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Although garnet U—Pb dating method has been reported recently, yet the accurate concordia 2°°Pb/?38U ages and
growth histories of multi generation of garnets based on ages were still lacked. LA-ICP-MS U—Pb dating on multi-
generational grandite (grossular-andradite) garnet from the large Tonglvshan Cu-Fe-Au skarn deposit was ap-
plied in this study. Based on petrographic observation, in chronological order, three generation garnets have
been distinguished, namely homogeneous Grt1-exo (in the exoskarn zone) and Grt1-endo (in the endoskarn
zone), oscillatory zoning Grt2 and vein-type Grt3 cutting magnetite ores. LA-ICP-MS U—Pb dating on four
grandite samples from the Grtl-exo, Grt1-edno, Grt2 and Grt3 yields Tera-Wasserburg lower intercept
205ph,238 ages of 139.1 1.0 Ma (20, MSWD = 0.79), 134 + 11 Ma (20, MSWD = 2.5), 1434 + 8.3 Ma (20,
MSWD = 2.3) and 140.3 4+ 1.4 Ma (20, MSWD = 0.95), respectively. More importantly, two concordia
206ph,238(J ages of 139.2 + 0.6 Ma (20, MSWD = 1.4) and 139.8 + 1.5 Ma (20, MSWD = 0.13) were firstly ob-
tained from the sample of Grt1-exo with highest U concentrations ([U],vs > 80 ppm) contents. The precision
U—Pb ages of 139-140 Ma from Grt1-exo and Grt3 can be considered as the timing of Cu-Fe-Au skarn mineral-
ization, and consistent with the majority of published zircon U—Pb ages of the quartz dioritic stock and
49Ar—39Ar plateau ages of phlogopite at Tonglvshan (142-140 Ma). The precision grandite U—Pb ages also indi-
cate that the entire metasomatic hydrothermal mineralization activity in the Tonglvshan Cu-Fe-Au skarn deposit
occurred within a relatively short time span of <1 (or 2.5 considering errors) Myr. In addition, we found that the
grandite garnet is more easily to be enriched in U and can obtain the high-precision concordia U—Pb ages with
higher andradite Mol%, euhedral and larger crystals, and relevant oxidized magmatic rocks or skarns.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, multiple isotopic dating methods have been ap-
plied to constrain the timing of worldwide skarn mineralization, such as
U—Pb dating of magmatic- and hydrothermal zircon (Chiaradia et al.,
2009; Deng et al., 2015a; Zhao et al., 2016), titanite (Li et al., 2010;
Deng et al., 2015b) and cassiterite (Yuan et al., 2011; Zhang et al.,
2017a); Re—Os isotopic dating of molybdenite (Xie et al., 2011; Li
et al., 2018c) and °Ar—>°Ar geochronology of phlogopite and horn-
blende (Cheng et al., 2013; Li et al., 2014).

In spite of this, in many cases, due to lacking of suitable dating min-
erals, the timing of skarn and relevant ore formation cannot be directly

* Corresponding author at: CAS Key Laboratory of Mineralogy and Metallogeny,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640,
China.

E-mail address: huayongchen@gig.ac.cn (H. Chen).
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constrained, and only referenced to the crystallization ages of assumed
causative intrusive rocks or late dikes (Nokleberg, 1981; Gevedon et al.,
2018). Whereas in other instances, due to the lack of spatially related in-
trusive rocks in the mining area, the ore-forming age and genesis of the
deposit have caused great controversy (Tornos et al., 2000; Fang et al.,
2018; Zhang et al., 2018b). Moreover, on the mineral scale, it was hardly
to determine the growth rates and histories of skarn minerals, needless
to say the duration and longevity of skarn hydrothermal mineralization
process (e.g., Meinert et al., 2005).

Garnet, especially grandite (grossular (CazAl,Siz01,) to andradite
(CasFe,Si3013)), is a ubiquitous mineral in the skarn systems (Grew
et al.,, 2013; Deng et al., 2017). At present, melt/fluid inclusions, sta-
ble oxygen isotope and trace elements of garnet have been widely
used to reconstruct the P-T evolution of skarn and related minerali-
zation (e.g. Meinert et al., 2003; Chang and Meinert, 2008; Gaspar
et al., 2008; Zhang et al., 2017b). Regarding geochronology, unlike
the high-grade metamorphism, Lu—Hf and Sm—Nd isotopic dating

1342-937X/© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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methods are scarcely used in the skarn systems, due to the com-
monly low Lu and Hf contents and variable Nd initial isotope ratios,
respectively (Jamtveit and Hervig, 1994; Gaspar et al., 2008; Zhang
et al, 2018b). Even so, garnet has a wide P-T stability, resistance to
weathering and alteration, and high closure temperature for the
U—Pb isotope system (>850 °C; Mezger et al., 1989), making it a po-
tentially suitable geochronometer (Mezger et al., 1991; Burton et al.,
1995). However, due to the low U contents and interference of min-
eral inclusions, garnet U—Pb isotopic dating was long been
discarded by the traditional isotope dilution-thermal ionization
mass spectrometry (ID-TIMS) (Seman et al., 2017; Salnikova et al.,
2018). Lima et al. (2012) obtained an ID-TIMS U—Pb age (318.36 +
0.32 Ma) of uranitite inclusions in garnet from a pegmatite vein in
Evora, Portugal. But it is a pity that the precise U—Pb age cannot di-
rectly represent the formation age of garnet.

