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ABSTRACT

Volcanic-hosted iron deposits of the east-
ern Awulale metallogenetic belt in Central 
Asia possess a reserve of over 1.2 billion tons 
of iron ores and constitute one of the most 
important basements for high-grade iron re-
sources in China. Skarns are widespread in 
these deposits and closely associated with iron 
mineralization. The ages of these skarns are 
unclear, and their genesis remains debated, 
preventing further investigation into their 
metallogenic processes. We focused on garnets 
in nine ore-bearing skarns from three large-
scale iron deposits (Chagangnuoer, Dunde, 
and Beizhan) in the eastern Awulale belt. 
U-Pb dating was conducted on these garnets 
using our in-house reference material, the 
Taochong garnet (TC-13, Pb-Pb isochron 
age: 126.2 ± 2.3 Ma, initial 207Pb/206Pb ratio:  
0.845 ± 0.022). Laser-ablation–multicollector– 
inductively coupled plasma–mass spectrom-
etry (LA-MC-ICP-MS) was employed in the 
garnet U-Pb dating, and high-precision U-Pb 
ages (0.3%–1.6%) were obtained, highlight-
ing the advantages of LA-MC-ICP-MS in dat-
ing low-U minerals. The garnet U-Pb ages of 
the nine skarn samples fall into three groups, 
i.e., 329.0 ± 5.1–326 ± 3.3 Ma (two samples), 
316.3 ± 2.9–311.2 ± 2.4 Ma (six samples), and 
295.6 ± 1.0 Ma (one sample), implying three 
episodes of skarn alteration in the volcanic-
hosted iron mineralization system. The first 
and second episodes of skarns formed as a 

 result of contact metasomatism between  coeval 
volcanic rocks and limestone, and they  have 
economically important iron mineralization. 
The third was likely caused by a local postcol-
lision granitic intrusion, but its metallogenic 
potential deserves further assessment.

INTRODUCTION

Garnet is a commonly used mineral in geo-
chronology (Baxter and Scherer, 2013; Smit 
et al., 2013) and can be dated using multiple 
approaches, such as the Sm-Nd isochron, 
Lu-Hf isochron, Pb-Pb isochron, and isotope 
 dilution–thermal ionization mass spectrom-
etry (ID-TIMS) U-Pb methods (Cheng et al., 
2018; Jung and Mezger, 2003; Salnikova et al., 
2018; Scherer et al., 2000; Smit et al., 2013). 
These geochronometers act as powerful tools 
to obtain garnet ages, but they are very time-
consuming and costly. In situ U-Pb dating with 
laser ablation has recently become available to 
date garnets in skarn and syenite (Deng et al., 
2017; Gevedon et al., 2018; Seman et al., 2017;  
Wafforn et  al., 2018) and in carbonatite and 
alkaline complexes (Yang et al., 2018). This 
method has greatly facilitated garnet U-Pb 
geochronology due to its high spatial resolu-
tion and rapid data acquisition. Though these 
datable garnets contain some common lead, 
precise U-Pb isotopic ages (precision <3%) 
can be obtained provided the U-Pb isotopic 
compositions from the same sample spread 
along a mixing line between common Pb and 
radiogenic Pb components (Chew et al., 2011, 
2014; Roberts et  al., 2017; Simonetti et  al., 
2006). A challenge lies in samples with sub–
part per million uranium (U) contents; their 

age determination requires instruments with a 
higher sensitivity.

With in situ analytical methods, trace elements 
at concentrations measurable by laser-ablation–
inductively coupled plasma–mass spectrometry 
(LA-ICP-MS) can also be obtained from garnets 
(Gaspar et al., 2008; Smith et al., 2004). Among 
them, rare earth elements (REEs) and U stand out 
as useful geochemical tracers in both magmatic 
and hydrothermal systems (Jamtveit and Hervig, 
1994; Morgan, 1990; Park et al., 2017; Whitney 
and Olmsted, 1998). REE behaviors in garnet are 
primarily controlled by their regular decrease in 
ionic radii, but these values may become highly 
variable in skarn systems due to their depen-
dence on protoliths, the position relative to fluid 
sources (water/rock ratios), and major-element 
concentrations (Gaspar et al., 2008; Jamtveit and 
Hervig, 1994; Smith et al., 2004; Whitney and 
Olmsted, 1998). The incorporation of U into a 
grandite lattice is dominated by substitution at 
the Ca site, and U4+ is more likely to substitute 
into grandite than U6+ on the basis of ionic radius 
(Shannon, 1976; Smith et al., 2004). Moreover, 
the U content of garnets usually positively cor-
relates with those of total REEs, suggesting that 
processes controlling REE behaviors may also 
control the uptake of U in grandite-forming flu-
ids (Smith et al., 2004). A few researchers have 
successfully deciphered the geological history of 
skarns by investigating REE and U geochemistry 
in different types of skarn deposits (Park et al., 
2017; Whitney and Olmsted, 1998; Xiao et al., 
2018). When combined with geochronological 
data of skarn garnets, REE and U geochemistry 
of garnets can be an attractive tool with which to 
constrain the origins and properties of hydrother-
mal fluids in skarn systems.
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The Awulale metallogenetic belt in the west-
ern Tianshan, Central Asia, is a well-known re-
gion for hosting plentiful volcanic-hosted iron 
deposits (Hou et al., 2014). Skarns are pervasive 
in these deposits and display a close relationship 
with iron orebodies, both spatially and tempo-
rally (Duan et al., 2014; Hong et al., 2012; Yan 
et al., 2018). However, skarn genesis in these 
volcanic-hosted iron deposits has not been well 
understood due to the lack of geochronologi-
cal data and the complex spatial relationships 
between skarns and wall rocks. Various models 
have been proposed for skarn genesis and iron 
mineralization of these deposits, including plu-
ton-related contact metasomatism (Duan et al., 
2014), basaltic magma and limestone reaction 
(Sun et al., 2015), and volcanic hydrothermal 
metasomatism (Yan et al., 2018). In all these 
models, skarns are thought to form as a result 
of metasomatism between magmatic and car-
bonate rocks, whereby magmatic rocks in ore 
districts were causative igneous rocks and the 
limestone strata provided the carbonate com-
ponent for the skarns. However, it is difficult 
to test the linkages between individual skarn 
deposits and magmatism due to the presence of 
multiple magmatic rocks in the volcanic-hosted 
system. Constraints on the timing of skarn for-
mation become a critical piece of evidence in 
testing models that link the formation of skarns 
and skarn-hosted mineral deposits with mag-
matic rocks. Skarns generally develop coevally 
with, or slightly later than their causative igne-
ous rocks, and their chemical compositions, to 
some extent, also originate from their precur-
sors (Grant, 1986; Jansson and Allen, 2013; 
Meinert, 1992; Meinert et al., 2005). Garnets 
form during the early stage of skarn alteration 
and are ideal proxies with which to investi-
gate the timing and geochemical properties of 
skarns. Geochronological and geochemical data 
from skarn garnets may provide significant in-
formation for pinpointing potential source rocks. 
Therefore, we investigated in situ U-Pb ages and 
REE geochemistry of skarn garnets from three 
volcanic-hosted iron deposits (Chagangnuoer, 
Dunde, and Beizhan) to reveal skarn genesis and 
provide insights into their metallogenesis. Nota-
bly, some skarn garnets only contained sub–part 
per million U contents. In this study, we demon-
strated that high-precision garnet U-Pb ages can 
be obtained using multicollector (MC) LA-ICP-
MS instruments.

