
Lithos 358–359 (2020) 105418

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Research Article
Timescales of magmatic processes in post-collisional potassic lavas,
northwestern Tibet
Haibo Zou a,b,⁎, Jorge Vazquez c, Qicheng Fan d

a Department of Geosciences, Auburn University, Auburn, AL 36849, USA
b State Key Laboratory of Continental Dynamics, Department of Geology, Northwest University, Xi'an 710069, China
c U.S. Geological Survey, 345 Middlefield Road, Mail Stop 910, Menlo Park, CA 94025, USA
d Institute of Geology, China Earthquake Administration, Beijing 100029, China
⁎ Corresponding author at: Department of Geosciences
36849, USA.

E-mail address: hzz0006@auburn.edu (H. Zou).

https://doi.org/10.1016/j.lithos.2020.105418
0024-4937/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 October 2019
Received in revised form 5 February 2020
Accepted 6 February 2020
Available online 12 February 2020

Keywords:
238U-230Th disequilibrium
Dating young zircons
High-resolution timescales
Continental collision zones
Magma storage
Tibetan Plateau magmatism
Post-collisional potassic volcanic rocks on the Tibetan Plateau are widespread, but geologically young (b375 ka)
volcanism suitable for 238U-230Th geochronology is rare on the plateau. The geologically young Ashikule volcanic
field from northern Tibet offers an excellent opportunity for studying high-resolution timescales of magmatism
in continental collision zones. Here we report U-Th crystallization ages of zircons from Ashishan volcano and
Wulukeshan volcano within the Ashikule volcanic field. In this study, we have identified 3 pulses of zircon crys-
tallization at circa 70 ka, 105 ka, and 290 ka for Ashishan volcanic rocks and 1 pulse of zircon crystallization at
circa 115 ka for Wulukeshan. Comparison of high-resolution zircon crystallization ages of 70 ka and 105 ka
with respective eruption ages indicate that the zircon crystal residence time for the Ashishan volcano is short
(b5 kyr). The presence of 290-ka zircon in a different Ashishan lava flow suggests the 270-ka volcanic pulse pre-
viously reported for other volcanoes in Ashikule volcanic field also occurred at Ashishan. The zircon crystalliza-
tion age of ~115 ka for Wulukeshan volcano suggests that Wulukeshan volcano erupted later than previously
inferred. Similar zircon age spectrums of ~105–115 ka for Ashishan and Wulukeshan volcanoes suggest a com-
mon interconnected subsurface magma reservoir for these two young volcanoes during Pleistocene time. Our
new high-resolution U-Th zircon age data reveal that post-collisional potassic magmas below northern Tibet
erupted soon after their formation (b5 kyr), in spite of their passage through thick continental crust. The high
abundance (~60%) of geologically old (N375 ka) zircons demands for crystal-scale isotope studies of the wide-
spread post-collisional lavas in continental collision zones, as the complexities cannot be resolved by bulk anal-
ysis methods alone.

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

Widespread post-collisional potassic volcanism has been occur-
ring since about 45 million years ago on the Tibetan Plateau (e.g., Xia
et al., 2011), the largest active continental collision zone on Earth
(Fig. 1). The geochemical characteristics and timing of these post-
collisional volcanoes have beenused to constrain the chemical and ther-
mal structure of the lithosphere in this unique tectonic setting, and the
timing and deep processes inducing plateau uplift and growth
(e.g., Chen et al., 2012; Chen et al., 2013; Cooper et al., 2002; Deng,
1978; Ding et al., 2003b; Flower et al., 1998; Liu et al., 2014; Miller
et al., 1999; Turner et al., 1996; Wang et al., 2008). Extensive petrolog-
ical and Nd-Sr-Pb isotopic studies of these potassic lavas (Chen et al.,
, Auburn University, Auburn, AL
2012; Chung et al., 2005; Ding et al., 2003a; Flower et al., 1998; Gao
et al., 2007; Guo et al., 2006; Mo et al., 2007; Turner et al., 1996;
Williams et al., 2004) have established the chemical heterogeneity of
the mantle source beneath the Tibetan Plateau. By contrast, our under-
standing of the timescales and processes of magma evolution beneath
thick continental collision zones is lagging behind. In order to resolve
the usually short timescales of magmatic processes, young (b350 ka)
volcanic rocks and 238U-230Th disequilibrium are required.

