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Abstract: The giant Beiya Au skarn deposit (over 300 tonnes Au metal reserve) is located in the
middle part of the Jinshajiang-Ailaoshan alkaline porphyry metallogenic belt. The deposit is the
largest Au skarn deposit and third largest Au deposit in China. In this paper, we present garnet U-Pb
ages and trace element geochemical data from two types of skarn-related U-rich garnet from Beiya,
and discuss their implications on skarn metallogenesis. Based on optical characteristics and major
element compositions, the older Grt I and the younger Grt II (both belong to the grossular-andradite
solid solution) are distinguishable: Grt II (Adrgg ¢Grsye g—Adrgs 5Grsy 5) is slightly richer in Fe than Grt
I (Adrgg 5Grspg3—Adrgg 3Grss 4), with the average FeO contents being 25.0% and 24.5%, respectively.
LA-ICP-MS garnet U-Pb dating yielded lower intercept ages of 35.8 £ 0.8 Ma (MSWD = 0.9, n = 20)
and 34.0 £ 2.1 Ma (MSWD = 1.2, n = 16), respectively. These ages represent the timing of the garnet
crystallization, and are consistent with published alteration ages within error, which suggests that
the technique presented provides a reliable alternative in dating skarn alteration. Grt I has higher U
content and lower Th/U ratio than Grt II, indicating a lower oxygen fugacity for the earlier skarn
alteration. Grt II shows weak (or no) Eu anomaly and lower LREE/HREE ratios than those of Grt
I, which indicates that Grt I and Grt Il may have formed under a mildly acidic and nearly neutral
condition, respectively. From the early prograde skarn (Grt I) to late prograde skarn (Grt II) stage,
the ore-forming fluids may have changed from a relatively reduced acidic to a relatively oxidized
neutral pH condition.

Keywords: giant Beiya gold skarn deposit; garnet; U-Pb dating; trace elements; Sanjiang region (SW
China)

1. Introduction

Garnet is a common mineral in metamorphic rocks and hydrothermally-altered rocks such as
skarn. Geochemical characteristics of garnet have been widely used to investigate complex magmatic,
metamorphic and hydrothermal processes [1-7]. Dating of these processes could be achieved by
garnet Sm-Nd or Lu-Hf geochronology [8-10]. Grandite garnet has commonly higher U and Th
concentrations than the other garnet types because of the substitution of Fe>* for A13* (which facilitates
U* incorporation [11]), making it suitable for U-Pb dating [8,12,13]. Laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) U-Pb dating of grandite has the advantages of providing
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in-situ and rapid analyses, and has been widely applied to date various magmatic and hydrothermal
processes [14,15]. Furthermore, garnet from different rock/ore-forming origins exhibits distinct major
and trace element features, thus trace element geochemistry of garnet can serve as an indicator of its
formation environment [5,16-19].

The giant Beiya Au—polymetallic skarn deposit is situated in the middle part of the
Jinshajiang-Ailaoshan alkaline porphyry metallogenic belt. The deposit is the largest Au skarn
deposit in China with significant amounts of Fe, Cu, Pb, Zn and Ag. The Jinshajiang-Ailaoshan
alkaline porphyry metallogenic belt is an important Cu-Au province in SW China, and contains a
large number of deposits that are space-time associated with the Cenozoic (Himalayan) alkaline
magmatism [20-23]. Ore deposit geology, ore fluid composition and metallogenic studies of the Beiya
Au mineralization all suggest that the Beiya deposit resembles typical porphyry-related Au skarn
deposits worldwide [24-29].

Garnet is a common mineral in the Beiya skarn ores, and provides a suitable target for
geochronology and geochemistry study. In this study, we present new U-Pb and trace element data for
two U-rich garnet types from Beiya. Our new data are integrated with published results to discuss
the ore-forming environment and constrain the Beiya skarn mineralization processes. Moreover,
we examine the precision and effectiveness of the LA-ICP-MS garnet U-Pb dating technique, and its
applications on constraining the timing of skarn mineralization.

2. Geological Setting and Ore Geology

2.1. Regional Geology

The Beiya deposit is the largest gold deposit in the region and ranks as the third largest gold
deposit in China, with estimated reserves of 130.8 million tonnes (Mt) Au ore at 2.47 g/t, 170 Mt Fe
ore at 33.3 wt %, and 125 Mt Cu ore at 0.52 wt %, along with considerable amounts of Pb, Zn and
Ag [30,31]. The Beiya skarn gold-polymetallic deposit is located to the east of the Jinshajiang suture
(western margin of the Yangtze Craton) in SW China (Figure 1), and situated in the middle part of the
Jinshajiang-Ailaoshan alkaline porphyry metallogenic belt [32]. Among the many porphyry-related
deposits in the belt, Beiya is the most representative with regards to scale, and covers an area of
~800 km?. The deposit is located at the limbs of the NS-trending Beiya syncline, and comprises six
ore segments, namely: Weiganpo, Bijiashan, Guogaishan, Wandongshan, Hongnitang and Jingouba.
These segments are divided into two zones, with the former three and latter three located on the
eastern and western limb of the Beiya syncline, respectively (Figure 2a). Among these segments,
the Wandongshan section (contains mainly the KT52 orebody) is the largest and contains most of the
Au resources (99 Mt @2.61 g/t Au [24]).
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Figure 1. (a) Distribution of principal continental blocks of the East Tethyan belt. (b) Tectonic setting of

the Beiya deposit. Modified after [33-35].

