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Abstract The Tengchong-Lianghe tin district in northwestern
Yunnan, China, is an important tin mineralization area in the
Sanjiang Tethyan Metallogenic Domain. There are three N–S
trending granite belts in the Tengchong-Lianghe area, with
emplacement ages ranging from Early Cretaceous to Late
Cretaceous and Early Cenozoic. Tinmineralization is spatially
associated with these granitic rocks. However, the petrogenet-
ic link between the tin deposits and the host granites is not
clear because of the lack of age data for the tin mineralization.
We investigate the possibility of direct dating of cassiterite
from three typical tin deposits in the Tengchong-Lianghe tin
district, using laser ablation multicollector inductively
coupled plasma mass spectrometry (LA-MC-ICP-MS). In situ
LA-MC-ICP-MS dating of seven cassiterite samples from the
Lailishan (LLS-1 and LLS-2), Xiaolonghe (XLH,WDS, DSP,
and HJS), and Tieyaoshan (TYS) tin deposits yielded well-
defined 206Pb/207Pb–238U/207Pb isochron ages. To assess the
accuracy of the in situ U/Pb dating of cassiterite, 40Ar/39Ar
dating of coexisting muscovite (in samples LLS-1, DSP, and
TYS) was also performed. The cassiterite in situ U/Pb ages

(47.4±2.0, 71.9±2.3, and 119.3±1.7 Ma, respectively) are in
excellent agreement with the coexisting muscovite 40Ar/39Ar
ages (48.4±0.3, 71.9±1.4, and 122.4±0.7 Ma, respectively).
The U/Pb ages of cassiterite combinedwith the 40Ar/39Ar ages
of muscovite indicate that there are three tin mineralization
events in this district: the Lailishan tin deposit at 47.4±2.0 to
52±2.7 Ma, the Xiaolonghe tin deposit at 71.6±2.4 to 3.9±
2.0 Ma, and the Tieyaoshan tin deposit at 119.3±1.7 to 122.5
±0.7 Ma. These ages are highly consistent with the zircon
U/Pb ages of the host granites. It is su.ggested that the
Cretaceous tin mineralization might have taken place in a
subduction environment, while the Early Tertiary tin
metallogenesis was in a postcollisional geodynamic setting.
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Introduction

Determining the age of mineral deposits is critical for under-
standing ore genesis and related geological processes.
However, direct age constraints on ore formation are often
difficult because of the lack of suitable mineral phases that can
be unequivocally linked to mineralization. Apart from ap-
proaches such as K/Ar, Ar/Ar, and Rb/Sr dating of gangue
and ore-related alterationminerals, there were several attempts
to obtain isotopic ages of ore minerals with remarkable prog-
ress over the past decade, e.g., Sm/Nd dating of scheelite and
wolframite (Bell et al. 1989; Kempe et al. 2001; Peng et al.
2003) and Re/Os dating of molybdenite (Mao et al. 1999;
Stein et al. 2001; Yuan et al. 2012). Direct U/Pb dating of
rutile (TiO2) has been widely accepted (Birch et al. 2007;
Kooijman et al. 2010; Li et al. 2003; Schandl et al. 1990;
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Zack et al. 2011). Cassiterite (SnO2) and rutile belong to the
rutile group (M4+O2); therefore, cassiterite should offer the
same advantages as rutile for direct dating of mineral deposits.
Cassiterite is the main ore phase in most tin deposits, often
contains significant amounts of U and has the ability to
preserve U and radiogenic Pb (Gulson and Jones 1992; Yuan
et al. 2008; Zhang et al. 2011). In recent years, laser ablation–
multicollector–inductively coupled plasma–mass spectrome-
try (LA-MC-ICP-MS), which enables the simultaneous in situ
analysis of U/Pb isotopes and trace elements, has been
employed for dating zircon and other U-bearing accessory
phases such as baddeleyite, monazite, titanite, rutile, allanite,
perovskite, xenotime, and eudialyte (Cox and Wilton 2006;
Horn et al. 2000; Horstwood et al. 2003; Schmidberger et al.
2005; Simonetti et al. 2006; Simonetti and Neal 2010;
Valeriano et al. 2011; Wu et al. 2010; Zhou and Li 2008).
LA-MC-ICP-MS offers several advantages over conventional
methods, including simple sample preparation procedures,
measurement of isotopic ratios at high spatial resolution (5–
40 μm), rapid analysis, and low cost (Simonetti et al. 2006;
Simonetti and Neal 2010; Smith et al. 2005; Storey et al. 2007;
Willigers et al. 2002; Zhang and Schärer 1996). There have
been some attempts to evaluate the U/Pb isotope systematics
of cassiterite as a geochronometer by isotope dilution thermal
ionization mass spectrometry (ID-TIMS) (Gulson and Jones
1992; Liu et al. 2007; Yuan et al. 2008, 2011). Nonetheless, to
date, there have been only a few attempts to employ in situ
LA-MC-ICP-MS U/Pb dating of cassiterite for the direct
dating of tin mineralization (Li et al. 2013; Yuan et al.
2011). Thus, the universal use of cassiterite for direct dating
by in situ LA-MC-ICP-MS needs to be verified with more
examples.

The Tengchong-Lianghe tin district in western Yunnan is
an important tin mineralization area in the Sanjiang Tethyan
Metallogenic Domain (STMD) of Southwest China (Hou
et al. 2007). The STMD is an important part of the Tethyan
metallogenic megaprovince, which is one of the three
Phanerozoic metallogenic megaprovinces in the world (i.e.,
Tethyan, Paleo-Asian, Circum-Pacific) (Hou et al. 2007).
Understanding the genesis of tin deposits in the Tengchong-
Lianghe tin district is critical for understanding metallogenesis
in the STMD and the Tethyan metallogenic megaprovince.
There are three N–S trending granite belts in the Tengchong-
Lianghe area, with emplacement ages ranging from Early
Cretaceous, to Late Cretaceous and Early Cenozoic (Chen
1987; Li et al. 2012a, b; Xu et al. 2011; Yang et al. 2009).
Tin mineralization is spatially associated with these granitic
rocks. Previous studies were focussed on the geology, fluid
inclusions, stable isotopes and mineral chemistry of the tin
deposits in this district (Shi et al. 1991; Tang 1992a, b; Xu
et al. 2010). However, the genetic link between the tin de-
posits and the spatially related granites is unclear, due to the
lack of age data for the tin mineralization.

The aims of this study are (1) to elucidate the genesis of tin
deposits in the region; and (2) to evaluate the U/Pb isotope
system in cassiterite for direct dating by in situ LA-MC-ICP-
MS. For this purpose, we collected seven cassiterite samples
according to ore type and distribution from three typical tin
deposits (Lailishan, Xiaolonghe, and Tieyaoshan) for in situ
LA-MC-ICP-MS U/Pb dating. Moreover, we used 40Ar/39Ar
dating of muscovite coexisting with cassiterite for assessing
the in situ U/Pb age data of cassiterite.