The Ashikule volcanic field (AVF) is unique in representing a rare oc-
currence of young eruptions of trachyandesites (4.0–4.4 wt% K2O;
Cooper et al., 2002) on the northern Tibetan Plateau. The
trachyandesites from Ashikule are geochemically similar to those
older Cenozoic examples from the northern Tibetan Plateau. Because
of their young ages, dating of pre-eruptive crystallization can be
achieved at high resolution, i.e. uncertainties of 103–104 years, using
the 238U-230Th disequilibriummethod.
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Fig. 1. (a) Simplified map of the Tibetan Plateau (Liu et al., 2017). Ashikule volcanic field (rectangle) is located in northern Tibet. ITS = Indus-Tsangpo suture; BNS = Bangong-Nujiang
suture; JRS = Jinshan River suture. (b) Map of Ashikule volcanic field (Yu et al., 2014). Legends: 1, Volcanoes; 2, Holocene to Middle Pleistocene volcanic rocks; 3, Q = Holocene
sediments; 4, Gobi Desert; 5, PM = pre-Mesozoic rocks (Yu et al., 2014); 6, Lakes. (c) Map of the Ashishan volcano (Shen et al., 2014) and sample locations. I-IV units represent
different lava flows. The small circle is the Ashishan cone.
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In this study, we have dated zircons from the two youngest volca-
noes, Ashishan and Wulukeshan, from the AVF in order to resolve the
timescales of magmatic evolution and pre-eruption storage for potassic
magmas erupted in continental collision zones. The results of our study
provide new insights into (1) the relations between the products of vol-
canism and their associated subvolcanic magmatic system; (2) the in-
terconnectivity of the crustal magmatic system beneath Ashishan and
Wulukeshan.

2. Geologic background

The post-collisional lavas on the Tibetan Plateau are distributed in
both northern Tibet (45–26 Ma volcanic rocks in Qiangtang terrane,
and 20Ma to recent volcanic rocks at Songpan-Ganzi, Kunlun, andwest-
ern Qiangtang terranes) and southern Tibet (26–8 Ma volcanic rocks in
Lhasa terrane) (Xia et al., 2011). They are generally potassic to ultra-
potassic, and are characterized by large enrichments in incompatible el-
ements, and by unradiogenic Nd isotope ratios and radiogenic Sr and Pb
isotope ratios. Comparedwith the highly heterogeneous 26–8Ma volca-
nic rocks from southern Tibet (Lhasa block) (87Sr/86Sr =
0.7107–0.7365, εNd=−8 to−15), thepost-collisional lavas in northern
Tibet (Qiangtang, Songpan-Ganzi, Kunlun) showmore restricted varia-
tions in Nd and Sr isotopic compositions (87Sr/86Sr = 0.7071–0.7105,
εNd = −2 to −8) and have a smaller proportion of ultra-potassic
lavas (Zhao et al., 2009).

The Ashikule volcanic field (AVF) is located in the Ashikule basin, a
Quaternary basin (750 km2) in western Kunlun Mountain at the north-
western Tibetan Plateau, just south of Tarim Craton. The AVF comprises
a dozen volcanic centers (Fig. 1b) and widespread lava flows that cover
an area of 250 km2 (1/3 of the Ashikule Basin). The total eruption vol-
ume is about 20 km3 (Guo et al., 2006). The elevations of these volca-
noes range from 4800 m to 5100 m, representing some of the highest
Quaternary volcanoes on Earth. Due to the remoteness, high elevation,
and the harsh and nearly inaccessible field conditions, the magmatic
evolution leading to the volcanic rocks from AVF is poorly known.