Figure 2. (a) Geologic map and (b) cross-section of the Beiya deposit. Modified after [36,37].
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Exposed stratigraphy at Beiya comprises the Lower Triassic Qingtianbao Formation (175-350 m
thick), the Middle Triassic Beiya Formation and Quaternary sedimentary rocks. The Lower
Triassic Qingtianbao Formation is exposed mainly in the eastern part of the ore district (Figure 2a),
which contains arkose, hornfelsed greywacke and sandstone with basaltic volcaniclastic rocks; in
contrast, the Middle Triassic Beiya Formation occupies most of the ore distinct and contains dolomitic,
ferruginous, bioclastic and argillaceous limestone (138-531 m thick), which serves as the main ore host.
Outcropping igneous rocks in and around the ore district include the Upper Permian Emeishan flood
basalt and the Cenozoic alkaline porphyries. The Emeishan flood basalt is found in the southeastern
part of the mining area. The Cenozoic alkaline porphyries include (quartz) syenite-, biotite-K-feldspar-
and quartz-albite porphyries [25,27,38-40]. Although these porphyries are widespread in the region,
they are relatively rare within the ore district but are considered closely related to the mineralization.

There are two main fault systems in the district, i.e., N- and E-trending. The former is
dominant, and includes the Maanshan Fault (a branch of the Jinshajiang-Honghe strike-slip fault
system) that extends across western Beiya, and its secondary structures are interpreted to control
the porphyry/orebody emplacement in the Wandongshan and Hongnitang ore segments [41].
The E-striking fault system is likely post-mineralized and has probably truncated/destroyed some
orebodies [42].

2.2. Ore Deposit Geology

Porphyries at Beiya include mainly quartz syenite, quartz monzonite, biotite-orthoclase,
quartz-albite and a group of lamprophyre dikes. Most of them were emplaced at ca. 36.9 to
33.3 Ma [23-25,27,43-47], except for the quartz-albite porphyry (65 Ma) and biotite-orthoclase
porphyry (3.8 Ma) [40]. The Beiya quartz syenite porphyry is thought to be ore-related, and was
dated as 36.1 £ 0.43 Ma [23] by zircon U-Pb, providing the minimum age of the skarn alteration.
The Beiya skarn orebodies occur mostly in and/or along the intrusive contacts with the carbonate
rocks of the Beiya Formation. Some stratiform orebodies are locally distributed along flat interlayer
fractures and breccia zones within the Beiya Formation carbonates, as well as along the contact
between the carbonates and the underlying Qingtianbao Formation sandstone. Vein-like orebodies
occur within the porphyritic intrusions, and laterite-hosted orebodies have also been documented [41].
Previous studies have documented three mineralization styles at Beiya (i.e., porphyry, skarn and
supergene), among which skarn mineralization is the most important.

Skarn mineralization at Beiya comprises three stages: (1) the prograde skarn is closely associated
with the porphyry emplacements, and comprises anhydrous minerals such as garnet and pyroxene;
(2) the retrograde alteration stage was hydrothermal titanite U-Pb dated to be 33.1 & 1.0 Ma [48],
and contains predominantly hydrous minerals (including epidote, biotite and chlorite), magnetite,
titanite, feldspar with minor scheelite and fluorite. Magnetite is the main ore mineral of this stage
and formed massive orebodies; (3) the quartz-sulfide stage was molybdenite Re-Os dated to be
36.8 £ 0.5 Ma and 34.7 & 1.6 Ma [23,27], and contains mainly pyrite, chalcopyrite, pyrrhotite and
molybdenite. Although the mineral assemblage indicated that the quartz-sulfide stage is later than
the retrograde stage, the former age (36.8 £ 0.5 Ma) is older than the age of the retrograde stage
(33.1 &£ 1.0 Ma) within the associated uncertainties. Possibly it is because that the samples investigated
previously are from different alteration zones. Gold at Beiya occurs mainly as native gold and electrum
in fractures and/or as vein-infill with pyrite, magnetite, limonite and quartz, and is precipitated in the
late retrograde alteration and quartz-sulfide stage.

3. Samples and Analytical Methods

Most garnet grains in the Beiya deposit are low U garnet. In this study, U-rich garnet samples
were selected after preliminary trace element analyses (over 200 points in different garnet samples).
Two U-rich garnet-bearing rock samples for the LA-ICP-MS U-Pb dating and elemental analysis were
collected from the 847K14 drill cores in the mineralized skarn at the Wandongshan ore segment.
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Sample W281 contains mainly garnet with minor chlorite, magnetite, pyrite and chalcopyrite
(Figure 3a), whereas sample W297 occurs in an assemblage of garnet, epidote, chlorite and magnetite,
with minor pyrite and chalcopyrite (Figure 3b). Thin sections were prepared for all the samples, and
were studied with optical microscopy and back-scattered electron (BSE) imaging, using a Zeiss SSIGMA
tield-emission Scanning Electron Microscope (SEM) at the School of Earth Science and Engineering, Sun
Yat-sen University (Guangzhou, China). Prior to the LA-ICP-MS analysis, major element abundance
of the garnet samples was determined on thin sections using a 1720 electron probe micro-analyzer
(EPMA) (Shimadzu Corporation, Kyoto, Japan) at the School of Geosciences and Info-Physics of
the Central South University (Changsha, China). Operating conditions include 15 kV accelerating
voltage, 10 nA beam current and a beam diameter of 2 um. In-situ U-Pb dating and trace element
analyses of garnet were performed by LA-ICP-MS at the Key Laboratory of Marine Resources and
Coastal Engineering, Sun Yat-sen University. The analyses were performed using an ArF excimer
laser ablation system (GeoLasPro) coupled with an Agilent 7700x ICP-MS. A 32 um (for trace element
analysis) and 44 um (for U-Pb dating) spot sizes were used with an energy density of 5 J/cm? and
a repetition rate of 5 Hz. The trace element compositions of garnet were calibrated against the glass
standard NIST610 [49], using Si determined by EPMA as the internal standard. Zircon 91500 [50]
was used as the external standard for the U-Pb dating. Time-dependent drifts of U-Th-Pb isotopic
ratios were corrected using a linear interpolation (with time) for every ten analyses, based on the
variations of 91500. Zircon Plésovice [51] and garnet QCO04 [14] were used as the secondary standards
for data quality control and the obtained values are consistent with the recommended values within
the associated uncertainties. Each analysis consists of a 20 s background measurement (laser-off)
followed by 45 s of data acquisition. Data reduction was performed using ICPMSDataCal software [52].
ISOPLOT 3.0 software [53] was used to construct the Tera—Wasserburg diagram.
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Figure 3. Hand-specimen photographs of the two garnet-bearing samples from Beiya, (a) W281, (b)
W297. Abbreviations: Chl, chlorite; Ep, epidote; Grt, garnet; Mt, magnetite; Py, pyrite.

