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The Tengchong volcanic field in southwestern China represents rare Quaternary volcanic eruptions and associ-
ated active geothermal activities on the southeastern margin of the Tibetan plateau. The reported eruption
ages for the 3 youngest Tengchong volcanoes (Heikongshan, Dayingshan, Maanshan) are highly variable
(3.0–482 ka) because of the challenge to accurately and precisely date young volcanic rocks by radiometric
methods. Here we use high-resolution 238U-230Th-226Ra disequilibria to constrain the eruption ages and
magma evolution timescales. All 3 young volcanoes exhibit whole-rock (226Ra/230Th) disequilibrium ranging
from 1.27 to 1.71, indicating eruption ages of <8 ka (5 half-lives of 226Ra). Eruption ages of 2.9–5.1 ka for
Heikongshan, 3.3–4.0 ka for Dayingshan, and 2.9–3.6 ka forMaanshan are constrained by (226Ra/230Th) evolution
models. This study thus suggests Holocene eruptions for all 3 volcanoes and represents the first Holocene radio-
metric age for Dayingshan. We also measured 238U\\230Th ages of zircons from Heikongshan, Dayingshan, and
Maanshan. Zircon age populations are 54.6 ± 13 ka and 94.9 ± 4.1 ka for Heikongshan, 59.6 ± 5.8 and
90.1 ± 8.4 for Dayingshan, and 53.8 ± 8.7 ka and 76.5 ± 11 ka for Maanshan. Magma residence times for all 3
volcanoes are ~50 kyr for a shallow stage and 85 kyr for a deep stage in a two-stage magma chamber system
below Tengchong. The similar zircon age distributions for the 3 volcanoes fromTengchong indicate simultaneous
magmatism at 90 ka and 55 ka and imply interconnected nature of these volcanoes.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Tengchong volcanic field (TVF) in western Yunnan, southwest-
ern China, has drawn considerable attention of geologists due to its lo-
cation, young ages, and the unusual high-K composition of erupted
magmas (Liu et al., 2017). TVF is located on the southeastern margin
of the Tibetan Plateau and represents rare Quaternary volcanic erup-
tions and associated geothermal activity. In spite of widespread post-
collisional (<45 Ma) magmatism on the Tibetan Plateau, Quaternary
volcanoes on the Tibetan Plateau are limited mainly to two locations:
Tengchong (Southeastern Tibetan Plateau) andAshikule (Northwestern
Tibetan Plateau) (Deng, 1993; Zou et al., 2020) (Fig. 1). Compositionally,
TVF represents a major high-K calc-alkaline volcanic field that includes
trachybasalts, basaltic trachyandesites, trachyandesites, and dacites
(Guo et al., 2015; Zhou et al., 2012). In addition to active volcanos, earth-
quakes in the region are also frequent. Since 1929, magnitude >M7.0
earthquakes occurred twice (M7.3, M7.4 in 1976) and M6.0–6.9 earth-
quakes occurred 10 times (Chen et al., 2018).
uburn.edu (H. Zou).
A major challenge in studying young volcanoes is accurate and pre-
cise dating of volcanic rocks due to limited accumulation of decay prod-
ucts that can be detected by radiometric or mass spectrometric
methods. The youngest volcanoes in TVF are Heikongshan, Dayingshan,
and Maanshan (Fig. 2). Available radiometric ages vary widely for each
of the 3 volcanoes. For example, the ages based on differentmethods are
3.6–482 ka for Heikongshan, 13.6–209 ka for Dayingshan, and
3.0–450 ka for Maanshan (Huang and Jiang, 2000; Li et al., 2020; Liang
and Zhou, 1986; Liu et al., 2018; Mu et al., 1987; Nakai et al., 1993;
Wang et al., 2006; Yin and Li, 2000). Most of these ages are older than
Holocene. Although the youngest ages for Heikongshan and Maanshan
suggest Holocene eruptions, none of the published ages for Dayingshan
indicates Holocene eruptions, in spite of a report of historic eruption
(1609 CE) at Dayingshan by a noted Chinese geographer Xiake Xu,
who lived during the Ming Dynasty (1368–1644 CE). The only young
ages close to Holocene for Dayingshan were indirectly inferred from
dating of carbon from lake sediment (Liu et al., 2018). Thus, Holocene
eruptions for Dayingshan are yet to be firmly established (Li et al.,
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Fig. 1. A map showing the locations of Tengchong and Ashikule on the margins of Tibetan Plateau.
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2020). For very young volcanic rocks, K\\Ar and 40Ar\\39Ar dating
methods are sensitive to excess 40Ar, for example due to crustal contam-
ination. To better constrain eruption ages for these three volcanoes, al-
ternative high-accuracy dating method suitable for Holocene rocks are
required.