Regional geology

The Tibetan plateau comprises several terranes such as the
Songpan–Ganzi, Qiangtang, and Lhasa blocks (Fig. 1a). The
Yalung Tsangpo suture separates the Indian plate and Lhasa
block. The latter is separated from the Qiangtang block by the
Bangong-Nujiang suture zone which formed during the late
Jurassic and early Cretaceous due to the closure of the Meso-
Tethys (Shi et al. 2008; Yin and Harrison 2000). The India-
Yalung Zangbo Ocean (Neo-Tethys Ocean) opened in about
Middle Jurassic; its northward subduction resulted in the
formation of the Gangdese magmatic arc during the
Cretaceous. At ∼65 Ma, the India–Eurasia collision (Neo-
Tethys Ocean closure) formed Yalung Tsangpo suture and
created the Tibetan plateau (Hou et al. 2007; Mo et al.
2008). The STMD is tectonically located in the southeastern
segment of the Tibetan plateau and the eastern margin of the
Yalung Tsangpo or India–Eurasia suture (Hou et al. 2007).

The Tengchong-Lianghe tin district, located in the south-
western part of the STMD, and the eastern segment of the
Gangdese magmatic arc (Fig. 1a, b), is the most important tin
district in the STMD. It consists of two large tin deposits
(Lailishan and Xiaolonghe, more than 50,000 tonnes Sn), five
medium-sized tin deposits (30,000 to 50,000 tonnes Sn), and
nearly a hundred mineralized localities. There are three N–S
trending granite belts in the Tengchong-Lianghe area
(Fig. 1b), namely, the Early Tertiary granites, the Late
Cretaceous granites, and the Early Cretaceous granites (Hou
et al. 2007).Moreover, there is a younging trend oblique to the
regional geological strike, from NE to SW. The Early
Cretaceous granitic rocks are divided into three major units
(Diantan, Mingguang and Qipanshi), and have zircon U/Pb
ages varying from 118.8±4.2 to 127.1±0.96 Ma (Cong et al.
2010; Li et al. 2012b; Xu et al. 2011). The granitic rocks are
mainly granodiorite and biotite granite, and are mostly miner-
alized. Themedium-sized Tieyaoshan tin deposit occurs in the
Qipanshi granite unit (Fig. 1b). The Late Cretaceous granitic
rocks include two major granite units (Xiaolonghe and
Yunfengshan) with zircon U/Pb ages of 67.8±1.4 to 76.0±
1.0 Ma (Xu et al. 2011). The large Xiaolonghe tin deposit is
associated with ore-bearing biotite granite in the Xiaolonghe
granite unit (Fig. 1b). The Early Tertiary granites consist of the
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Xinqi, Lailishan, and Baihuanao granitic units, and have
zircon U/Pb ages ranging from 52.1±0.8 to 56.3±1.1 Ma
(Xu et al. 2011). The large Lailishan tin deposit is spatially
related with the Lailishan granitic unit (Fig. 1b).

Deposit geology

Samples were collected from two large tin deposits (Lailishan
and Xiaolonghe) and the medium-sized Tieyaoshan deposit.
The Lailishan tin deposit has a Sn reserve of approximately
58,000 tonnes with an average Sn grade of 0.66 % (Liu et al.
2005). Ore bodies mainly occur in the outer contact zones of
the Early Tertiary granite, or the fractured zones surrounding
the granitic intrusion (Fig. 2a). The spatially related granite is
predominantly biotite granite and the wall rocks are mainly
Carboniferous carbonate rocks, sandstones, and shales. In this
deposit, the main ore bodies are V-57, V-36, and V-10, and
only the latter is presently exploited. Three ore types can be
identified based on mineral association and occurrence: grei-
sen, quartz vein, and skarn. The greisen-type ores mainly
consist of cassiterite, quartz, muscovite/sericite, and pyrite.

Cassiterite is coarse-grained with a grain size of up to hun-
dreds of micrometers; some cassiterite grains typically have
short prismatic and bipyramidal shape (Fig. 3a1, a2). The
quartz vein-type ores consist of cassiterite, quartz, topaz,
muscovite, and fluorite. They are the richest mineralization
style with a grade of up to 60 % for some ores (Fig. 3b1, b2),
and account for 30–50 % of the reserves. Cassiterite and
muscovite in the ore have a radial shape (Fig. 3b2). The
skarn-type ores are of minor importance, and the typical skarn
mineral is garnet. The hydrothermal alteration of the Lailishan
tin deposit mainly includes carbonatization, skarnitization,
and silicification.

The Xiaolonghe tin deposit occurs in the Late Cretaceous
granite and is the largest tin deposit in the Tengchong-Lianghe
tin district with Sn reserves of approximately 65,600 tonnes
(Liu et al. 2005). The ore bodies vary greatly in size, ranging
in length from 30 to 300 m and in thickness from 1 to 20 m.
There are four ore clusters (Xiaolonghe, Wandanshan,
Dasongpo, and Huangjiashan; Fig. 2b). The Xiaolonghe and
Wandanshan ore clusters are dominated by quartz vein-type
ore bodies, occurring in granite or the surrounding rocks
(Fig. 2b). Quartz and cassiterite are the main minerals in this

Fig. 1 Sketch map showing (a) the tectonic framework of the Tibetan Plateau (Hou et al. 2007; Tang 1992) and (b) the distribution of magmatic rocks as
well as tin deposits in the Tengchong-Lianghe tin district (Chen 1987; Hou et al. 2007)
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type (Fig. 3c1, c2). The Dasongpo and Huangjiashan ore
clusters are dominated by greisen-type ores in granite and
mainly consist of cassiterite, muscovite, quartz, and pyrite
(Fig. 3d1, d2).

The medium-sized Tieyaoshan tin deposit occurs in the
Early Cretaceous granite. Tin mineralization occurs in biotite
granites and is dominated by greisen-type ores (Fig. 3e1, e2).
The ore minerals in this deposit are mainly cassiterite and
pyrite, and the gangue minerals are primarily quartz, fluorite,
muscovite, and calcite.

Sampling and analytical methods

Sample collection and preparation

Seven cassiterite samples were collected from the Tengchong-
Lianghe tin district and analyzed in two batches for LA-MC-
ICP-MSU/Pb dating. The first batch of samples (LLS-1, LLS-
2) was collected from the V-10 ore body of the Lailishan
deposit. LLS-1 is a quartz vein-type ore, and LLS-2 is a
greisen-type ore (Fig. 2a). The second batch of five samples
was collected from four ore clusters of the Xiaolonghe deposit
(XLH, quartz vein-type ore; WDS, quartz vein-type ore; DSP,

greisen-type ore; HJS, greisen-type ore; Fig. 2b) and the
Tieyaoshan deposit (TYS, greisen-type ore). All samples
were crushed to 40–60 mesh, and the cassiterite grains
were separated using heavy liquids and magnetic separa-
tion techniques and were then mounted on epoxy disks.
The disks were polished, carbon coated, and examined by
reflected light microscopy, backscattered electron (BSE)
imaging, and cathodoluminescence (CL) imaging to char-
acterize the texture of cassiterite. Prior to U/Pb dating,
samples LLS-1, XLH, and TYS were prepared for electron
microprobe analysis at the State Key Laboratory of Ore
Depos i t Geochemis t ry (SKLODG), Ins t i tu te of
Geochemistry, Chinese Academy of Sciences. The micro-
photographs and BSE images were also taken in the same
lab. The CL images were taken using a JSM-6510 at
Geoanalysis Institute Co., Ltd. in Beijing.