4. Results

4.1. Garnet Petrography

Based on the mineral assemblage and texture, the U-rich garnet from W297 and W281 may
represent for two distinct types of garnet that are well developed in the Beiya skarn deposit.
Garnet type I (abbreviated as Grt I; e.g., sample W297) is characterized by coarse-grained (0.3-5 mm
diameter), anisotropic and anhedral to subhedral texture (Figure 4a—e). Grt I grains exhibit
polysynthetic twinning under the cross-polarized light (Figure 4b—d), most of which are cracked
and filled with or enclosed by biotite, chlorite, plagioclase and pyroxene (Figure 4a—d). Some cracks in
Grt I grains are filled by magnetite (Figure 4e). Garnet type II (abbreviated as Grt II; e.g., sample W281)
grains are euhedral, isotropic and medium to fine-grained (0.05-2 mm diameter) (Figure 4f-g). Most of
Grt II grains are well-preserved with less fractures compared with Grt I. Some interstices of Grt II
grains are filled by the hydrous minerals such as epidote (Figure 4f-g). There are also minor garnet
pieces (Grt I) preserved showing polysynthetic twinning extinction character in W281 (Figure 4h), and
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they were commonly enclosed by the garnet with complete extinction texture (Grt II). Similarly, some
garnet grains exhibit core-rim textures (Figure 4i), with the cores cracked and filled with chlorite and
magnetite and the rims well-preserved with less fractures, which probably represent for Grt I and
Grt II, respectively. The paragenetic relationships between the two types of garnet indicate that there
might be two generations of garnet and Grt I probably formed earlier than Grt II.

400um

Figure 4. Photomicrographs and BSE image of the garnet samples from the Beiya deposit. (a—e)
photomicrographs and BSE image showing the occurrence of Grt I (W297) ((a) plane-polarized light;
(b—d) cross-polarized light; (e) BSE image); (f,g) photomicrographs of Grt II (W281) ((f) plane-polarized
light; (g) cross-polarized light); (h,i) photomicrographs showing the paragenetic relationships of Grt I
and Grt II ((h) cross-polarized light; (i) plane-polarized light). Abbreviations: Bt, biotite; Cal, calcite;
Chl, chlorite; Ep, epidote; Grt, garnet; Mt, magnetite; Pl, plagioclase; Py, pyrite; Px, pyroxene.

4.2. Major and Trace Elements of Garnet

Major element compositions of the two Beiya garnet types are summarized in Table 1. Grt I (W297)
has uniform SiO; (37.5-39.1 wt %) and CaO (31.6-32.7 wt %), with Al,O3 and FeO concentrations of
0.6-3.8 wt % and 22.8-26.4 wt %, respectively. Grt II (W281) also exhibits uniform SiO, (36.5-38.3 wt %)
and CaO (32.3-34.5 wt %), with Al,O3 and FeO concentrations of 0.3-5.7 wt % and 20.6-28.9 wt
%, respectively. Grt II exhibits slightly higher FeO content than Grt I with the average values of
25.0% and 24.5%, respectively. As shown in Figure 5, the Beiya garnet samples belong mostly to the
grossular-andradite solid solution. Grt I ranges in composition from Adrgg 5Grsyg s to Adrge3Grss .,
with moderate amounts of pyralspite (almandine + spessartine + pyrope, average: 9.5%). Grt II
has lower pyralspite content (average: 3.7%) than Grt I (Figure 5), and ranges in composition from
Adrgg 9Grspe s to Adroz 5Grsy s.
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Table 1. Representative electron probe micro-analyzer (EPMA) results of garnets from the Beiya deposit.

Sample W297 (Grt I)

Spot No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
SiO; (wt %) 382 378 380 385 380 375 375 376 383 378 378 386 383 377 381 390 388 391 390
Al O3 276 273 340 332 206 18 349 116 230 061 090 340 220 265 083 375 237 143 376
FeO 239 238 23.0 234 250 250 230 261 248 263 264 234 241 241 264 229 250 260 228
MnO 018 023 024 017 013 018 041 033 036 037 033 038 032 021 023 020 021 018 0.22
MgO 0.05 008 0.06 0.03 006 006 010 0.09 014 010 0.07 011 0.12 006 0.07 0.02 003 0.03 0.02
CaO 324 323 327 326 322 326 323 320 322 317 316 323 319 324 321 326 321 324 323
Total 975 970 973 980 974 972 968 973 981 968 971 981 969 971 978 985 985 99.1 98.1
Cations on the basis of 12 oxygens