There is also potential to determine the longevity of the magmatic
plumbing system for active volcanoes through U-series dating of zircon
in volcanic rocks. Although zircon age populations have been deter-
mined for one sample each from Maanshan (Zou et al., 2010) and
Dayingshan (Tucker et al., 2013), zircon age data from Heikongshan
are needed for evaluating if these three young volcanoes share a com-
monmagma source. In addition, it is helpful to study additional samples
from Maanshan and Dayingshan to evaluate potential heterogeneity in
the zircon cargo of individual volcanoes.

Here, we use 226Ra\\230Th disequilibrium to constrain eruption ages
of these 3 volcanoes. The half-life of 226Ra is 1600 years, and detectable
226Ra\\230Th disequilibrium disappears in ca. 8000 years (five half-lives
of 226Ra). Thus, significant 226Ra\\230Th disequilibrium in volcanic rocks
demonstrates Holocene eruptions.We alsomeasured zirconU\\Th ages
from three samples from Heikongshan, one additional sample each
from Maanshan and Dayingshan. Our Ra\\Th data place strong con-
straints on their Holocene eruptions and our zircon U\\Th data provide
insights into the magmatic interconnectivity and evolution of these 3
volcanoes.

2. Geology and Samples

The Tengchong volcanic field (TVF) in the Tengchong block is lo-
cated along the southeastern margin of the Tibetan Plateau (Fig. 1).
The Indian-Asia collision not only generated compressional structures
in Tibet, but also extensional structures in southeast Asia, including
the Tengchong area (Duan et al., 2019). The Tengchong block is
regarded as the southeastern extension of the Lhasa terrane (Fig. 1)
(Cao et al., 2016; Metcalfe, 1994; Mo et al., 2006; Qi et al., 2012; Song
et al., 2010; Xu et al., 2015). Eastward subduction of the Indian conti-
nental plate into the asthenospheric mantle beneath TVF has been re-
vealed by high-resolution seismic tomographic studies (Lei et al.,
2013; Lei and Zhao, 2016).
The volcanism at TVF commenced at ~5 Ma and has continued to
probably 1609 CE. The TVF is thus still active. Geophysical investigations
have detected magma chambers beneath TVF (Xu et al., 2012; Yang
et al., 2013; Ye et al., 2003). Several hot springs, including Rehai (Hot
Sea), are present in the Tengchong area.

The youngest volcanoes in TVF are Heikongshan, Dayingshan, and
Maanshan. Samples for this study were collected from the 3 volcanoes.
Fresh samples lacking anymacroscopic signs of alterationwere selected
for Ra isotope analyses. Five samples were selected for zircon U\\Th
dating. These 5 samples have GPS data and their locations are marked
in Fig. 2. Two samples studied earlier (Tucker et al., 2013; Zou et al.,
2010) are also plotted in Fig. 2. Other samples were collected earlier
and did not have exact GPS positions.

3. Methods

Whole-rock Ra contents were measured by inductively coupled
plasma sector field mass spectrometer at ALS Global Scandinavia
(Dalencourt et al., 2018). (226Ra/230Th) are calculated using newRa con-
tents and previously published Th contents and (230Th/232Th) ratios
(Zou et al., 2014). Analysis of rock standard BCR-2 yields 580 fg/g Ra,
consistent with the reported value of 566 fg/g Ra (Scott et al., 2019)
within 2.5%.

Zircon grains were separated using standard gravity and magnetic
method from 3 samples (HE10009, 13HE5, and 08YTC12) of
Heikongshan, 1 sample (DC9724–5) of Dayingshan and 1 sample
(MA2010) of Maanshan.