In situ LA-MC-ICP-MS dating of cassiterite

The in situ LA-MC-ICP-MS U/Pb dating of cassiterite was
performed at the Tianjin Institute of Geology and Mineral
Resources. Laser sampling was performed using an ESI
UP193FX ArF excimer laser ablation system with a wave-
length of 193 nm, a pulse width of ∼4 ns, an adjustable spot

Fig. 2 Simplified geological map of the (a) Lailishan and (b) Xiaolonghe tin deposits
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Fig. 3 Photographs of the main
ore types from the three tin
deposits. a1 and a2 greisen-type
ore and b1 and b2 quartz vein-type
ore from the Lailishan tin deposit;
c1 and c2 quartz vein-type ore and
d1 and d2 greisen-type ore from
the Xiaolonghe tin deposit; e1 and
e2 greisen-type ore from the
Tieyaoshan tin deposit. Cst
cassiterite; Py pyrite; Ms
muscovite; Q quartz; Fl fluorite
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size of 2–150 μm, a continuously adjustable laser pulse
frequency of 1–200 Hz, and an energy density of ap-
proximately 15 J/cm2. An MC–ICPMS (Neptune,
Thermo Fisher Scientific) instrument equipped with nine
Faraday cups (one axial and eight off-axis) and four ion
counters was employed to acquire ion signal intensities.
The double-focusing MC-ICP-MS with zoom optics can
measure isotope ratios with a relative mass difference of
up to 17 %. Helium, which effectively reduces the
degree of U/Pb within-run fractionation during single-
spot ablation analyses and typically results in increased
sensitivity, was employed as a carrier gas (Horn et al.
2000; Li et al. 2010; Yuan et al. 2011). Details of
instrument parameters and conditions are illustrated in

Cui et al. (2012), Yuan et al. (2011) and Zhou et al.
(2012).

To date, there are no globally accepted cassiterite standards
for U/Pb dating. To simultaneously correct instrument mass
bias and laser-induced U/Pb fractionation, a cassiterite (AY-4)
sample was used as the in-house external standard. The AY-4
sample was collected from the giant Furong tin deposit in
Hunan Province, South China. Precise 40Ar/39Ar ages of
hydrothermal muscovite, phlogopite, and hornblende con-
strain the ages (156.1±0.4 to 160.1±0.9 Ma) of the Furong
tin deposit (Mao et al. 2004; Peng et al. 2007). The U/Pb age
of the standard cassiterite (AY-4) was established by ID-TIMS
as 158.2±0.4 Ma (Yuan et al. 2011) and is in excellent
agreement with the 40Ar/39Ar ages.

Fig. 4 Cathodoluminescence
(CL) (a1, b1, c1)and backscattered
electron (BSE) (a2, b2, c2) images
of cassiterite (LLS- 1 from the
Lailishan tin deposit; XLH from
the Xiaolonghe tin deposit; TYS
from the Tieyaoshan tin deposit).
The ellipses indicate the in situ
LAMC- ICP-MS analysis spots
for U/Pb isotopes. Cst cassiterite;
Ms muscovite; Q quartz; Fl
fluorite
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Table 1 Electron microprobe analyses (wt%) of cassiterite (LLS-2 from the Lailishan tin deposit, DSP from the Xiaolonghe tin deposit, and TYS from
the Tieyaoshan tin deposit)