Si 3.172 3.157 3.153 3.172 3.169 3.134 3.126 3.147 3.169 3.190 3.175 3.175 3.205 3.144 3.177 3.196 3.194 3.209 3.204

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Al 0.270 0.269 0.332 0.323 0.202 0.183 0.343 0.115 0.224 0.061 0.089 0.330 0.217 0.260 0.082 0.362 0.230 0.139 0.364

Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe3+ 1.385 1.418 1.361 1.333 1.459 1.548 1.405 1591 1.438 1.560 1.561 1.319 1.374 1.453 1.565 1.247 1.383 1.444 1.228

Fe?* 0.275 0.243 0.230 0.280 0.279 0.200 0.200 0.239 0.276 0.291 0.294 0.289 0.311 0.230 0.281 0.319 0.338 0.341 0.342

Mn 0.013 0.016 0.017 0.012 0.009 0.013 0.029 0.024 0.025 0.026 0.024 0.027 0.022 0.015 0.016 0.014 0.015 0.012 0.016

Mg 0.006 0.010 0.007 0.004 0.007 0.007 0.013 0.011 0.017 0.013 0.008 0.013 0.015 0.008 0.009 0.003 0.003 0.003 0.003

Ca 2.879 2.887 2900 2.877 2.874 2915 2.884 2.873 2.850 2.859 2.849 2.847 2.856 2.891 2.872 2.860 2.838 2.852 2.844

Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Almandine 87 77 73 88 88 64 64 76 87 91 93 91 97 73 88 100 106 106 107
Spessartine 04 05 05 04 03 04 09 08 08 08 07 08 07 05 05 04 05 04 05

Pyrope 02 03 02 01 02 02 04 04 05 04 03 04 05 02 03 01 0.1 0.1 0.1
Grossular 148 146 181 177 110 98 181 61 121 34 48 179 121 140 45 201 127 78 203
Andradite 759 769 739 730 797 832 742 852 778 863 849 717 770 780 859 694 762 811 685

Sample W281 (Grt II)

Spot No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
SiOp (wt%) 373 377 367 365 371 365 367 370 376 369 378 379 383 368 373 370 372 381 380 377 378 372 374 370
AlLO3 569 358 134 228 173 140 114 3.00 514 251 393 403 501 152 216 214 265 438 566 420 510 074 182 030
FeO 206 245 269 258 267 261 269 251 218 254 235 236 222 271 262 263 263 239 218 237 222 282 269 289
MnO 037 037 031 018 017 020 015 017 025 037 028 032 029 033 028 032 027 037 046 034 047 029 028 023
MgO 019 017 005 0.04 013 012 0.02 0.09 013 024 005 022 010 029 017 026 017 0.08 013 0.05 017 0.04 007 0.07
CaO 33.8 333 327 331 333 334 336 336 343 334 345 342 343 330 334 323 335 333 340 343 339 332 336 328
Total 98.0 99.7 98.0 978 991 977 985 989 993 988 100.0 100.2 1003 99.0 995 983 100.1 100.1 100.1 1003 99.7 99.6 100.0 99.2

Cations on the basis of 12 oxygens

Si 3.044 3.059 3.053 3.027 3.041 3.037 3.034 3.025 3.038 3.025 3.043 3.042 3.068 3.023 3.041 3.057 3.018 3.065 3.045 3.026 3.040 3.053 3.043 3.054
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Table 1. Cont.

Sample W281 (Grt II)

Spot No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Cations on the basis of 12 oxygens

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Al 0.546 0.342 0.131 0.223 0.167 0.137 0.111 0.290 0.489 0.243 0.373 0.382 0.473 0.147 0.207 0.209 0.253 0.416 0.534 0.397 0.484 0.072 0.174 0.029

Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3t 1365 1.541 1763 1.722 1.750 1.788 1.822 1.660 1.436 1.707 1.542 1.535 1.392 1.806 1.710 1.678 1.710 1.454 1.376 1551 1.436 1.821 1.740 1.863
Fe?* 0.042 0.121 0.109 0.069 0.084 0.031 0.039 0.055 0.038 0.036 0.043 0.050 0.094 0.058 0.083 0.140 0.071 0.156 0.081 0.041 0.061 0.113 0.090 0.130
Mn 0.026 0.025 0.022 0.013 0.012 0.014 0.010 0.012 0.017 0.026 0.019 0.022 0.019 0.023 0.019 0.022 0.019 0.025 0.031 0.023 0.032 0.020 0.019 0.016
Mg 0.023 0.021 0.007 0.005 0.016 0.015 0.003 0.010 0.016 0.029 0.006 0.026 0.012 0.036 0.021 0.032 0.021 0.010 0.016 0.006 0.020 0.004 0.008 0.008
Ca 2953 2892 2916 2941 2929 2977 2982 2948 2966 2933 2974 2944 2942 2906 2919 2.862 2908 2874 2917 2956 2927 2916 2926 2.900
Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Almandine 14 39 36 23 28 1.0 1.3 1.8 1.3 1.2 1.4 1.6 31 19 27 46 23 51 27 14 20 37 29 42
Spessartine 08 08 07 04 04 05 03 04 06 09 06 07 06 08 06 07 06 08 1.0 038 1.0 07 06 05