BACKGROUND AND SAMPLES

Regional Geology

The Chinese western Tianshan of the Cen-
tral Asian orogenic belt (Fig.  1A) is located 

between the Junggar plate to the north and the 
Tarim plate to the south and can be subdivided 
into three parts, the North Tianshan, the Yili–
Central Tianshan, and the South Tianshan (Al-
len et al., 1993; Gao et al., 2009). The Awulale 
orogenic belt lies in the eastern part of the Yili 
block and tapers to a point where the North 
Tianshan fault and the north Nalati fault con-
verge (Fig. 1B). It has a Mesoproterozoic met-
amorphic crystalline basement, predominately 
composed of marble, biotite-plagioclase gneiss, 
and hornblende-plagioclase gneiss (Feng et al., 
2010), which is covered by series of carbonate-
volcanic, marine volcanic and volcaniclastic, 
terrigenous clastic-carbonate, and terrigenous 
clastic rocks formed from the Silurian to 
the Jurassic (Fig. 1C; Liu et al., 2014; Wang 
et al., 2014).

The Awulale orogenic belt hosts a major poly-
metallic metallogenetic belt in western Tianshan, 
the Awulale metallogenetic belt (Fig. 1C; Hou 
et al., 2014; Zhang et al., 2014). From west to 
east in the eastern Awulale metallogenetic belt, 
five large-to-medium volcanic-hosted iron (Fe) 
deposits, namely, the Wuling Fe deposit, Cha-
gangnuoer Fe deposit, Zhibo Fe deposit, Dunde 
Fe-Zn deposit, and Beizhan Fe deposit, have 
been explored, and are all hosted in volcanic/ 
volcaniclastic rocks of the late Carboniferous 
Dahalajunshan Formation (Fig.  1C). Remote-
sensing satellite imagery indicates that the five 
deposits are distributed around the same caldera 
crater (Feng et al., 2010). The Zhibo deposit is 
 located in the center of the caldera and is char-
acterized by magmatic mineralization with 
abundant magmatic magnetite ores, widespread 
K-feldspar alteration, and diopside alteration 
(Feng et al., 2010; Zhang et al., 2012a). The Wul-
ing and Chagangnuoer deposits lie on the mar-
gin of the caldera crater, and the latter one has 
both magmatic and hydrothermal mineralization 
and widespread skarn (Feng et al., 2010; Wang 
et al., 2011). The Dunde and Beizhan deposits 
are situated along radial fractures distal from the 
caldera center and are characterized by magmatic 
hydrothermal mineralization and pervasive skarn 
alteration (Duan et al., 2014; Ge, 2013; Yan et al., 
2018). During volcanic processes, magmatic 
activities weaken and hydrothermal activities 
strengthen from the proximal to the distal zones, 
correspondingly resulting in different mineraliza-
tion types for deposits distributed from the calde-
ra crater outward. The five deposits are probably 
genetically related, and the volcanic magmatism 
and resultant hydrothermal activity may have 
triggered regional iron mineralization of the east-
ern Awulale metallogenetic belt. In this study, we 
only focused on the Chagangnuoer, Dunde, and 
Beizhan deposits, where garnet-bearing skarns 
are widely exposed.

Deposit Geology and Samples

The Chagangnuoer Fe deposit is a large Fe 
deposit with an iron reserve of over 200 Mt at 
35  wt% (Fig.  2A). Iron orebodies and skarn 
zones are hosted in the second subformation of 
the Dahalajunshan Formation, which is com-
posed of ferrobasalt, andesitic tuff, trachyan-
desite, dacite, rhyolitic tuff, and a small amount 
of thin-bedded limestone. Zircon U-Pb ages 
obtained for the ferrobasalt, dacite, and tra-
chyandesite are 314 ± 8 Ma (Li et  al., 2015), 
313 ± 6 Ma (unpublished age of our research 
team), and 328.7 ± 2.7 Ma (Feng et al., 2010), 
respectively. In the Fe I ore district, a garnet 
skarn zone, magnetite orebody, actinolite- 
epidote skarn zone, and marble zone are exposed 
from east to west. Sm-Nd isochron ages of gar-
net and skarn are 316.8 ± 6.7 Ma (Hong et al., 
2012) and 313 ± 7 Ma (Zhang et al., 2015), re-
spectively. Three ore-bearing skarns (CG2801, 
11CG11-2, and 11CG15-20) were sampled at 
Chagangnuoer. Among them, sample CG2801 
is a drill-core sample, while the other two were 
collected from outcrops. These skarns are com-
posed predominantly of garnet and magnetite 
with lesser epidote and actinolite (Fig. 3).  Garnet 
grains are reddish brown in color (Fig. 3), auto-
morphic, and coarse in size (0.5–1 cm; Fig. 4). 
In sample CG2801, garnet crystals include mag-
netite, while in samples 11CG11-2 and 11CG15-
20, garnet and magnetite cement each other, in-
dicating coprecipitation. The spatial relationship 
of garnet and magnetite in the samples reveals 
their precipitation sequence, and thus garnet 
ages can also constrain the timing of magnetite 
precipitation.

The Dunde Fe-Zn deposit is a large Fe de-
posit with a proven reserve of 185 Mt of iron 
ore at 35.06% and 1.49 Mt of Zn ore at 1.26% 
(Fig. 2B; Duan et al., 2014). Its orebodies are 
hosted by volcanic rocks of dacite, rhyolite, 
basaltic tuff, and andesitic tuff of the late Car-
boniferous Dahalajunshan Formation. These 
volcanic country rocks were intensely altered 
to form alteration minerals such as chlorite, 
epidote, and actinolite. A zircon U-Pb age for 
the dacite is 316 ± 2 Ma (Duan et al., 2014). K-
feldspar granite intruded into the volcanic coun-
try rocks at southwestern Dunde (Fig. 2B), and it 
yielded a zircon U-Pb age of 296 ± 1 Ma (Duan 
et al., 2014). Skarn occurs along the contact be-
tween basaltic-andesitic tuff and limestone (see 
the cross section in Fig. 2B). The deposit has 
a succession of superposed zones of alteration 
concentrically from the orebody outwards: di-
opside, epidote, chlorite, and carbonate. Three 
magnetite-bearing skarns (13DD-03, 13DD-04, 
and 13DD-05) were sampled at Dunde. Skarn 
samples consisted predominantly of diopside, 
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garnet, and magnetite, with lesser pyrite and cal-
cite (Fig. 3). Garnets are honey-colored (Fig. 3), 
subhedral, and medium grained (Fig. 4). Mag-
netite is included/cemented by skarn minerals 
of diopside and garnet. Specially, magnetite is 
net-veined in skarn sample 13DD-03 (Fig. 3).