Sample MgO Al2O3 SiO2 TiO2 Cr2O3 MnO FeO SnO2 Total

LLS-2-1 0.34 0.06 0.01 1.21 97.54 99.16

LLS-2-2 0.36 0.03 0.04 0.02 0.29 97.78 98.53

LLS-2-3 0.39 0.07 0.01 0.01 0.76 98.46 99.71

LLS-2-4 0.36 0.01 0.02 0.04 0.91 97.97 99.30

LLS-2-5 0.40 0.03 1.09 98.10 99.61

LLS-2-6 0.37 0.03 0.10 98.63 99.13

LLS-2-7 0.38 0.01 0.07 0.01 0.05 99.08 99.61

LLS-2-8 0.38 0.06 0.01 0.02 0.20 98.91 99.58

LLS-2-9 0.38 0.06 0.04 0.04 0.01 0.84 98.03 99.38

LLS-2-10 0.39 0.06 0.04 0.61 97.92 99.02

LLS-2-11 0.47 0.07 0.02 0.08 0.21 98.04 98.88

LLS-2-12 0.39 0.02 0.01 0.82 98.22 99.46

LLS-2-13 0.38 0.06 0.01 0.04 0.05 0.38 97.64 98.55

LLS-2-14 0.35 0.08 0.02 0.63 98.63 99.71

LLS-2-15 0.34 0.00 0.01 98.75 99.10

LLS-2-16 0.36 0.07 98.51 98.94

XLH-1 0.33 0.05 0.08 0.03 0.01 0.07 98.19 98.75

XLH-2 0.39 0.01 0.04 0.01 0.01 0.01 0.32 98.28 99.06

XLH-3 0.36 0.01 0.01 0.08 99.20 99.65

XLH-4 0.40 0.01 0.07 0.02 0.02 0.01 0.12 98.62 99.26

XLH-5 0.33 0.01 0.01 0.01 0.29 98.81 99.46

XLH-6 0.47 0.04 0.04 0.07 0.03 0.13 97.95 98.73

XLH-7 0.36 0.02 0.03 0.01 0.01 0.56 98.65 99.64

XLH-8 0.53 0.01 0.09 0.07 0.01 0.03 0.06 98.29 99.10

XLH-9 0.44 0.01 0.04 0.27 98.39 99.16

XLH-10 0.37 0.00 0.02 0.34 97.93 98.66

XLH-11 0.34 0.02 0.16 98.55 99.07

XLH-12 0.34 0.01 0.13 97.98 98.47

XLH-13 0.39 0.03 0.18 0.03 0.02 0.32 98.47 99.43

XLH-14 0.34 0.01 0.01 0.23 98.26 98.85

XLH-15 0.38 0.02 0.01 0.10 0.02 0.46 98.44 99.43

XLH-16 0.35 0.01 0.01 0.02 0.35 99.13 99.88

XLH-17 0.38 0.01 0.05 0.01 0.11 99.13 99.70

XLH-18 0.43 0.01 0.01 0.35 97.77 98.56

XLH-19 0.36 0.01 0.04 0.04 0.17 99.07 99.67

TYS-1 0.35 0.01 0.02 0.07 98.33 98.77

TYS-2 0.47 0.03 0.04 0.21 0.01 0.01 0.31 98.07 99.13

TYS-3 0.37 0.07 0.03 0.78 0.01 0.02 0.34 98.21 99.83

TYS-4 0.36 0.76 0.01 0.32 98.15 99.60

TYS-5 0.32 0.02 0.22 0.49 98.21 99.26

TYS-6 0.41 0.02 0.47 0.01 0.16 98.03 99.09

TYS-7 0.31 0.03 0.78 0.02 0.20 98.18 99.51

TYS-8 0.34 0.19 0.01 0.06 98.53 99.12

TYS-9 0.37 0.58 0.01 0.20 98.25 99.40

TYS-10 0.37 0.04 0.22 0.02 0.40 98.54 99.59

TYS-11 0.37 0.54 0.01 0.37 98.48 99.77

TYS-12 0.31 0.01 0.68 0.02 0.14 97.94 99.10

TYS-13 0.34 0.01 0.11 0.37 97.90 98.73
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Before the analysis, the sample surface was cleaned with
ethanol to eliminate possible contamination. For epoxy grain
mounts, the cassiterite standard and unknown cassiterite grains
were placed together so that the standard could be frequently
analyzed without opening the ablation cell. The selection of
areas for isotope analysis was based on the size, morphology,
and internal texture of the cassiterite characterized by reflected
and transmitted light microscopy and CL imaging. All spot
analyses were made on clean grains, or clean parts of the
grains. The laser was focused to produce ablation pits ranging
in diameter from 35 to 50 μm with a laser pulse rate of 8–
10 Hz. Every 4–5, sample analyses were followed by a suite
analyses of external cassiterite standard. The analytical proce-
dures were the same as those previously used for cassiterite in
the same laboratory (Li et al. 2013; Yuan et al. 2011). All the
207Pb/206Pb and 206Pb/238U values for the unknown samples
were corrected using the cassiterite external standard, and the
ages were calculated using Isoplot (Ludwig 1997, 2001).

40Ar/39Ar dating of muscovite

To assess the accuracy and precision of the in situ LA-
MC-ICP-MS U/Pb dating of cassiterite, we also per-
formed 40Ar/39Ar dating of muscovite grains coexisting
with the cassiterite grains from the LLS-1, DSP, and
TYS samples. The sample was crushed and sieved in
40–60 mesh fractions; the muscovite crystals were se-
lected by conventional winnowing and then by
handpicking under a binocular microscope. The musco-
vite grains were wrapped in aluminum foil and irradiated
in the nuclear reactor (the swimming pool reactor) at the
Chinese Institute of Atomic Energy, Beijing. 40Ar/39Ar
step-heating with a double-vacuum Ta resistance furnace
was carried out according to set temperature. The re-
leased gas was purified with two Zr–Al getters, and
argon isotopes were analyzed with an MM5400 mass
spec t romete r a t the S ta te Key Labora to ry of
Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences. The decay
constant of 40K used in the calculation for 40Ar/39Ar age
is 5.543×10−10 a−1 (Steiger and Jäger 1977). Additional
details about the analytical procedures are described by
Mao et al. (2006) and Wang et al. (2006).

Results

Microscopic characteristics and chemical composition
of cassiterite

The cassiterite crystals are light to dark brown, mostly
euhedral to subhedral, and 10 to 100 μm in length
(Figs. 3 and 4). Some coarse-grained cassiterite crystals
have short prismatic or bipyramidal shape (Fig. 3b2).
The CL images clearly show oscillatory zoning, and the
BSE images illustrate that cassiterite has higher lumi-
nance than other minerals (Fig. 4).

Major oxide data for the LLS-2, XLH, and TYS
samples are listed in Table 1. Cassiterite is mainly
composed of SnO2 with an average Sn value of
98.3 wt%. The main impurities include Fe, Mg, and to
a lesser extent, Al, Si, Ti, and Mn. All cassiterite grains
have relatively uniform compositions of SnO2 (97.5–
99.2 wt%) and MgO (0.31–0.47 wt%). The color of
cassiterite depends on the Fe content (Peng and He
1985). Dark cassiterite grains of the greisen-type ore
samples (LLS-2 and TYS) from Lailishan and
Tieyaoshan tin deposits (Fig. 3a1, a2 and e1, e2) have
a higher average Fe content of 0.51 and 0.45 wt%,
respectively. The light brown (Fig. 3c1, c2) cassiterite
of the quartz vein-type ore sample (XLH) from the
Xiaolonghe tin deposit has a relatively low Fe content
with an average of 0.24 wt%.

U/Pb ages of cassiterite

The U/Pb data for the samples of the first batch (AY-4,
LLS-1, and LLS-2) are summarized in Table 2 and illus-
trated in Fig. 5. The external standard (AY-4) yielded an
isochron age of 160.3±3.9 Ma, which is consistent with
the “standard” age of 158.2±0.4 Ma within error. This
indicates that the data likely represent true values. The
quartz vein-type sample (LLS-1) yielded an isochron age
of 47.4±2.0 Ma (2σ, MSWD = 1.9) and the greisen-type
sample (LLS-2) yielded an isochron age of 52.0±2.7 Ma
(2σ, MSWD = 0.98).

The U/Pb data for the samples of the second batch (AY-4,
XLH, WDS, DSP, HJS, and TYS) are listed in Table 3 and

Table 1 (continued)

Sample MgO Al2O3 SiO2 TiO2 Cr2O3 MnO FeO SnO2 Total

TYS-14 0.40 0.01 0.43 0.01 0.01 0.21 98.49 99.55

TYS-15 0.41 0.02 0.03 0.57 0.02 0.01 0.49 97.81 99.35

TYS-16 0.35 0.04 0.18 0.01 0.01 0.52 98.21 99.31

TYS-17 0.36 0.01 0.46 0.04 99.01 99.87

TYS-18 0.32 0.03 0.10 0.35 98.44 99.23
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illustrated in Fig. 6. There is a deviation between the measured
data and the “standard” age of the external standard (AY-4).
The large range of 206Pb/207Pb and 238U/207Pb ratios yielded
well-defined isochron ages. The external standard (AY-4)
yielded an isochron age of 144.1±2.8 Ma; therefore, we
applied a correction value (J = measured value (144.1)/

“standard” value (158.2)) of 0.91. The corrected ratios of the
quartz vein-type ore sample (XLH) from the Xiaolonghe ore
cluster yielded an isochron age of 71.6±2.4 Ma (2σ, MSWD
= 1.6). The quartz vein-type ore sample (WDS) from the
Wandanshan ore cluster yielded a corrected isochron age of
72.8±1.8 Ma (2σ, MSWD = 0.72). The greisen-type ore

Table 2 U–Pb isotopic data for cassiterite from the first batch sample (AY-4 in-house external standard and LLS from the Lailishan tin deposit)