Recently, benefiting from the development of laser ablation in-
ductively coupled plasma-mass spectrometry (LA-ICP-MS), several
in-situ garnet U—Pb isotopic dating have been reported for some dif-
ferent types of skarn deposits (e.g., Deng et al., 2017; Seman et al.,
2017). But most of them were influenced by the high common Pb
contents, and failed to yield accurate concordant U—Pb ages with
only the Tera-Wasserburg lower intercept 2°°Pb/238U ages and
207pp-corrected U—Pb ages obtained (Li et al., 2018a; Gevedon
et al., 2018; Wafforn et al., 2018; Zhang et al., 2018b). In this contri-
bution, we present LA-ICP-MS U—Pb isotope ages (including both
concordia and lower intercept ages) and major and trace elements
data for the multi-generational grandite garnets from the large
Tonglvshan Cu-Fe-Au skarn deposit, eastern China and discuss the
variation of U in garnet with their influences on U—Pb age con-
strains, and the timing and duration of hydrothermal mineralization
process in a single skarn deposit.

2. Geological setting

The Middle-Lower Yangtze River metallogenic belt (hereafter re-
ferred to as the MLYRB), lying in the northeast to the Yangtze Craton
and south to the North China Craton and Qinling-Dabie orogenic belt,
is one of the vitally important Cu-Fe-Au skarn provinces in China,
consisting of Edong, Jiurui, Anqing-Guichi, Tongling, Luzong, Ningwu
and Ningzhen ore districts from west to east (Fig. 1a and b; Mao et al.,
2011; Zhou et al., 2015). The Edong ore district located in the western
of the MLYRB is well endowed with Cu-Fe-(Au), Fe-(Cu) and W-Cu-
(Mo) skarn (-porphyry) deposits, and is one of the important Cu-
polymetallic skarn districts in eastern China (ESM 1 Fig. 1; Li et al.,
2014; Xie et al., 2015). The Cambrian to Middle Triassic marine carbon-
ate and clastics are widespread with a thickness of >6 km (ESM 1 Fig. 1;
Xie et al.,, 2015). The Late Mesozoic intermediate to felsic intrusions
were extensively distributed in the Edong ore district with a total out-
crop area of ~700 km? (ESM 1 Fig. 1; Li et al., 2014; Zhang et al.,
2018a). Around these plutons, numerous skarn deposits have been
found in the last several decades (ESM 1 Fig. 1). For example, Cu-Fe-
(Au) and Fe—Cu skarn deposits spatially related to the Yangxin and
Tieshan diorites, and Fe skarn deposits associated with the Echeng and
Jinshandian granitoids (Xie et al., 2015).

The large-scale Tonglvshan Cu-Fe-Au skarn deposit (lat. 30°04’30"N,
long. 114°55’42" E) is located in the Edong ore district, MLYRB with
proven metal reserves of 86.3 Mt. @ 1.66% Cu, 0.94 g/t Au and 39.4%
Fe (Fig. 1c; ESM1 Fig. 1; Li et al,, 2010; Zhang et al., 2018a). The exposed
strata in the Tonglvshan mining area are the Lower Triassic Daye Forma-
tion mainly consisting of limestone and dolomite (Fig. 1c; Liet al.,2010).
The quartz monzodiorite (porphyry) stock with an outcropped area of
11 km?, intruded into the Lower Triassic carbonate rocks at
142-140 Ma (Xie et al., 2011; Li et al., 2014; Zhang et al., 2018a). The
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quartz monzodiorite was widespread in the Tonglvshan mining area,
while the quartz monzodiorite porphyry locally occurred in the internal
contact zone in the deep area (Zhang et al., 2018a). Thirteen skarn Cu-
Fe-Au orebodies, mainly occurring as lenticular and stratiform shape,
have been discovered in the Tonglvshan ore deposit (Zhang et al.,
2018a). They are mainly distributed along the NNE faults and the con-
tact zone between the quartz monzodiorite/quartz monzodiorite por-
phyry and the marble/dolomitic marble (Fig. 1c).