The Beizhan Fe deposit is the largest Fe 
deposit of the three with an iron ore reserve 
of ∼226 Mt at 41 wt% (Fig. 2C; Zhang et al., 
2012b). Country rocks include andesite, dacite, 
dacitic tuff, and rhyolite of the late Carbonifer-
ous Dahalajunshan and Akeshake Formations, 
and they are covered by Quaternary sediments. 
Zircon U-Pb ages for the rhyolite and dacite are 
316 ± 2 Ma (Li et  al., 2013) and 329 ± 1 Ma 

(Sun et al., 2012), respectively. A skarn zone 
and limestone zone extend outward from the 
iron orebody, and no sharp boundaries can be 
identified between adjacent alteration zones. 
K-feldspar granite, granitic porphyry, dioritic 
porphyrite, and allgovite intruded the south-
ern Beizhan district. K-feldspar granite and 
granite porphyry yielded zircon U-Pb ages of 
307 ± 1 Ma (Sun et al., 2012) and 301 ± 1 Ma 
(Zheng et al., 2014), respectively. Three garnet-
bearing skarn samples (13BZ-07, 13BZ-08, 
and 13BZ-15) were selected for in situ U-Pb 
dating. Samples 13BZ-07 and 13BZ-08 were 
taken from the altered hanging wall, while 
sample 13BZ-15 was taken from the footwall 

of the iron  orebodies. All the skarn samples 
were composed of light-brown garnet and dark-
green hedenbergite with some pyrite (Fig. 3). 
Garnet grains were observed to be anhedral and 
included some pyrite (Fig. 4).

Taochong Garnet (TC-13)

We used the Taochong garnet (TC-13) as a 
matrix-matched reference material in the LA-
(MC)-ICP-MS dating. The TC-13 sample was 
taken from an ∼2 kg hand specimen of garnet 
skarn from the Taochong Fe deposit, located 
in the Fanchang district of the Middle-Lower 
Yangtze River Valley metallogenetic belt, South 

A

B

C

Figure 1. (A) Tectonic sketch map of the Central Asia orogenic belt (modified after Şengör et al., 1993; Jahn, 2004). (B) Geological map of 
the Chinese western Tianshan showing the major Fe deposits along the Awulale metallogenetic belt (AMB [black dashed line]; modified 
 after Gao et al., 2009). (C) Geological map of the eastern Awulale metallogenetic belt (modified after Zhang et al., 2012a), showing the spatial 
distribution of Wuling, Chagangnuoer, Dunde, and Beizhan Fe deposits around a caldera system, centering around the Zhibo Fe deposit.
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China (Cao et al., 2012). The Taochong skarn 
consists predominantly of garnet and pyroxene 
with lesser actinolite, chlorite, and calcite. The 
garnet is mostly of giant crystal and chemically 
belongs to grandite (Ad79.2–99.8Gr0.2–20.8; Xu and 

Lin, 2000). The skarn zone at Taochong is of 
tabular shape, with a strike length of ∼1000 m, 
depth of over 1000 m, and thickness of 50–
150 m (Xu and Lin, 2000). The skarn forma-
tion was thought to be genetically associated 

with granites under the deposit (Wang et al., 
2007). Granite samples recovered from drill 
holes are geochemically similar to widespread 
Mesozoic A-type granitoids (sensitive high-
resolution ion microprobe zircon U-Pb  dating: 

A

B C

Figure 2. Geological maps of: (A) the Chagangnuoer Fe deposit (modified after Li et al., 2015), (B) the Dunde Fe-Zn deposit (modi-
fied after Ge, 2013), and (C) the Beizhan Fe deposit (modified after Zheng et al., 2014). An orebody cross-section A–B is provided 
for each of the three deposits, showing the sampling locations (yellow stars) and the spatial relationship between country rocks and 
iron orebody. Notably, skarn sample CG2801 is a drilling-core sample and was taken from a depth of 137 m. Ages of some igneous 
rocks are marked on the geological maps and cross sections, and sources of these published ages are cited in the text.
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125.3 ± 2.9–124.3 ± 2.5 Ma; Lou and Du, 
2006) in the Fanchang area (Wang et al., 2007).

ANALYTICAL METHODS

Electron Probe Microanalyzer (Major 
Elements) and LA-ICP-MS (Trace 
Elements)

Major elements of garnets were measured by 
an electron probe microanalyzer (JEOL EPMA 
JXA-8230) equipped with five wavelength-dis-
persive spectrometers (WDS) at the Chinese 
Academy of Sciences (CAS) Key Laboratory 
of Mineralogy and Metallogeny, Guangzhou 
Institute of Geochemistry, Chinese Academy 
of Sciences (GIGCAS). Secondary and back-
scattered electron (BSE) images were used to 
guide analyses on target positions of miner-
als. A 1 µm defocused beam was operated for 
analyses at an acceleration voltage of 15 kV 
with a beam current of 20 nA.  Measured X-ray 

intensities were corrected by the ZAF method 
using the calibration of standard minerals with 
various diffracting crystals (in parentheses): 
wollastonite for Si (TAP), corundum for Al 
(TAP), hematite for Fe (LiF), Mn-oxide for 
Mn (PET), periclase for Mg (TAP), wollaston-
ite for Ca (PETH), and rutile for Ti (PETJ). 
The X-ray peak counting time for the upper 
and lower baselines of each element was 10 s 
and 5 s, respectively.

Trace elements were measured with a LA-
ICP-MS (Resonetics RESOlution S-155 la-
ser + Agilent 7900) at CAS Key Laboratory of 
Mineralogy and Metallogeny, GIGCAS. The la-
ser was operated at 6 Hz repetition rate and 3.46 
J/cm2 energy density with 50 s ablation time and 
43 µm laser spots. Multiple reference materials 
(NIST612, BCR-2G, BHVO-2G, and BIR-1G) 
were used as external calibration references, and 
29Si was used as an internal standard, based on 
mean Si concentrations of garnet from EPMA 
analysis. The off-line selection, integration of 

the background and analytical signals, time-
drift correction, and quantitative calibration 
were performed using ICPMSDataCal (Liu 
et al., 2008).

LA-ICP-MS element mapping of garnet 
was performed at the Ore Deposit and Ex-
ploration Centre, School of Resources and 
Environmental Engineering, Hefei University 
of Technology, Hefei, China, using a LA-ICP-
MS (PhotonMachines 193 nm laser + Agilent 
7900). Element maps were created by ablating 
sets of parallel line rasters in a grid across the 
sample. A laser spot size of 80 µm and a scan 
speed of 40 µm/s were chosen in this study. 
A laser repetition of 10 Hz was selected at a 
constant energy output of 50 mJ, resulting in 
an energy density of ∼3 J/cm2 at the target. 
Reference material NIST610 was analyzed 
for data calibration at the start and end of each 
mapping session. Images were compiled and 
processed using the program LIMS3.2 (Wang 
et al., 2017).
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Figure 3. Hand specimens of nine studied skarns. CG2801, 11CG11-2, and 11CG15-20 come from Chagangnuoer Fe deposit, 13DD-3, 
13DD-4, and 13DD-5 come from Dunde Fe-Zn deposit, and 13BZ-7, 13BZ-8, and 13BZ-15 are from Beizhan Fe deposit. Abbreviations: 
Grt—garnet, Di—diopside, Hd—hedenbergite, Act—actinolite, Ep—epidote, Mag—magnetite, Py—pyrite, Cal—calcite. These mineral 
abbreviations follow the recommendations of Whitney and Evans (2010).
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Solution Pb-Pb Isochron Dating