AY-4 LLS-1 LLS-2

238U/207Pb Error (%) 206Pb/207Pb Error (%) 238U/207Pb Error (%) 206Pb/207Pb Error (%) 238U/207Pb Error (%) 206Pb/207Pb Error (%)

42.76 6.82 1.74 3.15 101.26 1.57 1.93 1.33 85.41 4.93 1.90 4.11

54.90 5.88 2.12 4.95 113.41 2.56 2.05 2.10 24.28 1.33 1.31 0.93

560.02 4.55 14.99 2.31 47.23 1.67 1.55 1.34 10.18 1.55 1.26 1.14

93.94 4.56 2.95 2.58 42.67 1.54 1.50 0.85 6.93 2.71 1.21 2.04

125.99 4.89 4.02 2.89 85.42 1.96 1.81 1.42 80.01 4.54 1.83 3.62

143.93 5.22 4.41 4.03 28.80 0.66 1.40 0.66 19.25 1.76 1.32 1.01

238.96 3.56 7.00 1.76 82.83 1.73 1.82 1.65 19.89 1.27 1.35 1.28

186.63 6.78 5.55 3.47 70.31 2.67 1.69 1.27 20.73 1.57 1.31 0.64

55.84 7.55 2.29 3.62 33.59 0.98 1.46 0.51 9.98 1.85 1.25 1.38

459.00 3.02 12.03 2.67 80.73 1.78 1.77 1.41 4.03 1.52 1.19 0.50

272.98 7.74 7.61 6.62 59.40 1.25 1.61 0.93 37.34 2.72 1.46 1.63

260.37 5.04 6.90 4.86 82.09 1.82 1.79 1.15 15.64 1.71 1.28 0.72

60.26 2.34 2.58 1.56 27.32 1.26 1.37 0.56 8.44 1.54 1.24 1.15

70.08 7.41 2.63 4.99 25.66 0.96 1.38 0.53 51.11 2.83 1.56 1.69

123.04 6.15 3.90 5.25 18.40 3.21 1.32 0.55 46.06 2.59 1.54 1.63

174.96 4.94 5.27 3.93 24.45 2.94 1.34 0.81 77.33 1.96 1.79 1.78

415.77 5.38 11.27 3.65 57.89 1.56 1.62 1.23 91.52 4.70 1.89 3.22

196.68 5.79 5.84 2.87 58.59 1.20 1.61 0.95 19.51 1.87 1.32 0.49

150.93 4.10 4.37 3.35 27.44 1.05 1.39 0.45 29.87 3.18 1.40 1.81

164.93 4.75 4.62 3.98 128.94 2.01 2.18 1.86 24.13 2.56 1.34 1.41

213.02 4.36 6.41 2.55 48.62 1.91 1.55 0.84 21.89 3.58 1.37 1.79

54.91 5.94 2.42 2.81 43.04 0.75 1.47 0.54 28.27 2.23 1.41 2.03

186.96 10.15 5.18 9.13 59.90 1.11 1.59 0.77 107.73 3.16 2.02 2.95

235.98 3.97 7.11 2.65 17.95 1.95 1.32 0.41 40.61 3.05 1.52 1.78

291.71 6.83 8.32 5.07 21.80 0.99 1.34 0.36 18.41 3.70 1.32 0.50

98.01 6.08 3.23 4.58 66.85 1.51 1.68 1.18 10.52 3.15 1.24 1.32

460.01 4.40 12.68 3.40 89.72 1.98 1.86 1.38 69.77 3.39 1.76 2.58

35.19 7.86 1.49 3.15 59.87 1.25 1.63 0.84 11.43 1.04 1.24 0.86

192.01 3.15 5.40 1.96 59.45 2.65 1.66 1.86 35.35 1.63 1.43 1.01

142.83 6.10 4.32 4.73 48.73 2.11 1.60 1.36 8.92 1.70 1.21 1.42

150.84 3.65 4.39 3.29 18.47 2.42 1.29 1.86

136.04 5.96 4.03 3.90

238.33 7.69 6.50 3.82

256.05 6.72 6.86 5.59

164.08 7.38 4.64 5.80

237.06 4.58 6.96 2.34

59.84 7.45 2.42 5.24

595.77 3.69 15.87 2.00

46.38 3.82 1.92 3.01
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sample (DSP) from the Dasongpo ore cluster yielded a
corrected isochron age of 71.9±2.3 Ma (2σ, MSWD
= 1.8). The greisen-type ore sample (HJS) of the
Huangjiashan ore cluster yielded a corrected isochron
age of 73.9±2.0 Ma (2σ, MSWD = 1.2). In situ LA-
MC-ICP-MS dating of cassiterite from four samples
obtained from the Xiaolonghe tin deposit yielded ages
between 71.6±2.4 and 73.9±2.0 Ma. The corrected ra-
tios of the greisen-type ore sample (TYS) from the
Tieyaoshan tin deposit yielded an isochron age of 119.3
±1.7 Ma (2σ, MSWD = 0.43).

40Ar/39Ar ages of muscovite

The 40Ar/39Ar step-heating data of muscovite grains
from the same ore samples (LLS-1, DSP, and TYS)
are shown in Table 4. The LLS-1 sample from the
Lailishan tin deposit yielded a plateau in the tempera-
ture interval 900–1,180 °C, with 9 out of 14 steps
accounting for 74.5 % of the total 39Ar released and
MSWD of 1.31. The plateau age is 48.4±0.3 Ma, and
the isochron age calculated for the same plateau steps is
48.4±0.3 Ma (Fig. 7). Sample DSP yielded a plateau in
the temperature interval 780–1,100 °C, with 8 out of 12
steps accounting for 93.2 % of the total 39Ar released.
The plateau age was 71.9±0.5 Ma, and the isochron age
calculated for the same plateau steps was 71.9±1.4 Ma
(Fig. 7). Sample TYS exhibited a plateau in the tem-
perature interval 840–1,120 °C, with 10 out of 15 steps
accounting for 96.9 % of the total 39Ar released. The
plateau age was 122.5±0.7 Ma and the isochron age
calculated for the same plateau steps was 122.4±0.7 Ma
(Fig. 7). These ages are identical with our U/Pb ages
(47.4±2.0, 71.9±2.3, and 119.3±1.7 Ma) of cassiterite
from the same samples.

Discussion

Evaluation of in situ LA-MC-ICP-MS U/Pb dating
of cassiterite

Different matrix and crystal structures between external
standards and unknown samples could lead to mass bias
and U/Pb fractionation. We chose a well-dated cassiterite
sample (AY-4) as an external standard during our in situ LA-
MC-ICP-MS U/Pb dating to eliminate the matrix effect.
Typically, the isotopic composition of Pb is corrected using
204Pb. However, in this study, the 204Pb signal was low with
interference from 204Hg in the Ar gas, and consequently, it was
not precisely measured. Therefore, 207Pb and the isochron
method are used to correct common Pb (Andersen 2002).
Fortunately, the large range of 206Pb/207Pb ratios in cassiterite
yielded well-defined 206Pb/207Pb–238U/207Pb isochron ages.