Individual zircon grains were hand-picked and embedded into soft
indiummetal to analyze polished and unpolished zircon U\\Th isotope
compositions. Zircons are enriched in U relative to Th with significant
amounts of initial 238U/230Th disequilibrium, allowing for the dating of
the pre-eruption history of a magma up to 375 ka (Reid et al., 1997).
With sampling depths of only about 3 μm, secondary ion mass spec-
trometry (SIMS) depth profiling of unpolished zircon crystals embed-
ded into indium allows crystallization ages to be derived from U\\Pb
(Reid and Coath, 2000) or U\\Th disequilibrium (Schmitt et al., 2010;
Zou et al., 2010) geochronologywith higher spatial resolution than con-
ventional spot analyses of sectioned crystals.



Fig. 2. Geological map adapted after (Zhao and Fan, 2010) of Heikongshan, Dayingshan, and Maanshan volcanoes of the Tengchong volcanic field in southwestern China.
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238U\\230Th compositions of polished zircon grains were analyzed
by SIMS using the UCLA CAMECA ion microprobe 1270 for 4 samples
(HE10009, 08YTC12, DC9724–5, MA2010). Analytical methods at
UCLA for zircon 238U\\230Th isotope have been documented in Zou
et al. (2010) and Schmitt (2011). Eight zircon grains from HE10009
and five zircon grains from 13HE5 were analyzed at Stanford-USGS
SHRIMP-RG lab for 238U\\230Th depth profiling using methods docu-
mented in Vazquez and Lidzbarski (2012) and Marcaida et al. (2019).
Results from both labs are similar for HE10009. Ti contents were ana-
lyzed for zircons from 08YTC12 and DC9724-5 at UCLA. U/Pb ages
were measured for 4 old zircons (in 238U\\230Th secular equilibrium)
from 08YTC12 at UCLA.
4. Results

4.1. Whole-rock 226Ra\\230Th disequilibrium and eruption ages

Ra data are presented in Table 1. All samples have (226Ra/230Th) ra-
tios >1.0 (Fig. 2). There is a broad negative correlation between
(226Ra/230Th) and SiO2 (Fig. 3). Individual volcano (226Ra/230Th) ratios
are for 1.27–1.71 for Heikongshan, 1.45–1.59 for Dayingshan, and
1.54–1.71 for Maanshan. Their significant Ra/Th disequilibria indicate
eruption ages younger than 8 ka (5 times of the half-life at 1.6 ka for
226Ra) for all samples, suggesting Holocene eruptions for all 3 volcanoes
(Fig. 4). With maximum possible initial (226Ra/230Th) of 8.0 in volcanic



Table 1
Ra\\Th disequilibrium for Heikongshan, Dayingshan, and Maanshan lavas.

Ra (fg/g) Th ppm (230Th/232Th) (230Th/238U) (226Ra/230Th) SiO2 Maximum age (ka) Eruption age (ka) Age uncertainties (ka)

HE-9740-1 800 11.88 0.356 1.062 1.71 50.47 5.3 2.9 0.6
HS-9740-8 1230 23.21 0.376 1.107 1.27 58.43 7.5 5.1 1.0
DSE9723-2 1530 26.81 0.323 1.061 1.59 58.11 5.7 3.3 0.6
DNW-9724-1 1390 23.76 0.338 1.050 1.56 59.07 5.8 3.5 0.7
DNW-9724-2 1540 30.89 0.310 1.038 1.45 61.67 6.3 4.0 0.8
DC-9724-5 1600 30.88 0.303 1.048 1.54 62.24 5.9 3.6 0.7
MN-9704-1 1310 19.67 0.373 1.048 1.61 57.60 5.6 3.3 0.6
MSW-9738-1 1220 19.96 0.364 1.046 1.54 51.90 5.9 3.6 0.7
MA2010-1 1260 17.71 0.374 1.037 1.71 57.85 5.3 2.9 0.6

Maximum ages are obtained using maximum initial (226Ra/230Th) of 8.0.
Eruption ages are estimated using initial (226Ra/230Th) of 3.5.
Th concentrations and isotope data are from Zou et al. (2014)

Fig. 3. (a) (226Ra/230Th) vs. (230Th/238U); (b) (226Ra/230Th) vs. SiO2.
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rocks (Hoogewerff et al., 1997; Turner and Foden, 2001), calculated
maximum ages are 5.3–7.5 ka for Heikongshan, 5.7–6.3 ka for
Dayingshan, and 5.3–5.9 ka for Maanshan (Table 1). Using a common
initial (226Ra/230Th) of 3.5, the eruption ages are 2.9–5.1 ka for
Heikongshan, 3.3–4.0 ka for Dayingshan, and 2.9–3.6 ka for Maanshan
(Table 1). Relative uncertainties of eruption ages in Table 1 are esti-
mated as 20%, considering the uncertainty (15%) in initial
(226Ra/230Th) values and analytical uncertainties in 226Ra (3%) and
230Th (1.5%) contents.
4.2. Zircon U\\Th ages for Heikongshan