Pyrope 08 07 02 02 05 05 01 03 05 10 02 09 04 12 07 10 07 03 05 02 07 01 03 03
Grossular 277 172 66 111 84 70 56 145 248 121 190 193 243 73 104 104 124 209 268 199 243 36 87 15
Andradite 693 774 889 860 879 910 927 830 728 849 787 775 716 889 8.6 833 839 729 690 777 720 919 874 935
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Figure 5. Ternary diagram showing the Beiya garnet compositions.
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High U concentrations are found in both Grt I (23.8-64.0 ppm; average: 39.4 ppm) and Grt
II (2.95-14.3 ppm; average: 8.33 ppm) (Table 2). Thorium concentrations of Grt I and Grt II range
from 0.81 to 3.29 ppm (average: 2.01 ppm) and 0.89 ppm to 22.1 ppm (average: 6.78 ppm), with
average Th/U ratios of 0.06 and 0.78, respectively. Chondrite-normalized REE patterns of garnet are
shown in Figure 6: All the Beiya U-rich garnet grains are enriched in light REE (LREE) relative to
heavy REE (HREE), with total REE (XREE) concentrations ranging from 95.8 to 158 ppm (Grt I) and
55.4 ppm to 214 ppm (Grt II). Grt Il is characterized by a higher and greater variation of HREE contents
(0.61-17.9 ppm) than Grt I (0.47-1.79 ppm). Grt I is characterized by prominent positive Eu anomalies
(8Eu: 3.5-6.0; average: 4.1), whereas most Grt Il samples exhibit weakly positive/negative or no Eu
anomalies (0Eu: 0.7-2.4).
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Figure 6. Chondrite-normalized REE patterns of the Beiya garnet, (a) Grt I, (b) Grt II (normalizing

values from [54]).
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Table 2. Trae element analysis result (ppm) of the Beiya garnet by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS).

Point Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U YREE LREE HREE LREE/HREE ! §Eu?2 Th/U

Grtl
W297-3 135 837 618 736 171 095 105 057 006 023 0.04 0.08 000 007 001 190 238 97.6 96.6 1.05 91.7 4.0 0.08
W297-4 1.73 138 923 925 182 094 101 059 006 024 005 0.11 0.01 011 0.01 259 253 137 135 1.18 115 3.8 0.10
W297-5 .70 172 881 735 126 075 079 046 003 022 003 009 002 0.09 0.01 171 393 128 127 0.95 133 3.8 0.04
W297-6 0.83 171 1003 946 172 072 098 044 0.03 015 003 008 001 003 0.01 248 383 147 146 0.79 185 49 0.06
W297-7 060 178 820 618 103 049 078 025 0.02 010 0.03 0.05 0.00 0.02 001 081 450 118 118 0.47 249 6.0 0.02
W297-8 1.69 960 655 737 160 077 098 059 005 029 0.05 012 0.02 011 002 206 245 101 100 1.25 79.9 4.3 0.08
W297-9 131 135 785 720 146 077 095 052 003 020 004 008 0.00 0.07 0.00 176 324 116 115 0.95 122 4.3 0.05
W297-10 1.07 212 102 817 143 073 083 049 004 017 005 007 0.01 0.09 0.01 145 382 148 147 0.93 159 4.0 0.04
W297-11 075 234 102 648 986 047 061 029 0.03 011 003 005 001 003 0.01 147 515 143 143 0.56 256 4.7 0.03
W297-12 1.68 161 962 938 194 098 112 063 006 030 005 009 002 0.08 0.01 3.06 371 144 143 1.23 116 4.1 0.08
W297-13 196 166 865 688 126 079 08 049 007 028 004 013 0.01 013 0.00 1.66 399 125 124 1.16 107 3.9 0.04
W297-14 1.05 177 803 6.04 1004 073 0.78 033 003 014 003 0.07 0.01 0.04 0.01 098 498 116 116 0.64 179 42 0.02
W297-15 140 208 111 9.05 149 068 075 051 005 017 004 006 0.02 0.06 0.01 249 46.1 158 157 0.92 171 3.7 0.05
W297-16 1.12 285 103 704 112 066 066 044 0.03 014 0.02 0.08 0.01 004 001 128 64.0 152 151 0.78 194 3.5 0.02
W297-17  1.61 168 99.7 942 178 089 087 049 0.06 030 005 009 001 0.09 0.01 329 382 147 146 1.10 133 3.7 0.09
W297-18 236 811 585 732 179 120 124 064 006 042 0.0/ 011 0.02 012 001 281 255 95.8 94.3 1.46 64.7 3.9 0.11
W297-19 168 117 678 701 141 095 104 055 005 023 0.04 008 001 009 001 264 399 104 103 1.05 97.5 4.0 0.07
W297-20 126 178 806 636 117 071 082 040 006 020 003 006 0.01 0.06 0.00 181 509 119 118 0.82 144 4.3 0.04
W297-21 239 109 660 742 185 1.12 131 072 007 037 0.07 020 0.02 0.07 0.01 206 26.1 107 105 1.54 68.3 4.2 0.08
W297-22 131 224 894 667 116 08 077 040 003 023 003 005 001 006 0.01 131 550 133 132 0.82 161 3.5 0.02
W297-23 .71 129 714 6.62 139 081 094 050 005 027 004 012 0.01 011 0.01 192 36.0 108 107 1.11 95.9 4.2 0.05
W297-24 293 143 770 714 154 099 113 079 0.09 038 0.08 023 0.03 017 0.02 233 31.0 118 116 1.79 64.8 3.8 0.08
Ww297-25 215 180 80.1 6.17 108 081 085 048 007 028 006 013 0.01 0.09 0.01 225 472 118 117 1.14 103 3.8 0.05