The AVF volcanic rocks are potassic mafic to intermediate lavas,
representing the more mafic samples from northern Tibetan Plateau.
The dominant rock types at AVF are trachyandesite and basaltic
trachyandesite. Their chemical composition and Nd\\Sr isotopic com-
positions (87Sr/86Sr = 0.7091–0.7104, εNd = −5.0 to −8.0) (Cooper
et al., 2002; Guo et al., 2006; Turner et al., 1993) are similar to other
lavas from northern Tibet Geochemical Province (87Sr/86Sr =
0.7071–0.7105, εNd = −2 to −8) (Zhao et al., 2009). The AVF lavas
are porphyritic with 10–20% phenocrysts embedded in a glassy and
fine-grained groundmass. The phenocrysts mainly consist of
clinopyroxene and plagioclase, with minor olivine and alkali feldspar
in some samples. Groundmass in most samples is glass, and some sam-
ples havemicrocrystalline plagioclase, alkali feldspar, pyroxene, and Fe-
Ti oxides.

Volcanismat AVF started at 2.8Ma at Xishan in the northwest part of
the Ashikule Basin (Fig. 1b). The volcanoes in the AVF can be divided
into 3 groups according to their eruption ages and the extent of preser-
vation of volcanic cones: (1) two early Pleistocene to late Pliocene vol-
canoes, (2) five mid-Pleistocene volcanoes, and (3) two youngest late
Pleistocene to Holocene volcanoes. The two earliest volcanoes are
Xishan volcano (2.8 Ma, whole-rock K\\Ar age, Liu et al., 1990) and
Matishan volcano (1.63 Ma whole-rock K-Ar age, Liu et al., 1990).
These two volcano cones have been partially eroded. The five mid-
Pleistocene volcanoes include Daheishan volcano (also named No. 2
(Zhao, 1976)), Yishan volcano (No. 4 volcano), Migongshan volcano,
Yueyashan volcano, and Maoniushan volcano. Their 40Ar/39Ar eruption
ages derived from sanidine cluster around 270 ka.

The two youngest volcanoes in the AVF are Ashishan volcano and
Wulukeshan volcano. The compositions of their volcanic products
range from 52 wt% SiO2 to 57 wt% SiO2 (Cooper et al., 2002). Ashishan
volcano, also known as “No. 1” volcano (Zhao, 1976), is located to the
south of the Ashikule Lake (Fig. 1b) and is a well-preserved truncated
conical edifice. A lava flow field from Ashishan covers an area of
33 km2. Most Ashishan lavas erupted at 66 ka based on 40Ar/39Ar dating
of sanidines (Dunbar et al., 1996). The youngest eruption was reported
to occur on May 27, 1951 (Liu et al., 1990), but it is unclear if this erup-
tion produced lava flows. Wulukeshan volcano, also known as “No. 3”
volcano (Zhao, 1976), is situated near the northeastern corner of
Wuluke Lake (Fig. 1b), and is also a well-preserved truncated conical
edifice. Wulukeshan has produced widespread lava flows. In the south-
western direction,Wulukeshan lavas flowed into theWuluke Lake. Due
to their young ages, these two volcanoes are ideal for studying high-
resolution timescales of magmatism below thick (N60 km) continental
crust in a continental collision zone.

3. Methods

Zircons were separated using standard density and magnetic
methods from 3 samples (513-09, 513-07, 513-4b) from Ashishan vol-
cano and 1 sample (WLK2) from Wulukeshan volcano. Samples 513-
09 (35°41′55″N, 81°34′40″E) and 513-07 (35°41′56″N, 81°34′46″E)
were collected near the rim of Ashishan volcano, and sample 513-4b
(35°42′39″N, 81°36′15″E) was collected 3 kmnortheast of the Ashishan
volcanic cone (Fig. 1c). Individual zircon grains were hand-picked and
embedded into soft indium metal to analyze unpolished zircon rim 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 spectrometry (SIMS) depth profiling of unpolished zircon crystals
embedded 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., 2010a) geochronology with higher spatial resolution
than conventional spot analyses of sectioned crystals.