At Tonglvshan, several distinct mineralization/alteration stages have
been distinguished: pre-ore prograde skarn alteration (stage I, domi-
nated by garnet, diopside, K-feldspar and wollastonite), retrograde al-
teration (stage II, featured by abundant epidote, actinolite, phlogopite,
serpentine and magnetite) and oxide (stage IIl, dominated by hematite,
specularite and quartz) with Fe mineralization, quartz-sulfide (stage IV,
featuring by abundant chalcopyrite, bornite, chalcocite, pyrite and
quartz) with Cu—Au mineralization, and post-ore carbonate (stage V,
dominated by calcite and ankerite) and supergene process (stage VI,
featured by malachite and azurite) (Zhang et al., 2018a).

3. Garnet petrography

Garnet was one of the most important alteration minerals in the
Tonglvshan Cu-Fe-Au skarn deposit. Based on the mineral assemblages
and their mega/microscopic texture relationships, three distinct gener-
ations of garnet have been identified with a youngling trend, namely
homogeneous garnet in the exoskarn zone (Grt1-exo) and endoskarn
zone (Grt1-endo) and oscillatory zoning garnet (Grt2) in the pre-ore
prograde skarn stage (stage I), and garnet-calcite veins (Grt3) in the sul-
fide (stage IV) to carbonate (stage V) stages (Fig. 2).

Early Grt1-endo mainly occurs as veins or irregular grains with
colors of light- to dark brown replacing quartz monzodiorite in the
endoskarn zone (Fig. 2a, b). Under the BSE image, Grt1-endo shows
nonuniform of chemical composition with residual plagioclase
(Fig. 2b). In the exoskarn zone, almost simultaneous Grt1-exo usually
presents as garnet-diopside or garnet skarn (Fig. 2c, d). The colors of
Grt1-exo range from dark brown to bottle green in hand specimen
(Fig. 2¢, d). Under the plane-polarized light and BSE image, Grt1-exo
commonly shows isotropic with some hematite micro veins cutting in
late stage (Fig. 2e, f). The Grt2 usually grows along the crystal edges of
Grt1-exo with light brown to light green in colors, and showing conspic-
uous oscillatory zoning texture (Fig. 2d, e, g). Under the plane-polarized
light and BSE image, Grt2 shows distinct elemental zoning with late he-
matite micro veins cutting (Fig. 2g, h).

Retrograde alteration stage (stage II) of epidote and magnetite re-
placing Grt1 and Grt2 are commonly distributed at Tonglvshan deposit
(Fig. 2i). Moreover, the garnet-calcite (Grt3) veins cutting massive mag-
netite ores with residual diopside also have been found (Fig. 2j, k). The
Grt3 is relatively homogeneous with some previous magnetite and di-
opside inclusions (Fig. 21). Although the precedence relationship be-
tween Grt3-calcite vein and quartz-sulfide ores (stage IV) was not
observed at Tonglvshan, based on the existing metasomatism relation-
ship, such as disseminated chalcopyrite and chalcopyrite-quartz vein
replacing garnet-diopside skarn (Fig. 2c) and calcite replacing Grt2
(Fig. 2d, e), Grt3 probably grew in the sulfide (stage IV) to carbonate
(stage V) stages, and can approximately represent the end of the main
Cu-Fe-Au skarn mineralization event at Tonglvshan deposit.

4. Analytical methods

Thirteen samples of the three generational garnets (Grt1-endo,
Grtl-exo, Grt2 and Grt3) at Tonglvshan for the scanning electron mi-
croscopy (SEM) and electron probe microprobe analysis (EMPA) were
directly conducted on the polished thin section that cut from the hand
specimens. Each garnet sample has been observed carefully under mi-
croscope and SEM to investigate their internal textures and mineral in-
clusions. Backscatter electron (BSE) images of garnet grains were taken

by the Zeiss Supra 55 field emission SEM at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIG-CAS). The chemical composition and major
element mapping analyses of garnet were determined by using a JEOL
JXA-8230 EMP at the Key Laboratory of Mineralogy and Metallogeny,
GIG-CAS. The instrument was operated in wavelength-dispersion
mode with a beam diameter of 1 pm, an accelerating voltage of 15 kV,
and a probe current of 20 nA. Natural silicate minerals were used as
standards, including rhodonite (Mn and Ca), pyrope (Mg, Al and Si), al-
mandine (Fe), rutile (Ti), chromium oxide (Cr) and metallic nickel (Ni).
Detection limits for the elements are below 0.01 wt%. All data were re-
duced using the ZAF correction program. Detailed instrument parame-
ters and analytical procedure about the major element mapping
analyses of garnet were given by Li et al. (2018b).