Twenty-three spots on 16 polished zircons from HE10009 were an-
alyzed for U\\Th isotopes (Table 2, Fig. 5). Their model ages range from
45 ka to 115 ka. Unmixingmodelling (Sambridge and Compston, 1994)
of the 238U\\230Th ages yield two age populations of 67.3 ± 14 ka and
99.9 ± 4.6 ka. Eight spots on 8 unpolished zircons from HE10009
were analyzed for U\\Th isotopes. Their model ages range from 39 ka
to 94 ka. Unmixing modelling of the 8 U-Th ages yield two age popula-
tions at 39.2 ± 16 ka and 82.7 ± 6.7 ka. Combining all 31 zircon spots
from HE10009 together, the age populations are 54.6 ± 13 ka and
94.9 ± 4.1 ka. The 31 zircon spot analyses have U contents of
46–1290, Th contents of 90–2628 ppm, and Th/U ratios of 0.70–5.69.

Five unpolished zircon grains from 13HE5 were analyzed for U\\Th
isotopes. All zircon grains show U\\Th disequilibrium. Their zircon
model ages are 46 ka, 90 ka, 99 ka, 47 ka, and 82 ka (Fig. 6). Unmixing
modelling of these ages yield two age populations at 46.4 ± 6.9 ka
and 84.9 ± 6.9 ka. They have U contents of 159–727 ppm, Th contents
of 340–707 ppm, and Th/U ratios of 0.94–2.15.

Sevenpolished zircon grains from08YTC12were analyzed for U\\Th
isotopes. Four grains plot on the equiline, suggesting ages >375 ka.
These 4 zircons with U\\Th equilibrium were subsequently dated by
the U/Pb zircon method and yielded ages of 23 ± 1 Ma, 73 ± 2 Ma,
118 ± 3 Ma, and 63 ± 2 Ma, suggesting that they are inherited zircons



Table 2
U\\Th isotope and concentration data for Tengchong zircons.

(238U/232Th) 1σ (230Th/232Th) 1σ U Th Th/U U-Th Age a (+) (−) Ti Tb U/Pb age U/Pb age error