GrtII
W281-1 10.7 153 893 127 457 435 157 360 040 227 041 111 016 119 018 137 143 178 169 9.32 18.1 12 0.96
W281-2 915 133 80.7 115 414 426 152 297 038 214 038 095 014 1.03 016 103 121 161 153 8.15 18.7 1.2 0.85
W281-3 333 168 964 139 493 391 172 190 016 0.69 014 030 0.05 037 004 221 120 186 182 3.65 49.9 1.7 1.84
W281-4 186 9.63 545 723 235 182 071 100 008 046 0.07 018 0.03 019 003 654 6.12 99.5 97.5 2.03 48.1 15 1.07
W281-6 031 121 670 835 21.6 080 036 044 0.02 0.07 0.01 0.03 0.00 0.03 0.00 480 819 111 110 0.61 179 1.7 0.59
W281-7 040 143 956 134 385 150 056 073 0.03 013 001 004 000 005 0.01 897 951 165 164 0.99 165 15 0.94
W281-8 030 158 105 152 470 214 090 078 0.03 0.06 0.01 0.02 0.01 0.02 000 135 108 187 186 0.93 200 1.7 1.25
W281-9 1.16 142 956 144 484 249 115 093 005 025 003 009 001 0.08 0.01 111 773 178 176 1.45 121 1.9 1.44
W281-10 270 647 370 671 322 517 155 482 074 472 099 294 044 281 041 569 772 107 89.0 17.9 498 0.9 0.74
W281-11 195 514 326 597 257 420 133 396 057 345 074 197 027 210 028 356 6.34 88.3 75.0 13.3 5.62 1.0 0.56
W281-12 111 398 31.1 540 229 343 114 294 040 216 039 1.12 015 1.01 017 310 546 76.3 68.0 8.34 8.15 1.1 0.57
W281-13  4.02 123 777 11.7 413 313 133 174 016 084 015 041 0.05 042 005 119 932 151 147 3.82 38.6 1.6 1.28
W281-14 056 191 771 688 141 072 039 043 0.03 012 0.03 0.06 0.01 0.06 001 346 756 119 118 0.75 157 2.0 0.46
W281-15 525 121 286 205 749 113 033 119 015 1.03 019 053 0.08 049 006 089 295 554 51.7 3.72 13.9 0.9 0.30
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Table 2. Cont.

Point Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U YREE LREE HREE LREE/HREE ! §Eu?2 Th/U

GrtII
W281-18 375 164 107 138 391 252 0.77 146 016 079 0.13 025 0.04 028 0.04 621 585 183 180 3.14 57.3 1.1 1.06
W281-19 129 237 466 507 196 322 082 284 041 240 047 124 015 118 014 118 515 108 99.0 8.84 11.2 0.8 0.23
W281-20 11.0 123 400 513 204 354 110 322 040 221 037 098 013 097 014 325 5.07 90.8 82.4 8.40 9.8 1.0 0.64
W281-21 185 457 774 6.65 228 440 101 436 063 363 069 172 024 159 021 190 998 171 158 13.1 12.1 0.7 0.19
W281-22 9.05 126 388 464 177 289 096 257 033 181 029 084 012 079 010 236 474 84.4 77.6 6.85 11.3 1.1 0.50
W281-25 207 715 929 659 231 490 1.02 449 068 377 073 190 027 165 021 208 105 214 200 13.7 14.6 0.7 0.20
W281-26 219 149 746 108 395 343 167 137 012 046 006 0.18 0.02 016 0.02 105 727 147 145 2.39 60.5 2.0 1.45
W281-27 875 415 720 581 198 326 089 223 033 170 029 074 011 064 0.09 712 9.68 149 143 6.15 23.3 1.0 0.74
W281-28 825 608 892 615 187 274 084 235 031 155 032 074 0.09 068 0.08 099 103 185 178 6.13 29.1 1.0 0.10
W281-29 083 183 926 125 452 315 177 1.04 006 027 004 008 0.01 0.04 0.00 132 9.08 175 174 1.55 112 2.4 1.45
W281-30 282 493 815 59 165 161 056 117 011 055 010 022 0.03 023 003 122 104 158 155 243 64.0 1.2 0.12

1 LREE = La + Ce + Pr + Nd + Sm + Eu; HREE = Gd + Tb +Dy+Ho+Er+Tm+Yb+ Luw 2.5Eu = (Eu/Eu*)y = Eun/(1/2)Smy + (1/2)Gdy.
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4.3. Garnet U-Pb Ages

The U-Pb isotope results of Grt I and Grt II are presented in Table 3. U-Pb ratios vary in the Beiya
garnet are generally discordant due to the presence of common Pb. Thus, we take the lower intercept
date to represent the garnet age. On Tera—Wasserburg diagrams (Figure 7), the data from Grt I and
Grt II define two linear arrays, giving lower intercept ages of 35.8 & 0.8 Ma (MSWD = 0.9, n = 20) and
34.0 & 2.1 Ma (MSWD = 1.2, n = 16), respectively.

Table 3. LA-ICP-MS U-Pb isotope data for garnet from the Beiya deposit.