Four of the above 13 garnet samples (ZK803-97A, ZK2705-145,
ZK803-97B and ZK204-56) were selected for in situ U—Pb isotopic dat-
ing and trace elements analyses. Moreover, another garnet sample
(ZK804-75) from a garnet skarn in the exoskarn zone was selected for
trace element mapping analyses. In situ garnet U—PDb isotopic dating
and trace element and mapping analyses were performed by LA-ICP-
MS at the Key Laboratory of Marine Resources and Coastal Engineering,
Sun Yat-sen University. The laser sampling was performed using an ArF
excimer laser ablation system (GeoLasPro), and ion-signal intensities
were acquired using an Agilent 7700 x ICP-MS. A 44 and 60 pm laser
spot was 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 National Institute of Standards and Technology Standard
Reference Material 610, using the Si determined by electron microprobe
as the internal standard. Zircon 91,500 was used as the external stan-
dard to correct U—Pb isotopic ratios. Time-dependent drifts of U-Th-
Pb isotopic ratios were corrected using a linear interpolation (with
time) for every 10 analyses, based on the variations of Zircon 91,500.
The final uncertainties were propagated from uncertainties of the pre-
ferred and measured Zircon 91,500 values, and from the measured sam-
ple values (Fu et al., 2015).

For comparison and monitoring the precision and accuracy of the
U—Pb dating results, the samples of ZK803-97A and ZK204-56 were an-
alyzed twice with ten month intervals using different secondary garnet
standard (QC04 and WS20) and laser spot beam of 44 and 60 um, re-
spectively. Andradite garnet (QC04) was collected from the Qicun Fe
skarn deposit in the Han-Xing district, North China Craton, China
(Deng et al., 2017), and schorlomite garnet (WS20) was collected
from a wollaston ite-ijolite at the Prairie Lake carbonatite complex,
Northwestern Ontario, Canada (Yang et al., 2018). The obtained
weighted mean 2°°Pb/238U ages of 128 + 3 Ma (20; MSWD = 0.42; n
= 8) and 1159 + 6 Ma (20; MSWD = 0.60; n = 38) for QC04 and
WS20, respectively, are consistent with the recommended values
(QCO04: 130 £ 2 Ma, Deng et al., 2017; WS20: ~1160 Ma, Yang et al.,
2018; ESM2 Table 1). Each analysis consisted of 20 s of background
measurement (laser-off) followed by 45 s of data acquisition. Data re-
duction was performed using ICPMSDataCal software (Liu et al.,
2010). Isoplot 3.0 was used to calculate the U—Pb ages and weighted
206ph,238(J mean ages, and draw Tera-Wasserberg Concordia diagrams
(Ludwig, 2003). Detailed instrument parameters and analytical proce-
dure were given by Li et al. (2018a).

5. Results
5.1. Major element garnet geochemistry

The major elements of garnet at Tonglvshan Cu-Fe-Au skarn deposit
are listed in appurtenant material (ESM 2 Table 1) and illustrated in
Fig. 3. Electron microprobe analyses (EMPA) show that the three gener-
ation garnets at Tonglvshan all belong to the grossular-andradite
(grandite) solid solution series and fall into the field of Cu- and Fe
skarn deposits in the worldwide (Fig. 3; Meinert et al., 2005). The
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Fig. 2. Photographs and photomicrographs showing the different generation/ occurrences of garnet in the Tonglvshan Cu-Fe-Au skarn deposit. (a) Photograph showing brown garnet vein
(Grtl-endo) cutting quartz monzodiorite with montmorillonite and epidote alteration; (b) Photomicrograph under BSE image showing Grt1-endo replacing plagioclase in the quartz
monzodiorite; (c) Photograph showing garnet-diopside skarn (Grt1-exo) replaced by disseminated chalcopyrite and chalcopyrite-quartz vein; (d) Photograph showing the bottle
green garnet (Grt1-exo) around by light brown to light green garnet (Grt2) that replaced by calcite in the late stage; (e) Photomicrograph under plane-polarized light showing
homogeneous Grt1-exo around by zoning Grt2 and then replaced by the calcite in the late stage; (f) Photomicrograph under BSE image showing homogeneous Grt1 with hematite
micro veins in the flaw; (g) Photomicrograph under plane-polarized light showing zoning Grt2 with a lots of flaws and filled by hematite; (h) Photomicrograph under plane-polarized
light showing zoning Grt2 with a lots of flaws and filled by hematite; (i) Photograph showing the bottle-green garnet (Grt1-exo) and light green garnet (Grt2) replaced by magnetite-
epidote-quartz; (j and k) Photograph and photomicrograph under plane-polarized light showing the garnet-calcite (Grt3) vein cutting massive magnetite ores with residual diopside;
(1) Photomicrograph under BSE image showing some of diopside and maganetite inclusions in the Grt3. Abbreviations: Grt1-endo = the first generation of garnet in the endoskarn
zone; Ep = epidote; Pl = plagioclase; Grt1-exo = the first generation of garnet in the exoskarn zone; Di = diopside; Ccp = chalcopyrite; Qtz = quartz; Grt2 = the second generation
of garnet; Cal = Calcite; Hm = hematite; Mt. = magnetite; Grt3 = the third generation of garnet. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

composition of garnets range from Adr,g 4Gro-g g to almost pure andra-
dite (Adrgg gGrog) with almandine, pyrope, spessartine and uvarovitee
collectively <3.5% (Fig. 3; ESM 2 Table 1). As the diversity of textural and
microscopic features in petrography, the major element composition of
garnets show large variations.

