =201 =12 x 10" ° (1SD) Rb

3249

20

15 . T
0 B
ﬁ : +
' 4 ¥
£ 3 2 A i
) t 4
0 ' 1 g & 2
= -5 : [} ¥ ) g
1 ' ! §
15 T
0
Nn K Can Rb Cs
2 NaClKCI-CaCl,H,0 LA-CP-MS

Fig.2 Relative deviations of element concentrations in the

synthetic NaCl-KCl-CaCl,-H,0 fluid inclusions calibrated

against the theoretical values

NIST610 o
NaCl-KCI-CaCl,-H,0 NIST610
N 14.4% NaCleqv
20 Na =2.18 +0.13% .K =
2.08+0.11% Ca=1.96 0. 12% Rb =298 + 13 x 10 °.Cs
=190 +13 x 10 °(1SD) (  4) 7%
+16% +10% o
Na=3.06+0.13% K =2.91 £0.16% .Ca=2.74 =
0.22% Rb =418 +20 x 10 "°.Cs =266 =19 x 10 ~° (1SD) »
Na=2.05% K=2.05% Ca-=
2.04% Rb=300x10"° Cs =200 x10~°

30% ~50% ( 4).

GSEAG Na =2.15 +
0.12% K =1.97 £0.09% Ca =2.05 £0. 14% Rb =270 £ 11
x107°.Cs =186 + 11 x 10 ~°(1SD) NIST610
Rb .
NIST610 .
. X,CIH,0
+16%

(90% ) £10% ( 2) 7% o

LAICPMS

20% ( Giinther et al. 1998;
Heinrich et al. 2003 ; Allan et al. 2005)

o Heinrich et al. (2003)
( ) NaCl-H,0
. GSEAG NIST610
Ca
Rb o GSE4 G
NIST610 o
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4 NaClXCl-CaCl,H,0 LAICP-MS
Table 4 Element concentrations in synthetic NaCl-KCl-CaCl,-H, O fluid inclusions analyzed by LA-ICP-MS
Na (wt%) K (wt%) Ca (Wt%) Rb ( x107°) Cs (x107°%)
NIST610 GSEHAG NIST610 GSEHG NIST610 GSEHG NIST610 GSEHG NIST610 GSEHG
A66-B4 2.02  2.85 2.08 2.93 2.10  2.96 282 397 217 306
A66-B2 2.17  3.03 2.00 2.79 2.02  2.82 310 434 182 255
A66-B3 1.98  2.84 2.13  3.05 2,11 3.02 308 441 200 286
A66-B4 2.19 3.03 2.28  3.15 1.85 2.56 322 446 184 255
A66-B-5 1.93  2.78 2.16  3.11 2.14  3.08 312 450 212 306
A66-B-6 2.20 3.06 2.11  2.94 1.93  2.68 284 395 173 241
A66-BT 2.18  3.09 2.38 3.36 1.81 2.39 318 459 211 294
A66-B-8 2.14 3.02 2.07 207 2091 1.87 2.00 2.82 2.17 303 426 273 179 252 170
A66-B9 2,11 2,98 2,17 208 2.95 202 202 28 200 281 398 266 180 255 185
A66-B40 2,22 3.10 2.08 205 287 1.82 1.94 271 219 306 427 263 184 257 162
A66-B-11 2,26 3.15 2.15 .95 2.72 1.89 1.96 2.72 2.08 285 396 255 197 274 190
A66-B42 2.19 3.08 206 1.98 2.77 1.92 2.00 2.81 2.15 286 401 249 202 283 190
A66-B43 2.01 2.8 1.98 2.04 293 201 213 305 217 295 423 275 180 259 182
A66-B14 2,36 3.24 233 1.99 2.74 1.97 1.8 2.54 1.89 296 406 276 179 245 181
A66-B-15 2,13 3.01 2,10 205 2.8 202 202 28 206 301 424 280 184 259 186
A66-B16 2.24  3.12 2,20 202 2.8 200 1.94 2.70 1.98 281 392 263 199 278 202
A66-B47 2,32 319 229 213 293 211 1.81 2.49 1.85 309 425 289 200 275 203
A66-B48 2,36 3.24 2,33 205 2.8 2.03 1.8 250 1.86 304 417 284 189 259 192
A66-B19 1.99 2.8 1.96 1.90 2.74 1.88 2.22 3.20 2.26 284 410 264 181 261 182
A66-B20 2.28 3.15 2.24 210 290 208 1.87 2.5 1.91 294 407 275 191 264 193
2.18 3.06 2.15 2.08 291 1.97 1.96 2.74 2.05 298 418 270 190 266 186
1SD 0.13 0.13 0.12 0.11 0.16 0.09 0.12 0.22 0.14 13 20 11 13 19 11
RSD (%) 5.77 4.37 5.73 5.18 5.40 4.39 6.12 8.06 6.74 4.41 481 4.23 6.71 7.07 6.07
2.05 205 205 205 205 205 204 204 204 300 300 300 200 200 200
(%) 6.49 49.2 4.89 1.42 42,1 -3.94 -3.94 342 0.26 -0.76 39.3 -9.93 -5.10 32.9 -6.99
( 4 Sa-d) .
6 28 Cu
0.51% ~0.6% 17
Se-h C
Cu-Mo Cu-Mo ( eh) b
6.19% ~9.05% 17% Mo 0.86% Au
( 1990) ( 3a)
13.67g/t( 2006) . 17
(Chen et al. 2008) ( ~128Ma) C
u
Lan et al. 2017
(Lan et a ) ( Cu Mo ( 1990) ( 4).
2009; 2011
) . . . ( 5j-
( 2008) . )
(Lan et al. 2017) -
N Cu-Mo .
(Richards 2003 2011; Cooke et al. 2005; Sillitoe 2010; (Lan et al. 2017):(1)
Wilkinson 2013) Cu-Mo H,0 ( 6a) H,0
o 40% N 10 ~20pm
() H,0 ( 6b)
. H,0 70% 9 ~20umo,