207 Pb/206 Pb 207Pb/235U 206 Pb/238U
Point

Ratio Isigma Ratio 1sigma Ratio Isigma

Grtl

W297-1-03 0.1078 0.0149 0.0900 0.0092 0.0061 0.0002
W297-1-04 0.1300 0.0320 0.1100 0.0128 0.0061 0.0003
W297-1-05 0.0898 0.0147 0.0725 0.0102 0.0059 0.0002
W297-1-06 0.2506 0.0294 0.2385 0.0267 0.0069 0.0002
W297-1-07 0.1167 0.0261 0.0969 0.0110 0.0060 0.0003
W297-1-09 0.0931 0.0215 0.0765 0.0075 0.0060 0.0002
W297-1-10 0.0973 0.0206 0.0838 0.0090 0.0062 0.0002
W297-1-11 0.1006 0.0260 0.0800 0.0087 0.0058 0.0002
W297-1-12 0.1081 0.0196 0.0880 0.0082 0.0059 0.0002
W297-1-14 0.2618 0.0338 0.2555 0.0166 0.0071 0.0003
W297-1-15 0.2181 0.0372 0.2062 0.0213 0.0069 0.0004
W297-1-17 0.2804 0.0417 0.3148 0.0260 0.0081 0.0003
W297-1-20 0.1042 0.0201 0.0879 0.0086 0.0061 0.0002
W297-1-21 0.1747 0.0347 0.1617 0.0162 0.0067 0.0003
W297-1-25 0.0889 0.0169 0.0758 0.0105 0.0062 0.0002
W297-1-26 0.1029 0.0145 0.0899 0.0083 0.0063 0.0002
W297-1-27 0.6246 0.0376 1.7264 0.1087 0.0200 0.0010
W297-1-28 0.1993 0.0226 0.1787 0.0258 0.0065 0.0004
W297-1-30 0.4950 0.0379 0.9488 0.0404 0.0139 0.0004
W297-1-31 0.4569 0.0366 0.7666 0.0457 0.0122 0.0005

Grt Il

W281-1-01 0.2996 0.0477 0.3466 0.0393 0.0084 0.0004
W281-1-04 0.4768 0.0564 0.8491 0.0814 0.0129 0.0007
W281-1-08 0.7728 0.0410 6.4467 0.2126 0.0605 0.0016
W281-1-09 0.7856 0.0415 7.1790 0.4840 0.0663 0.0040
W281-1-12 0.6480 0.0563 2.5820 0.2228 0.0289 0.0020
W281-1-13 0.7230 0.0618 2.8244 0.1252 0.0283 0.0010
W281-1-14 0.1749 0.0372 0.1563 0.0318 0.0065 0.0004
W281-1-15 0.3994 0.0484 0.5604 0.0444 0.0102 0.0005
W281-1-18 0.5441 0.0541 1.1597 0.0768 0.0155 0.0008
W281-1-21 0.7054 0.0631 3.4552 0.2264 0.0355 0.0019
W281-1-23 0.7634 0.0560 6.2413 0.3263 0.0593 0.0026
W281-1-24 0.1625 0.0217 0.1367 0.0202 0.0061 0.0003
W281-1-25 0.6523 0.0392 1.4804 0.2499 0.0165 0.0019
W281-1-26 0.5611 0.0586 1.0598 0.0635 0.0137 0.0006
W281-1-27 0.1607 0.0234 0.1272 0.0306 0.0057 0.0004
W281-1-29 0.6043 0.0660 1.1606 0.0680 0.0139 0.0007
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Figure 7. Tera-Wasserburg diagram for the Beiya garnet: (a) W281, (b) W297.

5. Discussion

5.1. Geochronology of the Beiya Garnet

In this study, lower intercept ages in the Tera—Wasserburg diagram are taken to represent the
crystallization age of garnet [55]. It is not only because the Beiya garnet have large initial common Pb
contents, but also because this approach has been proven to be more suitable for young (~35-~3 Ma)
garnet [55,56]. The larger analytical uncertainty associated with the U-Pb age for Grt II (34.0 & 2.1 Ma)
most likely results from the lower U and higher common Pb contents than Grt I (35.8 + 0.8 Ma)
(Table 2; Figure 7), since the calculated uncertainty is inversely correlated with both of the latter
features. In general, matrix-matched reference materials are needed for LA-ICP-MS U-Pb analysis,
however, to date the availability of a high-quality garnet standard for LA-ICP-MS dating analysis is
lacking. The garnet standard Willsboro Andradite [55] (~1020 Ma, Adirondacks, USA), which contains
almost exclusively radiogenic Pb and yields a mean 2°°Pb /23U age of 1022 + 16 Ma (ID-TIMS) is
useful. However, the Willsboro Andradite has low U content (approximate 1 ppm) and hence yields
large uncertainties associated with the isotope ratio measurements, which makes it an unsuitable
reference material for this study. Previous studies have shown that accurate and precise garnet U-Pb
ages can be obtained by using larger laser spot sizes and non-matrix matched external standards, such
as zircons (91500 and GJ-1) [14,56]. Therefore, the non-matrix matched external zircon standard 91500
was used in this study.

Paragenetic evidence indicates that the Beiya garnet was formed during the prograde skarn
stage. Our age data reported here indicate that the Beiya skarn alteration initiated at around 35.8 Ma.
Previous studies suggested that the Beiya ore-related porphyry were emplaced at 36.1 £ 0.4 Ma [23],
and that the Beiya retrograde skarn alteration occurred at 33.1 &= 1.0 Ma based on titanite U-Pb ages [48].
Given the uncertainties associated with the age determinations, the Grt I date overlaps with that of
the zircon age for the porphyry, and the Grt II date is within uncertainty of the titanite date for
the retrograde alteration. The garnet data is consistent with previous studies given the associated
uncertainties, which reflects the reliability of the garnet U-Pb dating technique used in this study;,
and provides an alternative choice when studying the geochronology of skarns.

Beiya has been studied for many years, and its geology, geochemistry and geochronology are
well established, which benefit the new garnet chronometer test and application. The important
implications for garnet U-Pb dating are: (1) for some distal skarn alteration such as the skarn Pb-Zn
deposit, the minimum age of mineralization is difficult be constrain by the correlated intrusions since
most ore-related intrusions are distant from the mineralization zones; (2) for most skarn deposits that
have clear petrogenetic relationship with their associated intrusions, their ages are usually constrained
by the intrusion age (e.g., zircon U-Pb). However, it is well established that garnet crystallization
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occurs during or slightly after magma emplacement. Therefore, the garnet U-Pb dating, if possible,
may provide a more precise minimum age for either the skarn alteration or the mineralization ages.