The first generation garnet (Grt1) in the exoskarn zone show obvi-
ously andradite-rich (Adr-g36), while in the endoskarn zone

(i.e., proximity to the Tonglvshan quartz monzodiorite) range from
Adr405Grosgg to AdrygoGroog (ESM 2 Table 1). Oscillatory zoning gar-
nets (Grt2) show large chemical oscillations with the composition range
from Adr;g 4Gro;g g to almost pure andradite (Adreg gGrog ) (Fig. 3; ESM
2 Table 1). The major elements mapping by EMPA show that Grt2 has
Al-rich cores and Fe-rich rims with distinct oscillatory zonal of Al and
Fe (Fig. 4a), but Fe-rich cores and Al-rich rims can also be found
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(Fig. 4b). The elements of Mn, Ti and Mg show slightly enriched in the
core of Grt2 (Fig. 4). In addition, the composition of Grt3 from garnet-
calcite veins range from Adrssz 7Gross 4 to AdrggoGroqe.g (Fig. 3; ESM 2
Table 1).

5.2. Trace element garnet geochemistry

Trace elements of the Tonglvshan garnet are listed in ESM 3 Table 2
and illustrated in Fig. 5. On the whole, the REE concentrations
(110-1637 ppm) have large variations in different occurrence/genera-
tion garnets, but generally display LREE enrichment and HREE depletion
and positive Eu anomalies (Fig. 5; ESM 3 Table 2). The total REE of Grt1
in the endoskarn zone range from 151 to 959 ppm with average values
of 325 ppm. Uranium and Th contents range from 4.2 to 26.2 ppm and
1.8 to 38.3 ppm, respectively, with Th/U ratios of 0.4-3.0 (ESM 3
Table 2). While, for the Grt1 in the exoskarn zone, the total REE range
from 274 to 606 ppm with average values of 477 ppm (Fig. 5a; ESM 3
Table 2). Notably, it has higher U contents with average values of
82 ppm (ESM 3 Table 2). This is an ideal sample for in-situ garnet
U—Pb dating.

Compared to the isotropic Grt1 in the exoskarn zone, the total REE of
zoning Grt2 (110-264 ppm) show significantly decreased with average
values of 148 ppm. Moreover, there are lower U contents with average
values of 16 ppm in Grt2 (ESM 3 Table 2). For Grt3, the total REE
range from 243 to 1637 ppm with average value of 755 ppm (ESM 3
Table 2). It is obviously higher than other generation garnets. The last
generation of Grt3 has variable U contents with values range from 9.1
to 102 ppm (ESM 3 Table 2).

5.3. Garnet U—Pb geochronology

Garnet U—Pb isotopic data are listed in ESM 4 Table 3 and illustrated
in Fig. 6. The sample of ZK803-97A (Grt1-exo) has high U contents ([U]ayg
> 80 ppm) and has been analyzed twice. For the first time, a total of 38
analyses with laser spot of 60 um yielded a Tera-Wasserburg diagram
with lower intercept 2°°Pb/?38U age of 139.1 &+ 1.0 Ma (MSWD = 0.79)

(Fig. 6a) and the selected 23 analyses yielded a concordia 2°°Pb/*8U
age of 139.2 £ 0.6 Ma (MSWD = 1.4) (Fig. 6b). For the same sam-
ple, ten months later in the same lab, twenty-six analyses with a
smaller laser spot (~ 44 um) yielded a lower intercept 2°°Pb/238U
age of 139.8 4+ 2.6 Ma (MSWD = 0.48) (Fig. 6¢) and the selected
15 analyses yielded a concordia 2°°Pb/?38U age of 139.8 + 1.5 Ma
(MSWD = 0.13) (Fig. 6d). In comparison, the Grtl-endo sample
ZK2705-145B has low U ([U].yg = 12 ppm) and produced a lower inter-
cept 2%5Pb/?38U age of 134 + 11 Ma (MSWD = 2.5; n = 33) (Fig. 6e).

The sample of ZK803-97B (Grt2) also has low U contents ([U]ayg =
16 ppm). A total of 31 analyses yielded a Tera-Wasserburg diagram
with lower intercept 2°°Pb/2*8U age of 143.4 + 8.3 Ma (MSWD = 2.3)
(Fig. 6f). In addition, twice analysis for the sample ZK204-56 (Grt3)
with elevated U concentration ([U].vg > 35 ppm) yielded lower intercept
206pp 238 ages of 140.3 & 1.4 Ma (MSWD = 0.95; n = 39) (Fig. 6g) and
141.0 + 3.3 Ma (MSWD = 1.1; n = 38) (Fig. 6h), respectively.