The Taochong garnet samples (TC-13) were 
first crushed to millimeter-scale grains. Only 
inclusion- and crack-free grains were selected 
under the microscope for the solution Pb-Pb 
dating. About 350 mg of Taochong garnet was 
ultrasonically cleaned in Milli-Q pure water 
for 60 min (15 min for each time, repeated four 
times). Samples were then dried on a hotplate of 
40 °C and subdivided into 11 aliquots of ∼30 mg 
each. These garnet aliquots were stepwise dis-
solved after being treated with HBr, HCl, and 
HF solutions and their mixtures. All dissolu-
tions were dried out on a hotplate at 90 °C and 
then dissolved with 500 µL of 1.2 N HBr solu-
tion for Pb separation through AG1 × 8 anion 
exchange columns. Pb isotopes were measured 

on a Nu Plasma high-resolution MC-ICP-MS 
at the Radiogenic Isotope Facility, School of 
Earth and Environmental Sciences, University 
of Queensland, Brisbane, Australia. A 205Tl/203Tl 
standard solution was used for mass fraction-
ation corrections, and the NBS-981 standard was 
used for long-term drift corrections. The same 
approach was also applied to measuring the Pb 
isotopic compositions in four Taochong calcite 
subsamples, which were taken from the same 
skarn as the analyzed garnet.

U-Pb Dating by LA-(MC)-ICP-MS

Both garnet grain mounts and garnet-bearing 
thin sections were used for U-Pb dating. All 
samples were first ultrasonicated in detergent 
solution for 1 h and then washed with Milli-Q 

water for at least three times and then dried out 
on a 40 °C hotplate in order to remove any sur-
face contamination as much as possible. Trans-
mitted light pictures, reflected light pictures, and 
BSE pictures were used to locate inclusion- and 
crack-free spots for the in situ laser analyses. 
U-Pb isotopic measurement was conducted us-
ing a Nu Plasma II MC-ICP-MS or a Thermo 
iCap-RQ quadrupole ICP-MS (for cross-cali-
bration of high-U garnet standards), equipped 
with an ASI RESOlution SE 193 nm ArF-ex-
cimer  laser at the Radiogenic Isotope Facility, 
School of Earth and Environmental Sciences, 
University of Queensland, Brisbane, Australia. 
The Nu Plasma II MC-ICP-MS consists of 15 
Faraday cups and 5 secondary electron multipli-
ers  capable of static collection of all 238U-232Th-
208Pb-207Pb-206Pb-204(Pb, Hg)-202Hg ion beams.

Py
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CG2801 11CG11-2 11CG15-20

13DD-03 13DD-04 13DD-05

13BZ-07 13BZ-08 13BZ-15

Hd Hd
Hd
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Figure 4. Backscattered electron (BSE) images of garnets and intergrown minerals in the skarns from Chagangnuoer, Dunde, 
and Beizhan Fe deposits. No compositional zoning is seen on these garnet BSE images, indicating homogeneous chemical com-
positions of major  elements. White circles marked on the BSE images represent the positions of laser spots. Abbreviations are 
the same to those in Figure 3.
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The laser was operated with 25 s or 30 s of ab-
lation time, 10 Hz repetition rate, and 3.0 J/cm2 
energy density. Both 64 µm and 100 µm  laser 
spot sizes were employed to maximize count 
rates and optimize precisions, since U contents 
of most garnet samples were sub–part per million 
to several parts per million. When coupled with 
the Nu Plasma II MC-ICP-MS, a typical work-
ing sensitivity of 400,000–800,000 cps/ppm 238U 
signal was achieved with a 100 µm laser spot 
size. When coupled with the iCap-RQ Q-ICP-
MS, the corresponding sensitivity is ∼10 times 
lower. We used NIST614 as the primary refer-
ence material to correct for 207Pb/206Pb fraction-
ation and for instrument drift in the 238U/206Pb 
ratio (Woodhead and Hergt, 2010), but not for 
down-hole fractionation. The 238U/206Pb ratios of 
garnets were calibrated with a matrix-matched 
reference material, the Taochong garnet (TC-13: 
126.2 ± 2.3 Ma; illustrated in the next section 
and Fig. 5A), using the calibration methods sug-
gested by Chew et al. (2014) (see Fig. 5B). Qic-
hun and Dongping garnets independently dated 
to 130 ± 2 Ma and 388 ± 4 Ma by Deng et al. 
(2017) were used to monitor accuracy of ana-
lytical procedures. Raw data reduction was com-
pleted using Iolite software_v3.64 (Paton et al., 
2011). Garnet U-Pb ages were calculated with 
the online IsoplotR program (Vermeesch, 2018).

RESULTS

Pb-Pb Isochron Age and Initial Common 
Pb of the Taochong Garnet (TC-13)

The Taochong garnet (TC-13) has U contents 
of 21.1–44.7 ppm, Th contents of 0.02–0.27 ppm, 

and Pb contents of 0.64–1.54 ppm (Table 1), 
with 206Pb/204Pb ratios from 72.2180 ± 0.0044 
to 180.5873 ± 0.0378, 207Pb/204Pb ratios from 
18.2419 ± 0.0012 to 23.5146 ± 0.0049, and 
208Pb/204Pb ratios from 38.0781 ± 0.0085 to 
38.7494 ± 0.0034. The Pb-Pb isochron age was 
 obtained as 126.2 ± 2.3 Ma (mean square of 
weighted deviates [MSWD] = 4.2; Fig.  5A). 
This age is analytically indistinguishable from 
the zircon U-Pb age (125.3 ± 2.9 Ma; Lou and 
Du, 2006) of the granitic protolith in the Fan-
chong ore district.

The analyzed calcite displayed an intergrowth 
relationship with garnet, indicative of coprecipi-
tation from the same parental fluid. The Tao-
chong calcite subsamples have extremely low 
U contents (0.21–5.76 ppb), which are <0.01% 
of U contents in Taochong garnets. Therefore, 
the radiogenic Pb components are negligible in 
calcite, and their Pb isotopes approximate the 
initial Pb isotopic compositions. A weighted av-
erage value of calcite 207Pb/206Pb compositions 
was obtained as 0.845 ± 0.022 (2σ), which rep-
resents the initial 207Pb/206Pb composition of 
TC-13 garnet.

LA-ICP-MS Mapping of Garnet TC-13

A 3 mm × 5 mm grain of TC-13 garnet was 
selected for element mapping. Element maps 
are shown in Figure 6, and related concentra-
tion data are summarized in Table 2. Element 
maps display obvious concentration zones for 
selected elements. Fe, Al, and Mn maps display 
the same zoning pattern, consistent with their 
isomorphism in the tetrahedral site of the garnet 
lattice (Gaspar et al., 2008). Fe  concentrations 

TC-13 Pb-Pb isochron age
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are 50–100 times higher than and negatively 
correlated with those of Al and Mn, favoring 
their andradite-dominant composition. As for 
REEs, the garnet is enriched in light (L) REEs 
(see La map) but contains low contents of 
heavy (H) REEs (see Yb map), consistent with 
the typical REE pattern of andradite (Jamtveit 
and Hervig, 1994; Smith et al., 2004). U and Pb 
also exhibit evident concentration zoning, with 
their concentrations varying from 11 to 88 ppm 
and from 0.3 to 9.6 ppm (Table 1), respectively. 
However, in situ U-Pb isotopic data indicate 

that TC-13 shows fairly good U-Pb isotopic 
homogeneity, with over 95% of 238U/206Pb 
ratios clustering around 49.8 ± 0.8 (2σ; Table 
DR11), which is consistent with our observa-
tion of the same  zoning patterns for 238U and 
206Pb (Fig. 6).