238U-230Th compositions of zircon crystals were analyzed by SIMS
using the Stanford-U.S. Geological Survey (USGS) SHRIMP-RG ion mi-
croprobe (for samples 513-07, 513-4b and part of 513-09) and the
UCLA CAMECA ionmicroprobe 1270 (for part of 513-09 andWLK2). An-
alytical methods at Stanford-USGS SHRIMP-RG lab for 238U-230Th depth
profiling have been documented in Vazquez and Lidzbarski (2012) and
Marcaida et al. (2019). Analytical methods at UCLA for 238U-230Th depth
profiling have been documented in Zou et al., 2010a and Schmitt
(2011). Secondary electron images of selected zircons reflecting zircon
flat tomography are given in Appendix.

4. Results

4.1. Ashishan volcano

Twenty-five zircon grains from 513-09 were analyzed for U-Th iso-
topes. Seven grains plot on the equiline with equal (230Th/232Th) and
(238U/232Th) values and a slope of unity, indicating secular equilibrium
and crystallization ages N375 ka. Eighteen grains show 238U-230Th dis-
equilibrium (Fig. 2) and yield an isochron age of 100 ± 33 ka (2σ)
using Isoplot (Ludwig, 2003), but with a high MSWD (mean squared
weighted deviates) of 5.2 and probability of fit of zero, indicative of
more than one age population. Unmixing of zircon model age data
into Gaussian populations (Sambridge and Compston, 1994) yields
two populations; a majority population (65%) at 70.3 ± 6.3 ka (2σ,)
and a minority (35%) at 105 ± 15 ka (Fig. 3). These 2 age populations
do not overlap within their uncertainties, consistent with more than
one age population. Zircon grains older than 375 ka have U contents
of 132–3940 ppm, Th contents of 123–778 ppm, and Th/U ratios of
0.20–1.47 (Supp Table 1). Zircon grains younger than 375 ka have U
contents of 76–1260 ppm, Th contents of 132–543 ppm, and Th/U ratios
of 0.35–1.84 (Table 1).



Fig. 2. Zircon U-Th isotope diagram for 513-09 from Ashishan. Fig. 2a includes 2 high U/Th
zircons in 238U-230Th secular equilibrium whereas Fig. 2b excludes these two high U/Th
zircons for clarity. The whole-rock data is from Cooper et al. (2002). WR = whole rock.
Equiline defines secular equilibrium and indicates ages older than 375 ka.
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Sixteen zircon grains from 513-07 were also analyzed. Thirteen
grains plot on the equiline and the other 3 grains show 238U-230Th dis-
equilibrium with model ages of ~75 ka, 90 ka, 170 ka (Fig. 5). The 75-
ka model age is similar to the 70-ka population from 513-09 and the
model ages of 90 ka and 170 ka are similar to the 105-ka population
Fig. 3. Unmixing ages for zircons from 513-09 using the algorithm by Sambridge and
Compston (1994).
from 513-09 within error. Among the 13 zircons on the equiline, two
zircon grains display very high (N300) U/Th activity ratios (Fig. 4). If
we combine the 18 young grains from 513-09 with the 3 young grains
from 513-07, unmixing of their model ages yield two pulses at 71.9 ±
5.6 and 106 ± 16 ka, which are similar to the peaks of 70 ka and
105 ka obtained from 513-09 alone. Zircons grains older than 375 ka
have U contents of 53–3110 ppm, Th contents of 4–698 ppm, and Th/
U ratios of 0.004–1.19 (Supp Table 1). Zircons grains younger than
375 ka have U contents of 340–648 ppm, Th contents of
155–303 ppm, and Th/U ratios of 0.37–0.77 (Table 1).