Samples of the first batch yielded data with a good linear
relation; furthermore, the isochron age (160.3±3.9 Ma) of the
external standard (AY-4) is concordant with the “standard”
age (158.2±0.4) within error. This indicates that the ages of
samples LLS-1 and LLS-2 are likely true values. The
40Ar/39Ar age (48.4±0.3 Ma) of coexisting muscovite is iden-
tical with the U/Pb age (47.4±2.0 Ma) of cassiterite from the
same sample (LLS-1), which further supports these U–Pb ages
of cassiterite. For the samples of the second batch, we used the
correction value (J = measured value (144.1)/“true value” (158))
of 0.91 calculated using the external standard (AY-4) for

Fig. 5 238U/207Pb–206Pb/207Pb isochron diagram for cassiterite in the
samples of the first batch (Lailishan tin deposit)
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Table 3 U–Pb isotopic data for cassiterite from the second batch samples
(AY-4 in-house external standard; XLH, WDS, DSP, and HJS from the
Xiaolonghe tin deposit; and TYS from the Tieyaoshan tin deposit)

238U/207Pb Error (2 %) 206Pb/207Pb Error (2 %)

AY-4-2 449.94 5.64 10.92 5.36

55.07 6.37 2.38 3.22

187.05 9.48 5.24 8.18

257.56 11.72 6.89 10.59

97.67 7.64 3.32 5.15

144.27 4.69 4.39 3.79

752.04 3.12 17.75 3.08

143.44 5.38 4.26 4.02

56.84 6.69 2.42 4.28

34.38 4.07 1.92 3.17

259.10 6.31 6.92 5.77

64.08 8.28 2.63 5.41

122.81 5.59 3.85 4.44

175.21 5.23 5.05 4.81

236.56 3.75 6.08 2.90

56.30 8.16 2.35 4.17

151.24 3.80 4.36 3.22

165.12 5.60 4.62 4.45

26.76 7.28 1.74 2.41

44.01 6.87 2.11 3.23

163.81 8.03 4.65 6.49

472.71 5.58 11.06 5.08

126.39 5.06 3.93 3.84

202.10 9.22 5.41 7.53

15.19 14.86 1.49 3.15

191.90 2.96 5.44 2.40

570.29 4.23 13.31 4.04

150.84 3.65 4.39 3.29

135.65 6.61 4.04 4.99

236.40 4.16 7.07 3.94

292.13 7.26 8.31 6.47

112.65 11.10 3.31 10.06

459.40 2.12 12.04 1.96

273.39 12.24 7.56 11.09

662.17 5.60 16.80 5.16

789.89 2.83 19.17 2.78

1068.34 1.87 25.16 1.83

XLH 64.05 1.65 1.90 0.92

2.61 2.73 1.21 0.26

8.66 1.38 1.27 0.59

2.90 2.32 1.21 0.40

28.93 2.66 1.50 2.03

39.76 2.74 1.62 1.11

2.79 4.75 1.21 1.55

47.44 5.17 1.74 1.84

61.88 3.46 1.89 2.08

3.68 4.11 1.24 0.61

Table 3 (continued)

238U/207Pb Error (2 %) 206Pb/207Pb Error (2 %)

22.08 3.96 1.43 1.01

31.67 6.12 1.55 1.95

23.93 2.21 1.45 0.81

36.08 2.48 1.57 0.97

45.57 4.16 1.71 1.73

36.30 3.47 1.59 1.29

53.16 2.32 1.79 1.17

44.36 4.85 1.66 1.60

26.08 2.98 1.47 0.97

52.97 2.03 1.76 1.00

DSP 28.08 1.81 1.50 0.66

54.36 2.10 1.80 1.18

20.73 1.53 1.39 0.55

8.26 1.89 1.27 0.25

29.23 2.51 1.48 1.09

19.51 3.35 1.38 1.30

102.63 3.53 2.28 2.52

22.82 3.14 1.43 1.71

36.60 2.47 1.59 1.29

30.08 3.18 1.53 1.74

22.16 2.68 1.41 1.66

33.50 3.07 1.56 1.90

7.52 1.93 1.26 0.50

86.16 3.65 2.17 2.77

21.75 3.40 1.43 0.95

3.09 1.49 1.21 0.13

6.90 2.39 1.25 0.30

45.30 2.42 1.69 1.32

11.61 5.81 1.31 1.40

60.78 2.59 1.86 1.56

42.55 3.68 1.63 2.34

14.17 3.26 1.34 2.38

25.62 1.96 1.48 1.23

37.00 3.68 1.58 2.19

80.54 4.98 2.06 2.98

54.85 3.34 1.82 2.48

48.86 3.19 1.73 2.49

37.17 3.33 1.57 1.87

39.29 4.91 1.61 2.18

40.15 6.25 1.63 2.10

WDS 7.62 2.59 1.27 0.52

20.49 4.04 1.41 0.68

66.39 5.78 1.94 2.85

8.01 3.79 1.28 0.95

31.97 6.19 1.53 4.25

23.78 4.67 1.46 1.83

201.10 7.32 3.46 5.26

27.26 3.85 1.49 1.12

13.49 6.88 1.34 3.75

Miner Deposita (2014) 49:843–860 853



correcting the deviation between the measured and “true”
isotopic ratios. The corrected isotopic ratios of cassiterite from
the four samples from the Xiaolonghe tin deposit yielded
“true” ages within a narrow range from 71.6±2.4 to 73.9
±2.0 Ma, and the greisen-type ore sample (TYS) from the
Tieyaoshan tin deposit yielded a “true” age of 119.3±1.7 Ma.
The 40Ar/39Ar ages (71.9 Ma and 122.4 Ma) of coexisting
muscovite are in good agreement with the U/Pb ages (71.9
±2.3Ma and 119.3±1.7Ma) of cassiterite in the same samples
(DSP and TYS) from these two deposits. This firmly rein-
forces the accuracy estimates of the in situ LA-MC-ICP-MS
dating of cassiterite. Furthermore, the data strongly demon-
strate that in situ LA-MC-ICP-MS U/Pb dating of cassiterite
could be employed for direct dating of tin mineralization
events, especially for tin deposits lacking suitable minerals
for other dating techniques.