Figure 6. Laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) element maps of a garnet grain of TC-13. 
Concentrations in each scale bar are in ppm. Notably, on the Pb map, bright (high-Pb) areas represent previously ablated holes 
(see spot line on the top left) or surface cracks, and significant common Pb was incorporated in these holes and cracks. However, 
over 97% of the mapping area has Pb contents <5 ppm.

TABLE 2. CONCENTRATIONS (PPM) OF 
MAJOR AND TRACE ELEMENTS FROM THE 
MAPPED GARNET SUBSAMPLE OF TC-13

Element Min Max Mean 2SD

Fe(57) 142,935 316,217 233,640 21,943
Al(27) 148 25,309 4543 4439
Mn(55) 1520 7683 2430 295
La(139) 1.7 63.9 17.0 7.4
Eu(153) 0.9 27.2 11.1 5.8
Yb(172) 0 33.5 0.6 2.6
U(238) 11.2 88.0 39.5 15.1
Th(232) 0 1.89 0.02 0.12
Pb(206) 0.3 9.6 1.2 0.9

Note: The mass number in brackets refers to the 
isotope measured. 2SD means double standard 
deviations of the mean.

1GSA Data Repository item 2019339, Tables 
DR1–DR3, is available at http://www.geosociety.
org/datarepository/2019 or by request to editing@
geosociety.org.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/5-6/1031/4987527/1031.pdf
by Guangzhou Institute of Geochemistry CAS user
on 01 November 2021

http://www.geosociety.org/datarepository/2019
http://www.geosociety.org/datarepository/2019
http://www.geosociety.org/datarepository/2019


U-Pb dating of low-U garnets from skarns

 Geological Society of America Bulletin, v. 132, no. 5/6 1039

In Situ U-Pb Ages of Awulale Garnets

Using the TC-13 garnet as the reference ma-
terial and QC-04 and DP-16 as monitoring gar-
net standards (Table DR1; Fig. 7) for U-Pb dat-
ing, U-Pb isotopic compositions were obtained 
from garnets from Chagangnuoer (CG2801, 
11CG11-2, and 11CG15-20), Dunde (13DD-
03, 13DD-04, and 13DD-05), and Beizhan 
(13BZ-07, 13BZ-08, and 13BZ-15; Table 
DR2 [see footnote 1]; Fig. 8). U-Pb isotopic 
data from single-spot analyses are plotted as a 
linear array on the Tera-Wasserburg concordia 
diagram and allow us to report a lower-intercept 
age for each sample.

In total, 61 analyses for sample CG2801 
have U contents from 0.37 ppm to 1.89 ppm 
(0.80 ppm on average) and produce a lower-
intercept 206Pb/238U age of 326.1 ± 3.3 Ma 
(MSWD = 0.5); 86 analyses for sample 11CG11-

2 give U  contents from 0.13 ppm to 1.18 ppm 
(0.49 ppm on average) and yield a lower-intercept 
206Pb/238U age of 312.5 ± 1.7 Ma (MSWD = 0.1); 
and 75 analyses for sample 11CG15-20 have U 
contents from 0.40 ppm to 1.20 ppm (0.73 ppm 
on average) and produce a lower-intercept 
206Pb/238U age of 316.3 ± 2.9 Ma (MSWD = 0.2).

In total, 60 analyses for sample 13DD-3 
give U contents from 0.81 ppm to 6.19 ppm 
(3.10 ppm on average) and produce a lower-
intercept 206Pb/238U age of 295.6 ± 1.0 Ma 
(MSWD = 1.4); 86 analyses for sample 13DD-
4 have U contents from 0.34 ppm to 3.51 ppm 
(1.79 ppm on average) and yield a lower-
intercept 206Pb/238U age of 313.8 ± 2.7 Ma 
(MSWD = 1.0); and 78 analyses for sample 
13DD-5 give U contents from 0.18 ppm to 
5.39 ppm (2.49 ppm on average) and pro-
duce a lower-intercept 206Pb/238U age of 
311.2 ± 2.4 Ma (MSWD = 0.3).

In total, 125 analyses for sample 13BZ-
7 have U contents from 0.64 to 15.4 ppm 
(3.37 ppm on average) and produce a lower-
intercept 206Pb/238U age of 314.7 ± 1.7 Ma 
(MSWD = 1.0); 97 analyses on sample 13BZ-
8 give U contents from 0.22 to 2.11 ppm 
(0.92 ppm on average) and yield a lower-
intercept 206Pb/238U age of 329.0 ± 5.1 Ma 
(MSWD = 0.6); and 93 analyses for sample 
13BZ-15 have U contents from 0.49 to 3.74 ppm 
(1.62 ppm on average) and yield a lower-
intercept 206Pb/238U age of 314.2 ± 3.5 Ma 
(MSWD = 0.7).

Major Elements and REEs of Awulale 
Garnets

The compositions of the Chagangnu-
oer, Dunde, and Beizhan garnets range from 
Ad45.3Gr50.0 to Ad62.2Gr33.3, from Ad28.7Gr54.1 

Figure 7. U-Pb data plotted on Tera-Wasserburg concordia for the Taochong (TC-13), Qichun (QC-04), and Dongping (DP-16) garnets in four 
different sessions. Uncertainties and ellipses of single analyses are at two standard deviations (2σ). MSWD—mean square of weighted deviates.

TABLE 3. SUMMARY OF U-PB DATING CONDITIONS AND RESULTS OF GARNET REFERENCE MATERIALS IN FOUR DIFFERENT SESSIONS

Session Date Instrument Laser conditions Uncorrected U-Pb 
age and common 

Pb of TC-13

Uncorrected U-Pb 
age and common Pb 

of monitor garnets

Corrected 
U-Pb age of 
TC-13 (Ma)

Corrected U-Pb 
age of monitor 
garnets (Ma)

01 20171120 LA-MC-ICP-MS Laser time: 30 s; 
Spot size: 64 µm

132.4 ± 0.1 Ma; 
0.80 ± 0.02

136.1 ± 0.1 Ma; 
0.85 ± 0.03 (QC-04)

126.2 ± 0.1 130.0 ± 0.2

02 20180202 LA-Q-ICP-MS Laser time: 25 s; 
Spot size: 100 µm

121.8 ± 0.6 Ma; 
0.83 ± 0.05

375.9 ± 4.8 Ma; 
0.95 ± 0.01 (DP-16)

126.2 ± 0.6 389.4 ± 4.9

03 20180203 LA-Q-ICP-MS Laser time: 25 s; 
Spot size: 100 µm

121.9 ± 0.5 Ma; 
0.84 ± 0.08

378.8 ± 3.4 Ma; 
0.94 ± 0.01 (DP-16)

126.2 ± 0.5 392.1 ± 3.0

04 20180207 LA-MC-ICP-MS Laser time: 25 s; 
Spot size: 100 µm

121.6 ± 0.6 Ma; 
0.89 ± 0.03

374.7 ± 5.4 Ma; 
0.95 ± 0.01 (DP-16)

126.2 ± 0.6 388.6 ± 3.5

Note: Laser ablation–multicollector–inductively coupled plasma–mass spectrometer (LA-MC-ICP-MS) was an ASI RESOlution 193 nm excimer laser with a Nu Plasma 
II multicollector ICP-MS, and LA-Q-ICMS represents an ASI RESOlution 193 nm excimer laser with a Thermo iCap RQ quadrupole ICP-MS.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/5-6/1031/4987527/1031.pdf
by Guangzhou Institute of Geochemistry CAS user
on 01 November 2021



Shuang Yan et al.