Thirteen zircon grains from513-4b, a different lavaflow than513-09
and 513-07 from Ashishan (Fig. 1c), were analyzed for U-Th isotopes.
Eleven grains plot on the equiline, suggesting ages N375 ka. Two zircon
grains yieldmodel ages of ~295ka and ~285 ka (Fig. 5). These two zircon
grains and the whole rock composition yield a 291 ± 77 ka isochron
date, which is similar to the ~270 ka pulse of volcanism indicated by
40Ar/39Ar dating of sanidine. Zircon grains older than 375 ka have U con-
tents of 91–1782 ppm, Th contents of 12–695 ppm, and Th/U ratios of
0.07–0.74 (Supp Table 1). Zircon grains younger than 375 ka have U
contents of 512–539 ppm, Th contents of 163–284 ppm, and Th/U ratios
of 0.32–0.53 (Table 1).

4.2. Wulukeshan volcano

Five zircons fromWLK2were analyzed for U-Th isotopes. Four grains
plot on the equiline (Fig. 6), indicating crystallization ages of N375 ka.
Two zircon grains plot below the equiline and have zircon-melt model
ages of ~100 ka and 125 ka. The isochron date from these two zircon
grains and their whole rock composition is 113 ± 34 ka (Fig. 6). Their
model ages and isochron age are similar to the 105-ka population
from 513-09. Zircons older than 375 ka have U contents of
445–2120 ppm, Th contents of 229–954 ppm, and Th/U ratios of
0.30–0.76 (Supp Table 1). Zircons younger than 375 ka have U contents
of 660–1858 ppm, Th contents of 268–355 ppm, and Th/U ratios of
0.19–0.41 (Table 1).

Old (N375 ka) zircons plotting on the equiline are present in all 4
samples, in proportions of 28% (n = 7/25) for 513-09, 81%
(n = 13/16) for 513-07, 85% (n = 11/13) for 513-4b, and 67% (n = 4/
6) forWLK2. Abundant (~60%) old zircons demand for dating of individ-
ual crystal grains, as the complexities cannot be resolved by bulk analy-
sis methods.

5. Discussions

5.1. Young volcanism in NW Tibet at high temporal resolution

Our high-resolution U-Th zircon age data can be used to compare
with earlier K-Ar and Ar-Ar ages to provide constraints on the timing
of volcanism at high temporal resolution.

5.1.1. Ashishan volcano
Dating of Ashishan volcanic products indicate mid- to late-

Pleistocene magmatism. Liu et al. (1990) reported a whole-rock K-Ar
age of 120 ± 20 ka for an Ashishan lava flow, and Xu et al. (2014) re-
ported 3 whole-rock 40Ar/39Ar ages of 80 ± 60 ka, 170 ± 10 ka, and
460 ± 40 ka. 40Ar/39Ar analyses of sanidine crystals yielded a pulse at
~66 ka for Ashishan (Dunbar et al., 1996). Thermoluminescence dating
of sandstone xenoliths in the Ashishan lavas indicated an eruption age
of 74 ± 4 ka (Deng, 1991).

Because zircon rim crystallization must predate a volcanic eruption,
U-Th zircon ages should be older than K-Ar or Ar-Ar eruption ages, al-
though they may overlap within their uncertainties. Zircon saturation
temperatures (Boehnke et al., 2013) for the Ashishan magmas are
~700–750 °C, although this saturation model is not specifically derived
for alkaline compositions. Eruption temperatures are undetermined,
but the presence of euhedral zircons suggests that the host magmas



Table 1
U-Th isotope and concentration data for Ashikule young zircon rims measured by depth profiling.