Implications for the genesis of tin deposits
in the Tengchong-Lianghe tin district

The U/Pb ages of cassiterite combinedwith the 40Ar/39Ar ages
of muscovite provide tight constraints on the timing of tin
mineralization in the Tengchong-Lianghe tin district. These
ages indicate that there are three tin mineralization events in
this district: the Lailishan tin deposit at 47.4±2.0 to 52
±2.7 Ma, the Xiaolonghe tin deposit at 71.6±2.4 to 73.9
±2.0 Ma, and the Tieyaoshan tin deposit at 119.3±1.7 to

Table 3 (continued)

238U/207Pb Error (2 %) 206Pb/207Pb Error (2 %)

6.90 3.02 1.27 1.16

0.66 3.06 1.19 0.10

2.04 3.49 1.21 0.14

69.28 7.16 2.00 4.69

37.68 2.12 1.60 0.77

26.57 4.01 1.48 1.18

26.56 2.39 1.49 1.55

39.27 3.31 1.66 3.00

23.86 8.75 1.45 1.72

3.37 3.84 1.22 0.29

80.13 8.26 2.15 5.11

42.18 7.78 1.68 3.40

56.03 4.33 1.82 1.75

30.23 2.10 1.52 0.65

17.08 3.48 1.42 2.50

38.46 9.23 1.60 2.94

28.17 4.07 1.49 1.50

143.37 5.19 2.81 3.69

HJS 56.71 6.36 1.84 3.58

59.44 3.34 1.88 2.62

7.69 5.72 1.27 0.41

9.05 9.12 1.34 2.81

31.24 4.52 1.54 1.27

38.26 13.77 1.61 3.86

7.31 5.70 1.28 0.51

16.64 3.72 1.38 0.77

15.60 2.47 1.36 0.71

17.18 3.25 1.39 0.54

11.51 5.87 1.31 0.72

54.64 5.57 1.81 2.38

14.86 9.13 1.36 1.33

17.87 11.05 1.41 1.84

13.99 8.26 1.36 1.45

71.70 11.01 2.03 5.23

44.40 2.87 1.70 1.56

15.94 6.78 1.40 1.91

8.30 3.68 1.32 2.20

143.30 5.74 2.81 3.52

22.43 6.79 1.44 1.22

15.44 8.50 1.37 1.85

19.20 10.13 1.41 1.86

52.50 2.62 1.80 1.28

46.46 6.50 1.75 2.76

7.54 5.78 1.28 0.47

TYS 233.56 4.17 5.49 3.63

90.11 4.68 2.89 3.23

144.64 4.18 3.85 3.11

15.27 5.80 1.48 1.29

218.19 4.02 5.27 3.20

Table 3 (continued)

238U/207Pb Error (2 %) 206Pb/207Pb Error (2 %)

153.94 3.08 4.05 2.64

259.34 5.08 6.05 4.61

124.78 7.28 3.58 5.93

117.19 4.20 3.44 3.43

99.29 5.64 3.08 4.38

42.06 4.90 2.06 2.52

380.85 10.98 8.43 10.77

173.14 5.79 4.48 5.09

78.16 8.84 2.71 6.00

54.17 3.21 2.24 2.46

102.86 4.22 3.14 3.45

87.03 4.69 2.81 3.28

142.46 3.98 3.91 3.09

506.72 4.29 10.73 4.08

413.83 8.00 9.02 7.61

168.37 3.37 4.31 2.84

584.89 7.59 12.20 7.22

112.38 5.45 3.32 4.22

160.18 2.81 4.14 2.18

179.95 6.34 4.64 5.18
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122.5±0.7 Ma. The ore formation of the Lailishan tin deposit
can be divided into several phases: (1) greisen, (2) skarn, and
(3) quartz veins. Our data show that the quartz vein- (LLS-1)
and greisen-type (LLS-2) samples yielded U/Pb ages of 47.4
±2.0 Ma and 52.0±2.7 Ma, respectively, indicating that the
different ore types of Lailishan tin deposit formed at the same
time within error, although the quartz vein-type ore appears to
be slightly younger, which is in agreement with the fact that
the greisens are usually cut by the quartz veins. Although the

ore bodies of Xiaolonghe tin deposit occur widely in space,
the four ore clusters yielded U/Pb ages within a narrow range
from 71.6±2.4 to 73.9±2.0 Ma. The host greisen type ore
sample from the Tieyaoshan tin deposit yielded an U/Pb age
of 119.3±1.7 Ma, which is in excellent agreement with the
40Ar/39Ar age of coexisting muscovite of 122.5±0.7 Ma.
These tin deposits are spatially related to the Early Tertiary
Lailishan granite with zircon U/Pb ages of 52.1±0.8 to 56.3
±1.1 Ma, the Late Cretaceous Xiaolonghe granite with zircon

Fig. 6 238U/207Pb–206Pb/207Pb isochron diagram for cassiterite in the samples of the second batch (XLH,WDS, DSP, and HJS from the Xiaolonghe tin
deposit and TYS from the Tieyaoshan tin deposit)
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Table 4 Analytical data of 40Ar/39Ar step-heating dating of mica (LLS-1 from the Lailishan tin deposit, DSP from the Xiaolonghe tin deposit, and TYS
from the Tieyaoshan tin deposit)

Temp (°C) 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 40Ar*/39Ark
40Ar* (%) 39Ark (%) Age (Ma) ±2σ