1040 Geological Society of America Bulletin, v. 132, no. 5/6

to Ad41.3Gr65.3, and from Ad19.7Gr71.1 to 
Ad36.8Gr57.3, respectively, with lesser alman-
dine, spessartine, and pyrope components 
(Table DR3 [see  footnote 1]; Fig.  9). All 
these skarn garnets chemically belong to the 
grandite series. Their compositions are rela-
tively clustered within the same deposit but 
show some variations between different de-
posits, with andradite proportions decreasing 
from Chagangnuoer, to Dunde, to Beizhan 
deposits.

REE compositions in the same sample are 
also clustered but show some variations be-
tween different samples (Table DR3 [see foot-

note 1]; Fig. 9). Chagangnuoer garnets yield 
similar REE distribution patterns with deplet-
ed LREEs, flat HREEs, and slight Eu anoma-
lies (δEu: 0.71–1.56). Dunde and Beizhan 
garnets have two types of REE patterns. 
Similar to Chagangnuoer garnets, garnets in 
samples 13DD-3 and 13BZ-15 also display 
depleted LREEs, flat HREEs, and slight Eu 
anomalies (δEu: 0.94–1.48 for 13DD-3, 0.66–
1.16 for 13BZ-15). However, garnet REE pat-
terns in the other four samples are convex-up 
in LREEs, with maxima at Nd and positive Eu 
anomalies (δEu: 1.63–4.88 for 13DD-4 and 
13DD-5, 1.26–4.46 for 13BZ-7 and 13BZ-8).

DISCUSSION

Taochong Garnet (TC-13) as a Reference 
Material

Instead of being homogeneously distributed, 
238U and 206Pb concentrations exhibited obvious 
zoning on element maps of TC-13 garnet (Fig. 6). 
However, as suggested by in situ U-Pb isotopic 
data, TC-13 only shows modest U-Pb isoto-
pic heterogeneity, with over 95% of  corrected 
238U/206Pb ratios clustering around 49.8 ± 0.8 
(2σ), implying that 206Pb is predominantly ra-
diogenic, and its distribution in garnet is con-

Figure 8. Garnet U-Pb data plotted on Tera-Wasserburg concordia for Chagangnuoer, Dunde, and Beizhan Fe deposits. Average U contents 
of each garnet sample are also shown. Uncertainties and ellipses of single analyses are at two standard deviations (2σ). MSWD—mean 
square of weighted deviates.
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sistent with the 238U distribution. Notably, due 
to the similar geochemical behaviors between 
U (mainly U4+) and REEs in grandite lattice 
( Gaspar et al., 2008; Smith et al., 2004), the zon-
ing patterns of U are somewhat similar to those 
of REEs (especially Eu), demonstrating that U in 
TC-13 garnet is mainly structure-bound and that 
the U-Pb garnet dating provides direct constraints 
on the timing of garnet crystallization.

On the Tera-Wasserburg plots, U-Pb isotopic 
compositions of TC-13 form a mixing array be-
tween initial and radiogenic Pb (Fig. 7). The com-
mon Pb proportion of TC-13 is only ∼3% on aver-
age, up to 6% of total Pb. Following the approach 
suggested by Chew et al. (2014) and Roberts et al. 
(2017), U-Pb normalization can be achieved us-
ing the Taochong garnet (TC-13) as the reference 
material. A linear correction factor was calculated 
with the measured Tera-Wasserburg intercept age 
and the true age of TC-13 (line correction fac-
tor: f = XRC/XRM ≈ [True Age]TC-13/[Measured 
Age]TC-13; the specific method is shown in detail 
in Figure 5B and its notes). The same correction 
factor was then applied to correcting 238U/206Pb 
ratios of other garnets in the same analytical ses-
sion to obtain their ages. We tested the robustness 
of using TC-13 as a reference material by ana-
lyzing  Qichun and Dongping garnets with inde-
pendently known ages in four separate sessions 

under different analytical conditions on multiple 
days (Table 3). U-Pb dating of TC-13 in four ses-
sions yielded uncorrected Tera-Wasserburg lower-
intercept ages of 132.5 ± 0.1 Ma, 121.8 ± 0.6 Ma, 
121.9 ± 0.5 Ma, and 121.6 ± 0.6 Ma (Table 3). 
The obtained four Tera-Wasserburg upper inter-
cepts for TC-13 were all within the error range 
of its initial 207Pb/206Pb ratio (0.845 ± 0.022) 
 obtained by the solution method. After 238U/206Pb 
corrections with the TC-13 (126.2 Ma), corrected 
Tera-Wasserburg lower-intercept ages of  Qichun 
and Dongping garnets were 130.0 ± 0.2 Ma 
for QC-04 in session 01, and 389.6 ± 4.9 Ma, 
391.6 ± 3.6 Ma, and 388.6 ± 5.6 Ma for DP-16 in 
sessions 02–04 (Table 3; Fig. 7), consistent with 
ages reported by Deng et al. (2017). The U-Pb 
age reproducibility of the Qichun and Dongping 
garnets indicates that TC-13 garnet is a reliable 
reference material for in situ U-Pb dating, and the 
obtained U-Pb ages of the unknown samples are 
also expected to be highly reliable.

U-Pb Ages and REE Geochemistry of 
Awulale Garnets: Constraints on Igneous 
Protoliths and Fluid Properties

The average U contents of the nine analyzed 
garnets ranged from 0.49 ppm to 3.37 ppm, 
with only four of them containing sub–part per 