6. Discussion
6.1. The incorporation of U into grandite garnet

Sufficient U concentrations and negligible common Pb contents in
the crystal lattice of mineral are necessary conditions for U—Pb isotopic
dating (Mezger et al., 1989; Deng et al., 2017). Uranium-rich mineral in-
clusions, such as zircon, monazite, uraninite and allanite often occur in
the garnet, and can severely influence the results of direct U—Pb dating
of garnet (Dewolf et al.,, 1996; Lima et al., 2012). However, recently, sev-
eral published grandite garnets in the skarn system are lack of this phe-
nomenon (Deng et al., 2017; Gevedon et al., 2018; Zhang et al., 2018b).
In this study, we found that grandite garnet in the Tonglvshan Cu-Fe-Au
skarn deposit have large variations of U (4-131 ppm) (ESM 4 Table 3).
Under the BSE images, only some later tiny cracks and filled hematite
can be observed in Grt1 and Grt2; while in the Grt3, minor magnetite
and diopside inclusions, rather than U-rich mineral inclusions occurred
(Fig. 2f, h, 1), suggesting that U possibly occurs within the grandite gar-
net lattice. Moreover, the time-resolved signals of Si, U, Th, Pb and LREEs

Al+Py+Sp+Uv

0\

100

<> Grt1-endo
O Grt1-exo
O Grt2
A Grt3

100 (D)

Gro 0 20

Fig. 3. Triangular classification of garnet in the Tonglvshan Cu-Fe-Au deposit (the base map according to Meinert et al., 2005). Abbreviations: Adr = andradite; Gro = grossular; Al =

almandine; Py = pyrope; Sp = spessartine; Uv = uvarovite.
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Fig. 4. Major elements EMPA mapping of Garnet2 at Tonglvshan.

are flat and stable during the ablation (ESM 1 Fig. 2). This further indi-
cates that the distributions of U and other elements are homogeneous
and short of the U-rich mineral inclusions in the selected grandite gar-
net at Tonglvshan.

The incorporation of U into the garnet is mainly controlled by: (1) sub-
stitution of divalent cations (Ca®>*, Mg+, Mn?*, or Fe?") in the dodeca-
hedral position; (2) substitution of REE, especially HREE in the eight-fold
coordination site with similar ion radius; and (3) surface sorption during
the growth of crystal (Jamtveit and Hervig, 1994; Smith et al., 2004;
Gaspar et al.,, 2008; Dziggel et al., 2009). On the basis of similar ionic ra-
dius and charge balance ([U*T]V!" + 2[Fe3 T, ABH]Y — [Ca2 VIl 4 2
[Si*"1V) (Gaspar et al., 2008), the incorporation of U in the Tonglvshan
grandite garnet is probably depended on the coupled substitution of
Ca®" in the dodecahedral position and the substitution of Mg?™, Mn?™
and Fe?" are insignificant, due to their lower contents and poor correla-
tion with U in the grandite garnets (ESM 2 and 3). The positive correlation
between U and total REE (Fig. 7a) implies a similar ion substitution mech-
anism in an eight-fold coordination site within the Tonglvshan grandite
garnet (Smith et al., 2004; Gaspar et al., 2008; Deng et al., 2017). How-
ever, this correlation is primarily reflected in LREE (Fig. 7b), but
underperforming in HREE (Fig. 7c). The lack of positive correlation be-
tween U and LREE-HREE synchronously, suggesting that surface sorption
was negligible for the incorporation of U into the Tonglvshan grandite

garnet. Because surface sorption commonly causes U to correlate posi-
tively with both LREE and HREE in garnet (Jamtveit and Hervig, 1994;
Smith et al., 2004).

At Tonglvshan, the magmatic-hydrothermal system is relatively ox-
idized. This is supported by the high zircon Ce*"/Ce3™ ratios of the
quartz monzodiorite (347-654) and quartz monzodiorite porphyry
(348-1231) (Zhang et al., 2018a) and the estimated oxygen fugacity
(log(fO,) > NNN + 1) by the chemical composition of biotite in the
quartz monzodiorite (Zhao et al., 2010). In this condition, high states
of U ion (U°*, U%™) likely present in the crystal lattice of grandite gar-
net. Therefore, the oxidized magmatic-hydrothermal environment
was more easily for U enrichment into grandite garnet.