Sample name: LLS-1 (mica); J=0.0032900±0.0000082

750 °C 12.62167 0.02123 0.01960 6.831808 54.13 0.51 40.19 ±1.02

800 °C 9.34700 0.00455 0.00506 7.851835 84.00 3.43 46.12 ±0.39

840 °C 8.44703 0.00276 0.00117 8.101726 95.91 8.01 47.57 ±0.25

870 °C 8.28005 0.00184 0.00040 8.160885 98.56 13.25 47.91 ±0.29

900 °C ● 8.31068 0.00486 0.00030 8.221076 98.92 14.16 48.26 ±0.27

920 °C ● 8.33048 0.00766 0.00039 8.215756 98.62 12.47 48.23 ±0.24

940 °C ● 8.40096 0.00669 0.00056 8.236078 98.04 10.87 48.35 ±0.25

960 °C ● 8.39912 0.00597 0.00040 8.280854 98.59 9.11 48.61 ±0.26

990 °C ● 8.41369 0.00899 0.00041 8.293418 98.57 8.11 48.68 ±0.30

1,020 °C ● 8.40792 0.02274 0.00046 8.272275 98.38 5.76 48.56 ±0.33

1,060 °C ● 8.44600 0.06187 0.00068 8.249138 97.66 4.66 48.42 ±0.27

1,120 °C ● 8.47494 0.13184 0.00074 8.266098 97.52 6.40 48.52 ±0.28

1,180 °C ● 9.02930 0.47486 0.00278 8.250008 91.33 2.89 48.43 ±0.36

1,240 °C 15.65251 0.46494 0.02348 8.753357 55.90 0.35 51.34 ±1.29

Sample name: DSP (mica); J=0.0032900±0.0000082

750 °C 19.16874 0.01364 0.02420 12.019551 62.70 1.57 70.13 ±1.45

780 °C ● 14.31902 0.00077 0.00709 12.225005 85.38 7.45 71.31 ±0.49

810 °C ● 13.33753 0.00132 0.00363 12.265239 91.96 8.16 71.54 ±0.54

840 °C ● 13.29335 0.00276 0.00336 12.300837 92.53 8.19 71.74 ±0.78

870 °C ● 13.39047 0.00081 0.00328 12.420266 92.75 10.26 72.42 ±0.86

910 °C ● 13.73919 0.00144 0.00511 12.229496 89.01 13.67 71.33 ±1.00

940 °C ● 14.27207 0.00087 0.00632 12.404794 86.92 12.54 72.33 ±0.48

980 °C ● 14.32724 0.00098 0.00671 12.344375 86.16 22.66 71.99 ±0.46

1,010 °C ● 14.03393 0.00159 0.00557 12.387150 88.27 10.24 72.23 ±0.44

1,050 °C 14.79254 0.00994 0.00757 12.557901 84.89 3.25 73.21 ±0.58

1,090 °C 16.12490 0.02078 0.01174 12.657973 78.50 1.01 73.78 ±1.05

1,190 °C 17.24818 0.00741 0.01505 12.800394 74.21 0.99 74.59 ±0.90

Sample name: TYS (mica); J=0.0037400±0.0000084

750 °C 20.24711 0.00200 0.00994 17.308785 85.49 0.40 113.43 ±1.76

800 °C 21.60960 0.00008 0.01063 18.468564 85.46 2.00 120.78 ±1.09

840 °C ● 21.94041 0.00104 0.01067 18.787609 85.63 7.05 122.80 ±1.03

870 °C ● 19.41071 0.00030 0.00227 18.739704 96.54 24.23 122.49 ±0.79

900 °C ● 18.95566 0.00065 0.00087 18.697494 98.64 17.44 122.23 ±0.84

930 °C ● 19.03113 0.00073 0.00110 18.706089 98.29 11.31 122.28 ±0.75

960 °C ● 19.19449 0.00120 0.00160 18.721509 97.54 7.00 122.38 ±0.86

990 °C ● 19.36242 0.00097 0.00198 18.775875 96.97 4.63 122.72 ±0.72

1,030 °C ● 19.36143 0.00094 0.00219 18.713675 96.65 5.81 122.33 ±0.93

1,060 °C ● 19.11855 0.00060 0.00125 18.748005 98.06 6.75 122.55 ±0.91

1,090 °C ● 18.98137 0.00029 0.00072 18.769743 98.89 7.72 122.68 ±1.07

1,120 °C ● 18.92818 0.00076 0.00056 18.763098 99.13 4.97 122.64 ±0.75

1,160 °C 20.07825 0.00517 0.00252 19.334604 96.30 0.50 126.25 ±1.53

1,260 °C 20.06088 0.03002 0.01182 16.571059 82.60 0.16 108.74 ±1.47

1,300 °C 32.38111 0.06684 0.03201 22.931279 70.81 0.04 148.79 ±9.22

40Ar* stands for radiogenic 40Ar

● means the plateau steps to calculate
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U/Pb ages of 67.8±1.4 to 76.0±1.0 Ma, and the Early
Cretaceous Qipanshi granite with zircon U/Pb ages of 118.8
±4.2 to 127.1±0.96 Ma, respectively. Clearly, the three tin
mineralization events are contemporaneous with the emplace-
ment of the granites (Fig. 8), which strongly supports an
intrusion-related origin. The δ34S values of pyrite in these
deposits vary from +1.1 to +6.1‰ (Zhang 1986). They are
similar to those of the spatially related granites which range
from +2.8 to +5.7‰ (Shi et al. 1991), suggesting the presence
of magmatic sulfur in the ore-forming fluids. The biotite
granites related to tin mineralization have elevated Sn content
(150 to 200 ppm) and Mg/Ti values (1.5 to 3.0) (Hou et al.
2007). The cassiterite composition with high Mg and

relatively low Ti and Mn contents may also imply a genetic
relation with the granite.

The relationship between tin mineralization and granitoid
is well documented in the literature (Heinrich 1990; Lehmann
1990; Mao et al. 2004; Searle et al. 2012; Stemprok 1990;
Taylor and Wall 1992; Zaw 1990). Tin mineralization is
traditionally considered to be associated with granites rich in
Sn, F, B, Li, and Cs, which generally are highly fractionated
S-type granites or ilmenite-series granites. In recent years, a
great deal of research has been done on the granites in the
Tengchong-Lianghe tin district, and remarkable progress has
been achieved. The Early Tertiary granites in which the
Lailishan tin deposit occurs, the Late Cretaceous granites in

Fig. 7 40Ar/39Ar step-heating age spectrum and isochron diagram of muscovite (LLS-1 from the Lailishan tin deposit, DSP from the Xiaolonghe tin
deposit, and TYS from the Tieyaoshan tin deposit)
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which the Xiaolonghe tin deposit occurs, and the Early
Cretaceous granites in which the Tieyaoshan tin deposit oc-
curs show a similar mineral assemblage, with K-feldspar
+ plagioclase + quartz + biotite ± hornblende ± apatite. The
main ferromagnesian phases are biotite. These three granite
variants are highly peraluminous and characterized by abun-
dant alkalis, volatile components (F, H2O), LILE, and ore
elements, and high initial 87Sr/87Sr ratios (0.7124–0.7138),
showing S-type characteristics (Bi et al. 1992; Cong et al.
2010; Xu et al. 2011; Yang et al. 2009). However, there is an
alternative view that the Late Cretaceous tin-bearing granites
in the district may have A-type affinity with high Ga/Al ratios
(Jiang et al. 2012).

As mentioned above, the India, Yalung Zangbo Ocean
(Neo-Tethys Ocean) opened around the Middle Jurassic; its
northward subduction resulted in the formation of the
Gangdese magmatic arc during the Cretaceous. At ∼65 Ma,
the India–Eurasia collision created the Tibetan plateau. The
Early and Late Cretaceous granitic magmatism and related tin
metallogenesis were probably associated with the subduction
of the Indian plate beneath the Eurasian plate and the Early
Tertiary granite and associatied tin mineralization might be the
product of postcollisional processes. This suggests that tin ore
formation in the STMD could be triggered by granite
magmatism in both subduction and postcollisional geodynamic
setting.

Conclusions

The in situ LA-MC-ICP-MS dating of cassiterite from the
Lailishan, Xiaolonghe, and Tieyaoshan tin deposits in the
Tengchong-Lianghe tin district yielded well-defined

206Pb/207Pb–238U/207Pb isochron ages, which are in excellent
agreement with the 40Ar/39Ar ages of coexisting muscovite in
the same samples. The U/Pb ages of cassiterite and 40Ar/39Ar
ages of muscovite indicate that there are three tin metallogenic
events in this district: the Lailishan tin deposit at 47.4±2.0 to
52.0±2.7 Ma, the Xiaolonghe tin deposit at 71.6±2.4 to 73.9
±2.0 Ma, and the Tieyaoshan tin deposit at 119.3±1.7 to
122.5±0.7 Ma. These ages are highly consistent with the
zircon U/Pb ages of the corresponding host granites. This
demonstrates that cassiterite is well suited for in situ LA-
MC-ICP-MS U/Pb dating and that the tin deposits and the
granites are genetically related.
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