million U contents. These garnets were dated 
with a LA-MC-ICP-MS instrument, which can 
achieve a working sensitivity of 400,000–800,000  
cps/ppm 238U signal for a 100 µm laser spot. 
Their age precisions are in the range of 0.3% to 
1.6%, highlighting the advantage of the LA-MC-
ICP-MS technique in dating low-U minerals. 
The U-Pb ages of the nine garnet samples from 
the three deposits could be divided into three 
groups: 329.0 ± 5.1–326 ± 3.3 Ma (two sam-
ples), 316.3 ± 2.9–311.2 ± 2.4 Ma (six samples), 
and 295.6 ± 1.0 Ma (one sample), respectively, 
implying three episodes of skarn alteration in the 
volcanic-hosted iron mineralization system of 
the eastern Awulale metallogenetic belt (Fig. 10). 
Based on the age distributions, the first episode 
of skarn alteration was seen in the Chagangnuoer 
and Beizhan deposits, and the second occurred in 
all three deposits, while the third was only present 
in the Dunde deposit. By comparing garnet ages 
and their spatial distributions with those of the ad-
jacent igneous rocks, the potential igneous proto-
liths of each episode of skarn alteration can be de-
termined. At Chagangnuoer, all the skarns formed 
earlier than the adjacent granites (250 ± 1 Ma and 
305 ± 1.3 Ma; Sun et al., 2015) in the ore district 
and thus could not be genetically related to these 
granites. Instead, the earlier episode of skarn alter-
ation was coeval with the 328.7 ± 2.7 Ma andesite, 
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whereas the younger episode agrees in age with 
the 314 ± 8 Ma ferrobasalt and the 313 ± 6 Ma 
dacite in adjacent volcanic country rocks. At 
Dunde, the two  episodes of skarn alteration were 
contemporary with the 316 ± 2 Ma dacite in ad-
jacent country rocks and the 295.8 ± 0.7 Ma K-
feldspar granite intruding the southern ore district, 
respectively. At Beizhan, instead of being related 
to adjacent granites (307 ± 1 Ma and 301 ± 1 Ma; 
Sun et al., 2012; Zheng et al., 2014) in the ore 
district, the two episodes of skarn alteration were 
more likely associated with the 329 ± 1 Ma dacite 
and the 316 ± 2 Ma rhyolite in the region. Most 
importantly, our field observation indicates that 
these neighboring volcanic rocks themselves have 
 experienced different degrees of skarn alteration 
to form minerals including actinolite, epidote, and 
chlorite, supporting the argument that these volca-
nic rocks or their intrusive counterparts may have 
provided the heat source and hydrothermal fluids 
for skarn formation.

The REE patterns of the Awulale garnets 
show some variations between different samples 
(Fig. 9). Most garnets typically exhibit LREE de-
pletion and a flat HREE pattern, which are present 
in all three deposits, while several garnets from the 
Dunde and Beizhan deposits showed convex-up 
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Figure  10. Comparisons between garnet 
U-Pb ages and other ore-related ages re-
ported in the eastern Awulale metallogenic 
belt. Gray shades highlight the durations of 
the three episodes of skarn alteration. Data 
sources: ages for the Wuling Fe deposit from 
Yan et al. (2015); ages for the Chagangnuoer 
Fe deposit from Hong et al. (2012), Li et al. 
(2015), and Zhang et  al. (2015); ages for 
the Dunde Fe-Zn deposit from Duan et  al. 
(2014) and Yang et  al. (2016); ages for the 
Beizhan Fe deposit from Zheng et al. (2014), 
Sun et al. (2012), and Duan et al. (2018).
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LREE patterns with Nd maxima and positive Eu 
anomalies. REE compositions of skarn  minerals 
primarily originate from their  igneous and carbon-
ate protoliths, and the former is the major REE 
contributor for skarns (Whitney and Olmsted, 
1998). However, the REE concentrations and 
patterns of the studied garnets differ dramatically 
from their potential igneous protoliths, which show 
LREE-enriched patterns with typical negative Eu 
anomalies (Fig. 9), indicative of substantial REE 
mobility and modification during garnet crystalli-
zation. Smith et al. (2004) and Gaspar et al. (2008) 
suggested that variations in REE patterns of skarn 
garnets are closely associated with the propor-
tional changes of the major components, whereby 
grossular-rich garnets display typical REE pat-
terns of depleted LREEs and flat HREEs, while 
andradite-rich garnets have REE patterns showing 
convex-up LREE patterns with Nd maxima and 
positive Eu anomalies. However, the two types of 
garnets in Dunde and Beizhan have similar min-
eral chemistry (Fig. 9), precluding the major com-
ponent variations as a possible control. Generally, 
garnets with the HREE-enriched patterns form 
in near equilibrium with their parent fluids, with 
low water/rock (W/R) ratios (Park et al., 2017; 
Xu et al., 2016); in contrast, garnets with LREE-
enriched patterns grow as the result of introduction 
of externally buffered fluids with high W/R ratios, 
and surface adsorption has a major control on the 
REE incorporation into garnets (Gaspar et  al., 
2008; Whitney and Olmsted, 1998). Therefore, 
REE patterns of garnets mainly reflect the W/R 
ratios and resultant REE incorporation mecha-
nisms during garnet precipitation. Moreover, an 
obvious difference between the two types of REE 
patterns lies in their Eu anomalies, which are de-
termined by the relative proportions of Eu2+ versus 
Eu3+ in fluids. Eu2+ is predominant at temperatures 
above 250 °C (Bau, 1991; Sverjensky, 1984), and 
the stability of soluble Eu2+ is strengthened by 
chlorine solutions (Mayanovic et al., 2007). The 
coexistence of magnetite and pyrite with Dunde 
and Beizhan garnets (13DD-4, 13DD-5, 13BZ-7, 
and 13BZ-8) suggests a reduced fluid environment 
with fO2 below the hematite-magnetite buffer. Mi-
crothermometry results of fluid inclusions and the 
occurrences of abundant chlorine-rich minerals 
(like ferropargasite and apatite) in these deposits 
indicated that ore-forming fluids were predomi-
nantly chlorine solutions, including NaCl-H2O, 
CaCl2-H2O, FeCl2-H2O. and brine-featured aque-
ous systems (Duan et al., 2014; Yan et al., 2018). 
In such a reduced and high-temperature skarn sys-
tem (370–700 °C; Meinert, 1992), Eu2+ dominates 
over Eu3+ in fluids, leading to a positive Eu shift 
relative to adjacent REEs and positive Eu anoma-
lies in their REE patterns. Moreover, U solubility 
is sensitive to fO2 variation (Smith et al., 2004), 
and the reduced fluid condition would decrease U 

contents in hydrothermal solutions and promote 
more U4+ incorporation into garnets (McLennan 
and Taylor, 1979; ValsamiJones and Ragnarsdot-
tir, 1997). This accords with the results that these 
garnet samples (13DD-4, 13DD-5, 13BZ-7, and 
13BZ-8) have higher U contents than the other 
coeval ones.

Implications for Metallogenesis

Skarn ages, as constrained from garnet 
U-Pb dates, provide significant insights into 
metallogenesis, especially the timing of iron 
mineralization, because skarn and ore miner-
als display good coexisting relationships in all 
three deposits in this study (Figs. 2 and 3). For 
the first episode of skarn alteration, ore miner-
als like magnetite and pyrite are present in the 
329.0 ± 5.1–326 ± 3.3 Ma skarns and coexist 
with garnet crystals as inclusions or intergrowths 
(Fig. 3), demonstrating that this episode of skarn 
alteration was associated with iron mineraliza-
tion. Meanwhile, zircon U-Pb dating of a dis-
seminated ore from Zhibo gave an analytically 
indistinguishable age of 329.9 ± 1.5 Ma, sup-
porting this episode of iron mineralization in 
the eastern Awulale metallogenetic belt. For the 
second episode, six of the nine garnet U-Pb ages 
cluster between 316.3 ± 2.9 and 311.2 ± 2.4 Ma 
(Fig. 10), and the ore-bearing features of these 
skarns indicate that this episode was also 
metallogenic. Additionally, Re-Os isochron 
dating of the Dunde magnetite gave an age of 
314 ± 12 Ma (Yang et al., 2016). Titanite U-Pb 
dating of a Zhibo magnetite ore yielded three 
ages between 315.2 ± 2.8 Ma and 310 ± 2.1  Ma 
(Jiang et al., 2018). All these ages suggest that 
the main iron mineralization occurred between 
316 Ma and 310 Ma. Magnetite was also found 
to be present in the third episode of skarn dated 
to 295.6 ± 1.0 Ma, implying that this episode of 
skarn alteration was also related to iron min-
eralization. It is also likely that the net-veined 
magnetite (13DD-3 in Fig. 3) was a product of 
early-episode magnetite dissolution and remo-
bilization. Further work on geochronology and 
geochemistry of these magnetite veins is needed 
to assess the metallogenic potential of this epi-
sode of skarn alteration.