( 2006) ¢ 3b). Co,
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Fig.4 Geological section along the No. 15 Exploration Line 417°C( 340 ~390°C )e H,0
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Fig.5 Photos and microphotographs of representative rock and ore samples from the Wangjiazhuang deposit

(a) fresh quartz monzonite; (b) major minerals of the quartz monzonite; (¢ d) potassic and sericitic alterations of the quartz monzonite

respectively; (e) potassic-silicic alteration expressed as Kf + Qz + Bi vein; (f) silicic alteration expressed as Qz vein; (g) vein-type ores showing
coarse and well-erystallized Qz + Kf + Cpy + Bn assemblages; (h) pegmatitic vein-type ores showing Qz + Kf + Bi + Mo assemblages; (i) coarse Mo
and Py disseminated in the altered quartz monzonite; (j) mineral assemblages of Mo + Cpy + Bn + Tn + Qz; (k) mineral assemblages of Cpy + Bn +

Tn + Bi + Qz; (1) mineral assemblages of Mo + Bi + Qz. Abbreviations: Pl-plagioclase; Kf-K-feldspar; Bi-biotite; Qz-quartz; Cpy-chalcopyrite; Py—
pyrite; Bn-bornite; Tn-tennantite; Mo-molybdenite

287 ~466C 287 ~466°C (
198 ~324C 340 ~390°C ) H,0
289 ~352C., (Hall et al. o CO0,H,0
1988) (Lecumberri-Sanchez et -56.6C CO, 8.6C 2.77%
al. 2012) Steele-MaclInnis et al. NaCleqv 384C
(2012) Excel . H,0 _5.3 ~
33.8% ~52.6% NaCleqv( 40% ~45% NaCleqv) - -4.4%C 7.0% ~8.3% NaCleqv 246 ~

?1994-2018 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Fig.6  Microphotographs of different types of fluid inclusions from the hydrothermal veins

(a) shows the L-type fluid inclusions in pegmatitic vein; (b) shows the V-ype fluid inclusion; (c¢) shows the multiple daughter minerals (sylvite +
halite) in a D-type fluid inclusion; (d) illustrates hematite + halite daughter minerals in a D-type fluid inclusion; (e) indicates the coexistence of D—
type L-type and V-type fluid inclusions and (f) shows a typical C~ype fluid inclusion. Abbreviations: V-vapor; Ldiquid; D-daughter mineral
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Fig.7 Histograms showing salinities (a) and homogenization temperatures (b) of different types of fluid inclusions
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Fe-Mo.W  TI(Lan et al. 2017), ;(2) Cu
Na.K.Mn.Fe.Zn.Rb.Sr Pb Mo Cu
Cu Cu;(3)K Cu
B Na K Cu
Rb.Sr.Cs W, NaCl
(Ulrich and Heinrich 2001 ; Einaudi et al. 2003 ; Cathles and
o Shannon 2007; Sillitoe 2010) . Cu Mo
K/Na ( 9a) 0.22 ~0.64(
0.38) (0.09 ~0.49 Cu
0.27) (0.16 ~0.90
0.46) . K/Na Mo o
0. 12 ~0.36( 0.21) o N
Mn/Na.Fe/Na  Pb/Na LA-HCP-MS o
o Cu/Na CL
.11 ~1.12 0.45) (0. 007 N o CL
~0.10 0. 055) (0 ~0.66 0.12) . CL
( 9b). Mo
Mo(  9¢). . LACP-MS
(1) / o (Lan et
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Fig. 10  Plots of Al against Ti (a) K(b) Li (¢) and Ge (d) for the quartz
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