Sample (238U/232Th) 1 s (230Th/232Th) 1 s Th age ka 1S.E. + ka 1S.E. - ka U ppm Th ppm Th/U

Ashi-shan
513–9-1.1 2.157 0.066 1.411 0.096 78.8 15.3 13.4 129 183 1.41
513–9-2.1 2.337 0.025 1.989 0.072 168.9 23.9 19.6 164 213 1.30
513–9-3.1 2.305 0.158 1.431 0.042 71.8 11.0 10.0 313 418 1.34
513–9-4.1 2.135 0.085 1.248 0.166 59.2 22.4 18.5 376 543 1.44
513–9-9.1 1.639 0.171 1.230 0.193 98.2 74.6 43.9 76 140 1.84
513–9-11.1 2.296 0.032 1.315 0.050 59.1 5.8 5.5 192 253 1.32
513–9-13.1 2.030 0.025 1.266 0.044 67.3 6.5 6.2 197 295 1.50
513–9-15.1 3.044 0.027 1.739 0.106 67.8 9.1 8.4 233 232 0.99
513–9_1 2.706 0.013 1.688 0.087 78.4 9.6 8.8 192 171 0.89
513–9_2 2.353 0.013 1.491 0.073 76.4 9.5 8.7 219 169 0.77
513–9_3 2.881 0.015 1.913 0.085 92.3 9.9 9.0 254 240 0.95
513–9_4 2.717 0.015 1.722 0.192 81.4 22.7 18.8 180 161 0.89
513–9_5 3.953 0.040 2.318 0.129 77.8 8.9 8.3 192 249 1.30
513–9_6 1.072 0.005 0.926 0.016 116.7 13.4 11.9 1263 445 0.35
513–9_10 2.674 0.013 1.860 0.077 100.3 10.6 9.7 451 396 0.88
513–9_11 3.282 0.081 2.466 0.160 127.6 24.4 19.9 157 170 1.08
513–9_12 2.936 0.029 1.964 0.158 94.4 18.8 16.1 136 132 0.96
513–9_14 1.732 0.126 1.264 0.080 93.6 26.8 21.5 466 265 0.57
513–7-4.1 3.904 0.203 2.452 0.169 88.8 16.1 14.0 395 303 0.77
513–7-11.1 6.703 0.176 3.650 0.136 75.2 5.9 5.6 340 155 0.46
513–7-15.1 8.152 0.485 6.558 0.474 168.1 51.1 34.7 648 240 0.37
513-4b_1.1 5.763 0.175 5.409 0.211 284 128 57 539 284 0.527
513-4b_11.1 9.546 0.162 8.971 0.206 294 59.9 39 512 163 0.319
Wuluke
WLK2_4 15.867 0.563 9.632 1.441 97.6 29.4 23.1 1858 355 0.19
WLK2_6 7.475 0.207 5.260 0.450 122.9 25.7 20.8 660 268 0.41

Whole-rock (238U/232Th) = 0.556±0.005 and (230Th/232Th) = 0.587±0.005 from Cooper et al. (2002) are used for age calculation.
S.E. = standard error.
Old (N375 ka) zircons with U-Th secular equilibrium are provided in supplemental Table A.1.
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were zircon saturated. Most of the whole-rock 40Ar/39Ar and K-Ar dates
(e.g., 120 ka, 170 ka, 460 ka) are older than the zircon age peak at ~70 ka.
These older dates fromwhole-rock samplesmay be biased toward older
ages if, as is suggested by the presence many old (N375 ka) zircons,
there is a cargo of antecrystic major phases. Although the 80 ± 60 ka
whole-rock 40Ar/39Ar age is close to 70 ka, this age has a large error.
The apparent peak of crystallization at 70 ka for zircons from samples
513-09 and 513-07 is similar to the ~66 ka eruption age from
40Ar/39Ar sanidine dating (Dunbar et al., 1996) as well as the thermolu-
minescence age at 74± 4 ka (Deng, 1991). In addition, it is noteworthy
that the 105-ka population from 513-09 is similar to a sanidine
40Ar/39Ar date of 100 ± 3 (1σ) ka from Ashishan (Cooper et al., 2002),
suggesting recycling of zircons from this earlier episode of magmatism
and volcanism.