ppm ppm ka ka ka ppm oC Ma Ma

Maanshan
MA2010 g# s#
Zircon 1 1 1.361 0.063 0.894 0.039 725 1616 2.23 80 13 11
Zircon 2 1 5.750 0.272 2.453 0.105 725 383 0.53 53 5 5
Zircon 3 1 3.053 0.172 1.748 0.089 754 749 0.99 78 11 10
Zircon 4 1 1.767 0.075 1.122 0.054 859 1475 1.72 83 12 11
Zircon 5 1 2.256 0.120 1.258 0.057 963 1296 1.34 69 9 9
Zircon 6 1 2.580 0.105 1.211 0.070 684 805 1.18 52 7 6
Zircon 7 1 2.176 0.127 1.296 0.090 565 787 1.39 77 15 13
WR 0.360 0.001 0.374 0.002 2.10 17.71 8.42
Dayingshan
DC9724-5
Zircon 1 1 1.352 0.032 0.906 0.031 227 510 2.24 91.5 9.4 8.7 13.9 814
Zircon 2 1 3.320 0.085 2.077 0.043 868 793 0.91 96.1 6.0 5.7 3.2 678
Zircon 3 1 1.761 0.081 1.092 0.060 482 830 1.72 83.8 12.8 11.5 8.3 762
Zircon 4 1 1.300 0.031 0.834 0.039 505 1178 2.33 81.3 10.5 9.6 6.7 741
Zircon 5 1 1.163 0.051 0.798 0.028 327 854 2.61 91.4 12.9 11.6 14.2 817
Zircon 6 1 0.735 0.020 0.513 0.021 555 2291 4.13 69.7 12.5 11.2 11.7 797
Zircon 8 1 8.728 0.238 3.833 0.079 2568 893 0.35 59.2 2.9 2.8 2.4 654
WR 0.289 0.001 0.303 0.002
Heikongshan
08YTC12
Zircon 1 1 10.236 0.661 11.177 0.575 250 74 0.30 5.4 722 23 1
Zircon 2 1 1.595 0.037 1.037 0.030 631 1200 1.90 85 7 7 7.2 749
Zircon 3 1 1.424 0.033 0.889 0.030 394 841 2.13 74 7 7
Zircon 4 1 30.290 1.871 31.553 1.167 1000 100 0.10 3.7 689 73 2
Zircon 5 1 2.950 0.134 2.983 0.098 442 455 1.03 5.0 715 118 3
Zircon 6 1 1.654 0.041 1.050 0.049 204 375 1.83 82 10 9 13.6 813
Zircon 7 1 6.734 0.223 6.270 0.108 3636 1638 0.45 5.7 727 63 2
TC10009
Zircon 1 1 1.208 0.011 0.835 0.053 170 427 2.51 82.0 15.2 13.3
Zircon 8 1 1.376 0.009 0.952 0.045 179 394 2.20 88.7 11.4 10.3
Zircon 10 1 1.417 0.014 0.999 0.036 496 1063 2.14 94.0 9.2 8.5
Zircon 12 1 4.366 0.137 2.515 0.069 1136 791 0.70 82.6 5.9 5.6
Zircon 13 1 0.688 0.007 0.481 0.016 323 1422 4.41 39.0 8.0 7.5
Zircon 15 1 1.328 0.021 0.907 0.031 312 713 2.29 84.1 8.2 7.6
Zircon 16 1 1.607 0.039 1.050 0.044 508 957 1.88 82.8 9.4 8.7
Zircon 18 1 1.101 0.008 0.724 0.033 131 362 2.76 66.5 9.1 8.4
Zircon 1 1 1.770 0.033 1.230 0.031 843 1445 1.71 99.2 7.1 6.7
Zircon 2 1 1.280 0.023 0.948 0.030 344 816 2.37 102.2 10.2 9.4
Zircon 3 1 1.547 0.028 1.178 0.031 1290 2531 1.96 119.1 10.3 9.4
Zircon 3 2 1.639 0.030 1.211 0.023 846 1567 1.85 112.4 7.3 6.8
Zircon 4 1 1.328 0.024 0.939 0.020 723 1651 2.28 92.0 6.5 6.1
Zircon 4 2 1.793 0.032 1.235 0.037 592 1002 1.69 97.7 8.0 7.4
Zircon 5 1 0.974 0.020 0.655 0.040 175 545 3.11 63.1 13.2 11.8
Zircon 5 2 0.910 0.028 0.656 0.045 247 824 3.33 73.7 19.4 16.5
Zircon 7 1 1.985 0.036 1.370 0.042 466 713 1.53 101.2 8.3 7.7
Zircon 8 1 1.284 0.024 0.916 0.024 803 1897 2.36 92.5 7.8 7.3
Zircon 8 2 1.355 0.024 0.978 0.020 941 2107 2.24 98.0 6.8 6.4
Zircon 9 1 1.082 0.020 0.742 0.033 203 569 2.80 74.1 10.6 9.7
Zircon 9 2 1.281 0.027 0.908 0.044 247 585 2.37 90.8 13.3 11.8
Zircon 11 1 2.232 0.040 1.509 0.093 164 223 1.36 99.8 14.9 13.1
Zircon 11 2 3.096 0.094 2.147 0.072 444 435 0.98 112.3 11.0 10.0
Zircon 12 1 1.469 0.027 1.114 0.037 365 753 2.07 115.8 12.1 10.9
Zircon 12 2 1.284 0.024 0.932 0.036 319 755 2.36 97.2 11.5 10.4
Zircon 13 1 1.118 0.022 0.745 0.037 176 478 2.71 70.0 10.8 9.9
Zircon 15 1 2.703 0.106 1.738 0.070 1242 1395 1.12 93.8 10.6 9.7
Zircon 16 1 1.921 0.039 1.390 0.047 605 955 1.58 111.9 10.8 9.9
Zircon 17 1 1.963 0.035 1.272 0.069 241 373 1.55 87.6 11.3 10.3
Zircon 18 1 1.564 0.033 1.031 0.134 46 90 1.94 83.6 29.6 23.3
Zircon 19 1 0.533 0.010 0.441 0.017 462 2628 5.69 44.7 16.0 14.0
13HE5
Zircon 1 1 2.146 0.054 1.000 0.037 338 478 1.42 46.2 3.9 3.8
Zircon 2 1 3.472 0.030 1.940 0.046 159 340 2.15 89.9 9.2 8.5
Zircon 5 1 1.751 0.021 1.220 0.057 342 592 1.73 99.4 11.9 10.7
Zircon 6 1 1.921 0.047 0.931 0.066 446 707 1.59 47.1 7.5 7.0
Zircon 8 1 3.239 0.041 1.913 0.042 727 681 0.94 82.4 3.9 3.7
WR 0.340 0.002 0.376 0.002