5.2. Metallogenic Implications

Previous studies suggest that the incorporation of U, REEs and Y into garnet is mainly controlled
by crystal chemistry, which is possible by replacement of X** cations such as Ca?* in the dodecahedral
position on the basis of ionic radius (i.e., Equations (1) and (2)) [5,19]:

Cagz(ALFe),Sis01 + 3Eu* (o) = Euz(ALFe),Siz01; + 3Ca™ (o) 1)

Caz(ALFe);SizOrz + 3REE* () + 3(AIP* Fe¥*),q) = REE3(ALFe)y(ALFe)3012 + 3Ca®* (oq) + 35i** (aq) (2)

However, increasing evidences show that the incorporation of Y, REEs and U into garnet is
not only controlled by its crystal chemistry, but also affected by the external factors such as fluid
composition, W/R ratios, physicochemical conditions, mineral growth kinetics and metasomatism
dynamics [5,16,57]. In this study, positive correlations are found between U and LREE contents
(Figure 8a), implying that the incorporation of U into Beiya garnet is possibly controlled by a
substitution mechanism [14]. The same correlation between U and ~REEs (Figure 8b) probably results
from the strong enrichment in LREEs relative to HREEs because no positive correlation could be found
between U and HREE contents (Figure 8c). However, there is no linear relationships between Y and
REE concentrations, REE and Al concentrations, REE and Ca concentrations, as well as REEs and Fe3*
concentrations in both Grt I and Grt II (Figure 8d—g). This implies that the incorporation of those trace
elements into the Beiya U-rich garnet was not governed solely by isovalent and coupled substitution
mechanisms, but may be strongly governed by fluid and rock chemistry (surface adsorption and
occlusion) [58].

The Beiya ore-forming fluids were suggested to be magma-derived [42], and the REE patterns
of Grt I and Grt II are similar to those of the magmatic-hydrothermal fluids, as featured by the
LREE-enrichments, HREE-depletions and varying positive Eu anomalies (Figure 6). Such phenomena
corroborate the occurrence of infiltration metasomatism, in which the fluid-dominant system can
significantly change the REE content of the rocks [59], and the REE patterns of garnet could follow
the pattern of magmatic-hydrothermal fluids. Similar REE pattern of garnet could be found in
andradite-rich garnet from the skarn Fe deposit in North China Craton [14]. Therefore, we propose
that the Beiya high-U garnet was likely formed via infiltration metasomatism, which is commonly
associated with Fe-rich minerals. During the infiltration metasomatism, the Beiya garnets may have
grown rapidly in magmatic-derived fluids under high water/rock ratio conditions, therefore the
adsorption probably has a major control on the REE patterns of the Beiya garnet. These features
(the Fe-rich garnet commonly grow rapidly by infiltration metasomatism with high W/R ratios in
magmatic-derived fluids) of Beiya garnet are similar to the garnet from the Crown Jewel gold deposit,
one of the largest Au skarn deposits in North America [5,60].

It is suggested that pH has a major effect on REE fractionation [59]; under mildly acidic conditions,
chlorine in hydrothermal fluids would enhance the stability of soluble Eu?*, resulting in positive
Eu anomalies [17,61]; whereas under near neutral conditions the fluids are HREE-enriched and
LREE-depleted with negative or no Eu anomaly [16,59]. At Beiya, Grt I exhibits clear positive Eu
anomalies, but Grt I shows weak or no Eu anomalies with smaller LREE/HREE fractionation than Grt
I, which indicate that Grt  and Grt Il may have formed under a mildly acidic and near neutral condition,
respectively. U content in garnet can be used to determine the redox conditions of hydrothermal fluid
systems [5,16,17,19]. Based on ionic radius, U*" is much more likely to substitute into garnet than
U®* [19]. Therefore, the lower concentration of U and higher Th/U ratio in Grt Il indicates a more
oxidizing (higher fO,) condition than that of Grt I (Figure 8h).

At Beiya, paragenetic observations and U-Pb dating reported in this study suggest that Grt I
(relatively Fe-low) was formed slightly earlier than Grt II (relatively Fe-rich), which is consistent with
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most of the Cu-Fe skarn-related garnets worldwide [5]. The physicochemical ore-forming condition
changes we proposed here could have major influence on the incorporation of trace elements into the
garnet crystal lattice [16]. Based on the U contents, REE patterns and Eu anomalies of Grt I and Grt II
(Figure 8h), the hydrothermal fluid evolution in the Beiya prograde skarn alteration stage could be
summarized as a transition from a relatively reduced and acidic fluid system to a relatively oxidized

and neutral one.
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6. Conclusions

(1) Two types of U-rich garnet are distinguished from the Beiya skarn ores: Grt I and Grt II. Both Grt
I and Grt II are Fe-rich grandites, although Grt II is richer in Fe than Grt I. Grt I and Grt II yield
lower intercept U-Pb ages of 35.8 + 0.8 Ma and 34.0 & 2.1 Ma, respectively, which is consistent
with previous studies within uncertainty and provides a reliable alternative in dating skarn
alteration/mineralization.

(2) Trace element characteristics of Grt I and Grt II suggest that from the early to late prograde skarn,
the ore-forming fluids may have changed from being relatively reduced and acidic to relatively
oxidized and neutral.
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