Generally, crystal chemical arguments dictate U** merely fits do-
decahedral sites, while U™ occupies octahedral sites. In case of U™
presents in octahedral sites, based on the first principle calculation, it
needs to transfer its extra electron to neighboring tetrahedral Fe>*
(Rak et al., 2013; Guo et al., 2016). Therefore, the octahedral site may
be more flexible to incorporate U with higher oxidation states (Guo
et al., 2016). Compared with the reduced magmatic-hydrothermal sys-
tem, the higher oxidized magmatic rocks and skarns may enrich U into
the grandite garnet, such as the Ertsberg diorite and the related Big Gos-
san Cu—Au skarn deposit (Indonesia) with U concentration up to
200 ppm in the grandite garnet (Wafforn et al., 2018).
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Several case studies and statistical analysis show that there is a com-
mon positive correlation between U concentration and andradite Mol%
(Smith et al., 2004; Deng et al.,, 2017; Gevedon et al., 2018). At
Tonglvshan, on the whole, high U contents show a relatively correspon-
dence with high molar percentage of andradite (Fig. 7d). However, each
generation of garnet shows striking difference of U concentration and
andradite Mol% (Fig. 7d). In the core area of isotropic Grt1-exo, there
is an obviously positive correlation between U concentration and andra-
dite Mol% (Figs. 7d, 8a), but in the rim of Grt1-exo and the peripheral
anisotropic Grt2 with elemental oscillatory zoning area, the concentra-
tion of U shows significantly decreasing with poor correlation of andra-
dite Mol% (Figs. 7d, 8a, b). In the endoskarn zone, Grt1-edno also show
monotonously low U concentration (Fig. 7d; ESM 4 Table 3). For the last
generational garnet of Grt3, U concentrations are elevated and change
dramatically with no obvious correlation between U concentration
and andradite Mol% (Figs. 7d, 8c; ESM 4 Table 3). Therefore, it can be
speculated that the incorporation of U into grandite garnet was not
only influenced by the molar percentage of andradite, but may be also
effected by the structure, paragenetic/metasomatic relationship of min-
erals and redox state. Moreover, the local buffering (wall rocks) and ex-
ternal buffering (fluids composition, P-T) conditions may also
influenced the incorporation of U into grandite garnet. The grandite gar-
net was more easily to be enriched in U and obtain the high-precision
concordia U—Pb ages with higher andradite Mol%, euhedral and larger
crystal and high oxidized growth environment.

6.2. Evaluation of matrix effect

Various degrees of matrix effect often occurs in different minerals
during LA-ICP-MS U—Pb isotopic analyses (e.g., Black et al., 2004; Liu
et al.,, 2011). In order to avoid matrix effect, the same type of minerals
was often used as the standard minerals. But for some low-U minerals
with no suitable standards, such as xenotime, garnet and apatite etc.,
other appropriate minerals (e.g., zircon) can be selected (Deng et al.,
2017; Liet al,, 2018a). In some cases, an exorbitant laser energy density
will reduce the accuracy due to the higher laser energy density could
produce the larger aerosol particle size, which is harmful for the aerosol
particle transportation and particle ionization in the ICP (Liu et al.,
2011). In order to avoid large errors, similar to zircon U—Pb dating, in
this study, we use a relatively lower laser energy density of 5 J/cm?.

For the low-U minerals, in most instances, a larger spot size will ob-
tain higher values of CPS (counts per second) and better accuracy
(Wafforn et al.,, 2018). But in another case, the obtained U—Pb ages by
LA-ICP-MS will decrease gradually with elevated beam spot size (Liu
et al, 2011). In this study, we found that larger spot size (~60 um) will
make the lower errors of U—Pb isotopic data with slightly younger
ages (Fig. 6a to d, g, h). Although there are several reported standard
garnets, such as WS20 (Yang et al., 2018), QC04 (Deng et al., 2017)
and OH-1 that close to Willsboro garnet and has similar U—Pb ages
(Seman et al.,, 2017) in the laboratory of KLMRCE-SYU, the concordant
206pp,238(J ages was hardly to acquire because they are heterogeneous
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Fig. 8. Combined backscatter electron (BSE) micrograph images showing the location of laser beam spots on the polished thin section of garnet. Each spot is color coded based on the
measured U concentration and corresponding andradite Mol%. (a) sample of ZK803-97A (Grt1-exo); (b) sample of ZK803-97B (Grt2); (c) sample of ZK204-56 (Grt3).

with variable common Pb contents. Some reported case studies show
that the zircon standard (91500 and GJ-1), similar to Willsboro garnet
(Seman et al., 2017), can effectively correct the U—Pb isotope fraction-
ation and mass discrimination of garnet samples (Deng et al., 2017;
Wafforn et al,, 2018; Li et al., 2018a; Zhang et al., 2018b). For the
Tonglvshan garnet, we selected QC04 and WS20 as the second garnet
standard to monitor the garnet dating at different times. The monitoring
analysis results as mentioned above also indicate that the obtained gar-
net U—Pb isotopic ages are credible.