Sample 513-4b has only one peak at ~291 ka and lacks younger pop-
ulations at 70 ka and 105 ka, suggesting that this lava flow erupted ear-
lier than 513-09 and 513-07. We note that a pulse of trachyandesitic
activity occurred at around270 ka, based on 40Ar/39Ar dating of sanidine
phenocrysts from several other volcanic centers from AVF (Dunbar
et al., 1996). Our U-Th zircon work suggests that this 270-ka pulse
also occurred at Ashishan.

5.1.2. Wulukeshan volcano
Whole-rock K-Ar dating of a Wulukeshan lava yielded a date of

200±50ka (Liu et al., 1990),whilewhole-rock 40Ar/39Ar dating yielded
dates of 290 ± 60 Ma, 540 ± 50 Ma, and 550 ± 60 ka (Xu et al., 2014).
All these whole-rock ages are older than the ~115-ka zircon crystalliza-
tion age from this study. Because any zircon growth precedes volcanic
eruptions and zircon retains U and Th because of their slow diffusion
in zircon even at magmatic temperature, zircon U-Th crystallization
ages provide a maximum limit on eruption age. We propose that the
eruption of the Wulukeshan lavas occurred after or about the same
time as the ~115 ka peak in crystallization. As the Wulukeshan rocks
contain many old crystals, whole-rock K-Ar or Ar-Ar ages can be biased
toward older ages. A better constraint on theWulukeshan eruption age
is likely to be provided by 40Ar/39Ar dating of single sanidine crystals.

5.2. Zircon and magma residence time scales

Despite experimental studies suggesting unfavorable conditions for
zircon crystallization, zircons have been found to form early in potassic
magmas (Bergman, 1987; Bucholz et al., 2017). Accordingly, zircon res-
idence times can be used to date magma storage times (e.g., Bucholz
et al., 2017). If we use the apparent young peak of zircon crystallization
at 70 ± 3 ka (Fig. 3) and eruption age of 66 ± 1 ka for the youngest
Ashishan pulse, then the zircon residence time would be around 4 ±
3 ka. The 105-ka zircon population (Fig. 3) should come from magmas
older than the 70-ka population but younger than 105 ka. Of the 6
40Ar/39Ar ages in Cooper et al. (2002), AKB-10 (122 ka) is too old, and
AKB-2, AKB-4, AKB-5, and AKB-6 have similar eruption ages around
70 ka. Thus, only sample AKB-1 (100 ± 3 ka) has the sensible eruption
age. Therefore, the apparent zircon residence time for the 105 ± 8 ka
zircon population is 5 ± 8 ka. This inference should be tested in the fu-
ture by measuring ages of zircons directly from 100-ka samples. With
regard to the 291-ka zircon crystallization, when compared to the re-
ported eruptive episode at 270 ka, a zircon residence time of ~21 ±
77 ka is suggested. Owing to the large uncertainty (77 ka) for the 21-
ka residence time for older zircons, we select zircon residence times
with small errors and suggest that zircon residence time is short (b5
kyr) for these post-collisional potassic magmas even though the
magmas passed through thick continental crust in northern Tibet.
Based on the presence of 230Th/238U excesses in Ashishan lavas,
Cooper et al. (2002) concluded that any magma residence was no
more than tens of kyr. Short magma residence time scales are not com-
mon for andesitic and felsic magmas in arc settings (e.g., Garrison et al.,
2012; Simon et al., 2008), but have been reported for some continental
volcanoes at Mount Changbai (Zou et al., 2010b; Zou et al., 2014) and
Acigol (Schmitt et al., 2011). Wulukshan lacks a precise and accurate



Fig. 4. Zircon U-Th isotope diagram for 513-07 from Ashishan. Fig. 4a includes two very
high U/Th zircons in 238U-230Th secular equilibrium whereas Fig. 5b excludes these two
very high U/Th zircons. WR = whole rock. Equiline defines secular equilibrium and
indicate ages older than 375 ka.