g#= grain #; s# = spot #.
a Model ages are calculated from zircon-whole rock (WR) isochron; uncertainties are 1 σ.
b Temperature is calculated assuming the activity of TiO2 of 0.7.

5H. Zou et al. / Lithos 370–371 (2020) 105643



0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
(23

0 T
h/

23
2 T

h)

(238U/232Th)

HE10009
Heikongshan

WR

Equiline

Fig. 5. Zircon U\\Th isotope diagram forHE10009 fromHeikongshan. Thewhole-rock data
is from Zou et al. (2014). WR = whole rock. Equiline defines secular equilibrium and
indicates ages older than 375 ka.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

(23
0 T

h/
23

2 T
h)

(238U/232Th)

13HE5

Equiline

WR
46 ka, 13HE5-1

47 ka, 13HE5-6

Fig. 6. Zircon U\\Th isotope diagram for 13HE5 fromHeikongshan. Thewhole-rock data is
from Zou et al. (2014). WR = whole rock. Equiline defines secular equilibrium and
indicates ages older than 375 ka.

Fig. 7. Zircon U\\Th isotope diagram for 08YTC12 from Heikongshan. (a) all zircons;
(b) low U/Th zircons only. The whole-rock data is from Zou et al. (2014). WR = whole
rock. Equiline defines secular equilibrium and indicates ages older than 375 ka. U/Pb
ages for old zircons on equiline are given in Fig. 7a.

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9

(23
0 T

h/
23

2 T
h)

(238U/232Th)

DC9724-5
Dayingshan

Equiline

WR

59 ka

Fig. 8. Zircon U\\Th isotope diagram for DC9724-5 from Dayingshan. The whole-rock data
is from Zou et al. (2014). WR = whole rock. Equiline defines secular equilibrium and
indicates ages older than 375 ka.

6 H. Zou et al. / Lithos 370–371 (2020) 105643
(Fig. 7a). Three zircon grains show U\\Th disequilibrium (Fig. 7b) and
have zircon-whole rock model ages ranging from 74 to 85 ka. Their
weighted average age is 79.8 ± 9.1 ka. The 4 inherited zircons have U
contents of 250–3636 ppm, Th contents of 74–1638 ppm, and Th/U ra-
tios of 0.10–1.03. The 3 young zircons have U contents of 204–631 ppm,
Th contents of 375–1200 ppm, and Th/U ratios of 1.83–2.13. It is note-
worthy that the young zircon grains have higher Ti content (7.2 to
13.6 ppm) than inherited grains (3.7 to 5.7 ppm). Ti-in-zircon
geothermometry (Ferry and Watson, 2007) yields 749–813 °C for
young zircons and 689–727 °C for inherited zircons using TiO2 activity
of 0.70 and SiO2 activity of 1.0.

4.3. Zircon U\\Th ages for Dayingshan

Seven polished zircon grains from sample DC9724–5 were ana-
lyzed for U\\Th isotopes. All 7 zircons display U\\Th disequilibrium
(Fig. 8). Their model ages range from 59 ka to 96 ka. Unmixing of the
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7 model ages yield two populations at 59.6 ± 5.8 ka and 90.1 ±
8.4 ka. These 7 zircons have U contents of 227–2568 ppm, Th con-
tents of 510–2291 ppm, and Th/U ratios of 0.35–4.13. Their Ti con-
tents range from 2.4 to 14.2 ppm, and the Ti-in-zircon model
temperatures vary from 654 to 817 °C using TiO2 activity of 0.70
and SiO2 activity of 1.0.