These above facts indicate no distinct matrix effect between zircon
91,500 and the grandite garnet samples in the Tonglvshan Cu-Fe-Au
skarn deposit. However, for more accurate, a matrix-matched external
garnet standard with high CPS and neglectable common Pb contents
might be still necessary for LA-ICP-MS U—Pb dating of garnet samples.
Fortunately, in this study, for the selected sample spots of ZK803-97A
with high U concentration, we firstly obtained the concordia garnet
206ph,238J ages in skarn system. This result will provide a potential gar-
net U—Pb isotopic dating standard for the future study.

6.3. Timing and duration of the Tonglvshan skarn mineralization

In the past decade, multiple isotope dating methods have been
applied to date the timing of the Tonglvshan Cu-Fe-Au mineraliza-
tion (Li et al., 2010, 2014; Xie et al., 2011). One of the most used
methods was “°Ar—>°Ar geochronology of phlogopite that formed
in the retrograde alteration stage (stage II) with Fe mineralization.
However, unfortunately, total reported eleven “°Ar—>3°Ar plateau
ages of phlogopite are discrepant, ranging from 148 to 136 Ma
(Fig.9; Xie et al., 2011; Li et al., 2014). In addition, Li et al. (2010) re-
ported two titanite 2°°Pb/23®U weighted mean ages of 135.9 +
1.3 Ma (MSWD = 0.30; n = 14) and 121.5 £+ 1.3 Ma (MSWD =
1.3; n = 12) in the Tonglvshan Cu-Fe-Au deposit. Xie et al. (2011) re-
ported a molybdenite Re—Os isochron age (137 4+ 2.4 Ma; MSWD =

1.3; n = 5) from the quartz-sulfide stage (stage IV) with Cu—Au
mineralization.

Combined with the published ages of the Tonglvshan dioritic
stock, some researchers suggested that there may exist multiple hy-
drothermal mineralization events (10-20 Myr) in the Tonglvshan
ore district (Li et al., 2010, 2014). However, the mica Ar—Ar system-
atics with low closure temperature can easily be reset by later
thermo-tectonic events (Chiaradia et al., 2013; Li et al., 2018a). The
reliability of titanite U—Pb ages are relatively higher, but in some
cases, can also be influenced by the later hydrothermal alteration
with a younger U—Pb isotopic age (Deng et al., 2015b). Thus, based
on the above variable geochronology data with a wide range, it is dif-
ficult to constrain the timing and duration of the Tonglvshan Cu-Fe-
Au mineralization.

In this study, accurate LA-ICP-MS U—Pb dating on two grandite gar-
net samples from the pre-ore prograde skarn alteration (stage I; Grt1-
exo) and Cu-Au-sulfide to post-ore carbonate stage (stage IV to V;
Grt3) in the Tonglvshan Cu-Fe-Au deposit, yielded a precision concordia
206pp 238 ages 0f 139.2 4 0.6 Ma (20, MSWD = 1.4) and a lower inter-
cept 2°°Pb/?*8U age of 140.3 + 1.4 Ma (20, MSWD = 0.95), respectively
(Fig. 6b, g). These ages are consistent with the majority of published
high-precision zircon U—Pb ages (140-142 Ma) for the quartz
monzodiorite and quartz monzodiorite porphyry at Tonglvshan
(Fig. 9; Xie et al., 2011; Li et al., 2014; Zhang et al., 2018a), indicating a
close genetic relationship between Tonglvshan dioritic stock and
Cu-Fe-Au skarn mineralization. The age of 139-140 Ma can represent
the onset of skarn alteration/mineralization, and indicate the dura-
tion of the metasomatic skarn mineralization event at Tonglvshan
was relatively short-lived (< 1 Myr). Even taking into account the
error range, it may be still <2.5 Myr. Our new results also provide a
good example that a short-lived magmatic-hydrothermal process
can account for the large-scale proximal Cu-polymetallic skarn
mineralization.
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Fig. 9. Age spectra incorporating quartz monzodiorite and quartz monzodiorite porphyry and Cu-Fe-Au skarn mineralization at Tonglvshan deposit.

7. Conclusion

Three generation of garnets, including homogeneous Grt1-exo in
the exoskarn zone and Grt1-endo in the endoskarn zone, oscillatory
zoning Grt2 and vein-type Grt3 cutting magnetite ores were identi-
fied in the Tonglvshan skarn deposit. Uranium and common Pb con-
tents are variable in each generational garnet and lead to different
age errors. The precision grandite garnet concordia and lower inter-
cept U—Pb ages from the Grt1-exo (139.2 + 0.6 Ma) and Grt3
(140.3 £+ 1.4 Ma) can be considered as the timing of Cu-Fe-Au
skarn mineralization and indicate that the duration of metasomatic
hydrothermal mineralization event at Tonglvshan <1 (or 2.5 consid-
ering errors) Myr. The grandite garnet with high andradite Mol%,
euhedral and larger crystal and high oxidized growth environment
was more easily to enrich in U and can obtain the high-precision
concordia U—Pb ages.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2019.04.003.
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