Fig. 5. Zircon U-Th isotope diagram for 513-4b from Ashishan. Fig. 5a includes one high
U/Th zircon in 238U-230Th secular equilibrium whereas Fig. 5b excludes this high U/Th
zircon. WR = whole rock. Equiline defines secular equilibrium and indicate ages older
than 375 ka.
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eruption age, which prevents an estimation of zircon residence time for
its magma.
Fig. 6. Zircon U-Th isotope diagram for WLK2 fromWulukeshan. WR= whole rock.
5.3. Relation between Ashishan and Wulukeshan at 105 ka

Wulukeshan is thought to have formed during an earlier episode
than Ashishan because of its older whole-rock K-Ar and Ar-Ar ages.
Our study reveals that Wulukeshan contains zircons that crystallized
at ~113 ka, which is younger than previously reported K-Ar or Ar-Ar
ages. Thus, the eruption age for Wulukeshan is b113 ka, similar to the
eruption age of ~100 ka for Ashishan. Similarities in their zircon age
spectra suggests that zircon crystallization occurred at Ashishan and
Wulukeshan during to the same eruption episode. In addition, the sim-
ilar zircon crystallization ages of ~105–113 ka indicate that theAshishan
andWulukeshanmagmatic systemswere active at the same time. Since
Ashishan and Wulukeshan are rather close (15 km) and their zircon
ages are similar at ~105ka, themagma systems responsible for Ashishan
andWulukeshanmay have tapped the same subvolcanic magmatic res-
ervoir at 105 ka and these eruptions, but that would require a caldera-
scale reservoir. Similar major element compositions between WLK2
(SiO2 = 56.33%, TiO2 = 1.84%) and the Ashikule samples (e.g., 513-07
with SiO2 of 55.86% and TiO2 of 1.86%) are consistent with this
interpretation.
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5.4. Implications for the generation and evolution of potassic magmas be-
neath NW Tibet

Subjective implications of this study from petrological perspectives
are several. First, the origin of the potassic magma must have involved
phlogopite melting, that is stable to a depth of 200 km (Enggist et al.,
2012). This phlogopitemight have formed by a subduction zone hybrid-
ization process (Wyllie and Sekine, 1982), a tectonic setting akin to the
currentNWTibetan volcanicfield. Our study indicate thatmagma trans-
port is fast for these deep potassic magmas formed in this type of tec-
tonic setting. Another implication of the short residence time of zircon
in effusive magma chambers, like this study, may be of significance for
the high precision zircon U/Pb dating of the lava formations in the Dec-
can (Schoene et al., 2019) that were supposed to be derived from distal
effusive acidic magma chambers synchronously (Basu et al., 2018). The
short zircon residence time established in this paper strengthens the ar-
gument of Basu et al. (2018).
6. Conclusions

(1) We have identified 3 pulses of zircon crystallization at 70 ka,
105 ka, and 290 ka for the Ashishan volcano and one pulse of zir-
con crystallization at 113 ka for the Wulukeshan volcano.

(2) Similarity between zircon U-Th ages and eruption ages for the
Ashishan volcano suggests short zircon and magma residence
times (b5 kyr) for post-collisional potassic volcanism beneath
thick continental crust.

(3) An eruption around 270 ka likely to have occurred at Ashishan.
(4) New zircon U-Th age of 113 ka for Wulukeshan requires that the

Wulukeshan eruption occurred after 113 ka, younger than previ-
ously thought. Old crystals likely contributed to their older
whole-rock K-Ar or Ar-Ar ages.

(5) Similar zircon peak at 105–113 ka for Ashishan andWulukeshan
likely indicates an interconnected subsurface magma reservoir
for these two young volcanoes during their eruption.

(6) The high abundance of geologically old (N375 Ka) zircons de-
mand for crystal-scale (in addition to whole-rock scale) isotope
studies for the widespread post-collisional lavas in continental
collision zones.
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