4.4. Zircon U\\Th ages for Maanshan

Seven polished zircon grains from sample MA2010 were analyzed
for U\\Th isotopes. All 7 zircons show U\\Th disequilibrium (Fig. 9).
They have zircon-whole-rock model ages ranging from 52 ka to 83 ka.
Unmixing of their model ages yield two populations at 53.8 ± 8.7 ka
and 76.5 ± 11 ka. These 7 zircons have U contents of 565–983 ppm,
Th contents of 383–1616 ppm, and Th/U ratios of 0.53–2.23.

5. Discussions

5.1. Eruption ages

Available ages from the literature are summarized in Table 3. Re-
ported ages for Heikongshan range from 3.6 ka to 482 ka. Our Ra/Th
Table 3
Summary of Ages from different dating methods for Heikongshan, Dayingshan, and Maanshan

Dating
method

Ra/Th
(ka)

14C (ka) 14C (ka) 14C (ka) OSL (ka)

Reference This
paper

Li et al.
(2020)

Huang and Jiang
(2000)

Liu et al.
(2018)

Li et al.
(2020)

Heikongshan 2.9 ± 0.6 5.0 ± 0.1 3.6 ± 0.4
5.1 ± 1.0

Dayingshan 3.3 ± 0.6 13.6 ± 0.1 47.8 ± 2.7
3.5 ± 0.7 56.0 ± 3.0
4.0 ± 0.8
3.6 ± 0.7

Maanshan 3.3 ± 0.6 3.8 ± 0.1
3.6 ± 0.7
2.9 ± 0.6
ages (2.9–5.0 ka) for Heikongshan are consistent with the younger
end of the reported range. Reported ages for Maanshan range from
3.0 ka to 450 ka. Our Ra/Th ages (2.9–3.6 ka) forMaanshan are in accord
with the younger ages within the stated range. Most reported ages for
Dayingshan range from 30 ka to 209 ka with only one young age at
13.6 ka. Our Ra/Th ages (3.3–4.0 ka) are significantly younger than all
reported ages for Dayingshan.

This is the first time that the Dayingshan lavas are identified as
Holocene eruptions using radiometric methods. The presence of ex-
cess argon in plagioclase phenocrysts (Li et al., 1999) from
Dayingshan, Heikongshan and Maanshan volcanics and their low ra-
diogenic argon (Mu et al., 1987) affected the accuracy and precision
of these K\\Ar and Ar\\Ar ages. The effect of excess argon is a partic-
ularly important problem in dating young volcanics (Kelley, 2002;
Sumino et al., 2008). Assimilated fractional crystallization (AFC)
plays a role for Dayingshan volcanic rocks (Zou et al., 2017), which
may significantly affect age calculations. In contrast to other isotopic
decay systems, magma contamination by old crustal materials only
reduces the extent of 226Ra/230Th equilibrium but does not signifi-
cantly change the Ra/Th ages, as all old crustal materials have
(226Ra/230Th) of 1.0.

5.2. Zircon age distributions for 3 volcanoes and subsurface relationship

SampleMA2010 fromMaanshan volcano has two age populations at
53.8 ± 8.7 and 76.5 ± 11 ka, which are similar to the two age popula-
tions at 54 ± 5 and 84 ± 9 ka for another Maanshan sample MA02 re-
ported in Zou et al. (2010). Sample DC9724–5 from the summit of
Dayingshan volcano has two age populations at 59.6 ± 5.8 ka and
90.1 ± 8.4 ka, which are similar to the two age populations at 58 ±
13 and 87.5±6.5 ka reported in (Tucker et al., 2013) for another sample
DA09026 on the eastern margin of Dayingshan (Fig. 2). Sample
HE10009 from Heikongshan has two zircon age populations at 54.6 ±
13 ka and 94.9 ± 4.1 ka, sample 13HE5 from Heikongshan has two zir-
con populations at 46.4 ± 6.9 and 84.9 ± 6.9 ka, whereas sample
08TC12 from Heikongshan has only one age population at 79.8 ±
9.1 ka, lacking the 55-ka population. Since there are only 3 zircon anal-
yses for sample 08YTC12, additional zircon analyseswould be needed to
reliably detect any younger populations. It is worth noting that sample
08YTC12 contains inherited zircons with U/Pb ages of 23 Ma, 63 Ma,
73 Ma, and 118 Ma, indicating crustal contaminations. These zircon U/
Pb ages are similar to those from granites in the Tengchong Block (Cao
et al., 2018; Chen et al., 2006; Fang et al., 2018).