Though various metallogenic models have 
been proposed for the volcanic-hosted iron 
deposits in the eastern Awulale metallogenetic 
belt, the establishment of these models was 
largely based on the observation of individual 
deposits and the knowledge of only one epi-
sode of skarn alteration and iron mineralization 
(Duan et al., 2014; Sun et al., 2015; Yan et al., 
2018). Our results indicate that three episodes 
of skarn alteration and at least two episodes of 
iron mineralization have taken place in the re-

gion. Notably, for the same episode of skarn 
alteration, we identified different types of igne-
ous protoliths in different deposits, varying from 
basaltic to rhyolitic compositions. In fact, coeval 
magmatic (mainly volcanic) rocks are also ex-
posed in other volcanic-hosted Fe deposits of the 
eastern Awulale metallogenetic belt, such as the 
328.7 ± 2.1 Ma and 316.3  ±  3.4 Ma andesite, 
and 294.5  ±  1.5 Ma K-feldspar granite at Zhibo 
(Jiang et al., 2014, 2018; Zhang et al., 2012a), 
313  ±  3 Ma ferrogabbro at Wuling (Yan et al., 
2015), and 296.7  ±  2.0 Ma dacite at Beizhan 
(Sun et al., 2012). The absence of contemporary 
skarn alterations in these deposits may be attrib-
uted to incomplete sampling of their skarns, or 
more likely to unsuitable host rocks for skarn 
formation in such areas. Above all, we propose 
that, instead of being related to a certain  igneous 
rock, the skarn alterations in these deposits were 
probably triggered by multiple periods of intru-
sive/extrusive magmatic activities, where mag-
matic hydrothermal fluids generated by these 
igneous rocks interacted with the carbonate 
rocks to develop abundant skarn deposits. Given 
the close spatial relationship of the five deposits 
around the same crater, it is necessary to con-
sider the skarn alteration and iron mineralization 
of these deposits as one interrelated system.

In summary, we envisage that a multiple- 
episode metallogenic model may better depict 
the metallogenic processes of the volcanic-hosted 
iron mineralization system in the eastern Awulale 
metallogenetic belt (Fig. 11). The first episode of 
skarn formation and mineralization, distributed in 
the Zhibo, Chagangnuoer, and Beizhan deposits, 
was genetically related to the 329 Ma andesite and 
dacite in an island-arc setting (Jiang et al., 2014; 
Sun et  al., 2012). Skarns formed through con-
tact metasomatism between these intermediate-
acidic volcanic rocks (or subvolcanic intrusions 
 underneath the volcanic sequence) and surround-
ing limestone. Meanwhile, Fe-rich magmatic-
hydrothermal fluids may have also precipitated 
magnetite along the volcanic-limestone contact. 
The second episode of skarn alteration and min-
eralization was widespread in all five volcanic-
hosted iron deposits, associated with a variety of 
volcanic rocks, including ferrobasalt, andesite, 
dacite, and rhyolite (or subvolcanic intrusions 
underneath the volcanic sequence), in a nascent 
back-arc rifting setting (Li et al., 2015; Yan et al., 
2015). The skarn genesis is interpreted to have 
been similar to the last episode and formed as a 
result of contact metasomatism. In particular, the 
extensional back-arc setting favored upwelling of 
high-density ferrobasaltic magmas (like the Cha-
gangnuoer ferrobasalt and Wuling ferrogabbro) in 
this episode. The ferrobasaltic magma may have 
provided the original iron for region-scale iron 
mineralization via heated and recycled Fe-rich 
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ore fluids. The third episode of skarn alteration 
occurred only at Dunde and was caused by the 
Permian K-feldspar granite intrusion (Duan et al., 
2014; Ge, 2013). The coeval K-feldspar granites 
formed in a postcollision setting and usually oc-
cur as small dikes in the ore district. However, 
they neither have any contact with orebodies nor 
exhibit any evidence of alteration based on our 
field observation, arguing against the 295 Ma  
K-feldspar granite as the causative intrusion for 
the skarn formation. An alternative interpretation 
for the third episode of skarn formation is that the 
thermal effect of the intruded magma reactivated 
earlier episodes of iron mineralization, and the 
295.6 Ma garnet records the reset of an earlier 
garnet U-Pb isotopic system (closure tempera-
ture: ∼800 °C for ∼0.5-cm-diameter garnet grains; 
Mezger et al., 1989).

CONCLUSIONS

LA-MC-ICP-MS U-Pb dating techniques were 
employed to date low-U garnets from multi-ep-
isode skarns within the volcanic-hosted iron de-
posits of the eastern Awulale metallogenetic belt, 
western Tianshan, Central Asia. In conjunction 
with trace-element data and published results, the 
following major conclusions can be drawn:

(1) Taochong garnet (TC-13) has a Pb-Pb 
isochron age of 126.2 ± 2.3 Ma with an initial 
207Pb/206Pb ratio of 0.845 ± 0.022. It has rela-
tively low but nonnegligible common Pb (∼3% 
on average, up to 6% of total Pb). Our study 
demonstrates that this garnet can be used as 
a  new matrix-matched reference material for 
LA-(MC)-ICP-MS dating of garnets.

(2) High-precision (0.3%–1.6%) U-Pb ages 
were obtained for low-U garnets from the east-
ern Awulale metallogenetic belt, highlighting 
the advantage of LA-MC-ICP-MS techniques 
in dating low-U minerals.

(3) Three episodes of skarn alteration, 
i.e., 329.0 ± 5.1–326 ± 3.3 Ma (2 samples), 
316.3 ± 2.9–311.2 ± 2.4 Ma (6 samples), and 
295.6 ± 1.0 Ma (1 sample), occurred in the vol-
canic-hosted Fe deposits of the eastern Awulale 
metallogenetic belt. The former two episodes 
of skarn alteration were associated with coeval 
magmatic-hydrothermal activity and have eco-
nomic mineralization. The third episode was 
possibly caused by the emplacement of coeval 
K-feldspar granite, but its metallogenic potential 
deserves further assessment.

(4) The Awulale garnets show two types of 
REE patterns. The first group displays depleted 
LREE and flat HREE patterns, which may result 
from formation near equilibrium with their par-
ent fluids under conditions of low W/R ratios. 
The other group displays a convex-up LREE 
 pattern with Nd maxima and positive Eu anoma-

lies, which may have formed as a result of sur-
face adsorption under conditions of high W/R 
ratios. Positive Eu anomalies and relative higher 
U contents in garnets also imply more reduced 
fluid conditions for their precipitation.
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