The common occurrence of 90-ka and 55-ka zircon ages in
Heikongshan (HE10009 and 13HE5), Dayingshan (DC9724-5,
TC90026), and Maanshan (MA2010, MA02) indicate simultaneous
zircon crystallization likely due to magma recharge and thermal re-
juvenation beneath the Tengchong volcanic field at 90 ka and 55 ka
.

TL (ka) U-Th (ka) K-Ar (ka) K-Ar (ka) K-Ar (ka)

Yin and Li
(2000)

Liang and Zhou
(1986)

Li et al.
(2000)

Nakai et al.
(1993)

Mu et al.
(1987)

33 ± 8 7 ± 7 482 ± 132
14 ± 7 <50 ka

<60 ka
30 ± 5 51 ± 7 61 ± 42
46 ± 4 48 ± 7 92 ± 11

62 ± 11 209 ± 72
57 ± 10 <62

<134
3.0 ± 0.5 7 ± 11 13 ± 7 24 ± 7 183 ± 82

450 ± 320
38 ± 14 14 ± 8 50 ± 50
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Fig. 10. Zircon age distributions for all 5 samples from this study.
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over a scale of 35 km (the distance between Heikongshan and
Maanshan). Unmixing modelling of all U\\Th ages for all 5 new sam-
ples yield two age populations at 54.2 ± 3.9 ka and 90.2 ± 3.0 ka
(Fig. 10). It is highly likely that all 3 volcanoes share a common
large magma chamber that crystallized zircon at 55 ka and 90 ka.
We thus propose that the 3 young volcanoes were interconnected
during the past 90 kyr (Fig. 11).
5.3. Magma residence time scales in a two-stage magma chamber system

For zircons with bimodal age distributions, the younger population
often represents the age of zircon autocrysts formed directly from host
magma (Charlier et al., 2005). With regard to the two age populations
of ca. 90 ka and 55 ka for the 3 Tengchong volcanoes, the 90-ka zircons
may have formed in an earlier crystallization phase. In a two-stage
magma chamber system (Fig. 11), the younger ca. 55 ka peak represents
zircon crystals that grew in the most recent magma body before the
eruption. The older population at ca. 90 kamay represent zircon crystals
that grew in an earlier and deeper phase ofmagmatism. Considering the
eruption ages of 3–5 ka for the 3 volcanoes, we infer that crystals
N

DayingshanMaanshan Heikongshan

Zircon 
crystallization 
at 55 ka

Zircon 
crystallization 
at 90 ka

Mantle

Crust

Mantle partial melting region

Fig. 11. A two-stage magma chamber system below Tengchong constrained from zircon
U\\Th ages. Magma residence times are 50 kyr for the shallow chamber and 85 kyr for
the deep chamber. These 3 volcanoes are interconnected beneath Tengchong.
resided at depth for ca. 50 kyr in a shallow stage and ca. 85 kyr in a
deep stage prior to Holocene eruptions.

6. Conclusions

(1) Significant Ra/Th disequilibrium data in all 3 volcanoes
(Heikongshan, Dayingshan, and Maanshan) indicate that their
eruption ages younger than 8 ka and are thus Holocene volca-
noes. Eruption ages are 2.9–5.1 ka for Heikongshan, 3.3–4.0 ka
for Dayingshan, and 2.9–3.6 ka for Maanshan. Our Ra/Th ages
for Heikongshan andMaanshan are consistentwith the youngest
ages reported in literature. Our Ra/Th ages for Dayingshan pro-
vide the first radiometric isotope evidence for its Holocene erup-
tions. Our data also indicate that the 3 volcanoes erupted within
a short time interval (3–5 ka).

(2) Analyses of zircons from this study yield two age populations at
54.6 ± 13, 94.9 ± 4.1 ka for Heikongshan, 59.6 ± 5.8 ka and
90.1 ± 8.4 ka for Dayingshan, and 53.8 ± 8.7 and 76.5 ± 11 ka
for Maanshan. Thus, they have similar bimodal age spectra at
54 ka and 90 ka.

(3) The similar zircon age distributions among Heikongshan,
Dayingshan, andMaanshan suggest that these 3 volcanoes likely
share a common subsurface magma chamber since ~90 ka at the
scale of 35 km.

(4) Given an eruption age of ~3–5 ka, themagma residence times are
~50 kyr for a shallow stage and ~ 85 kyr for a deep stage for a
two-stage magma chamber system beneath Tengchong.
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