Journal of Asian Earth Sciences 154 (2018) 342-353

Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier.com/locate/jseaes

Full length article

Constraints of texture and composition of clinopyroxene phenocrysts of )

Check for

Holocene volcanic rocks on a magmatic plumbing system beneath s
Tengchong, SW China

Jun-Hao Hu™", Xie-Yan Song™", Hai-Long He™", Wen-Qin Zheng®, Song-Yue Yu", Lie-Meng Chen®,
Chun-Kit Lai®?

@ State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, PR China
® University of Chinese Academy of Sciences, Beijing 100049, PR China
€ Faculty of Science, Universiti Brunei Darussalam, Gadong BE1410, Brunei Darussalam

< ARC Centre of Excellence in Ore Deposits (CODES), University of Tc Hobart, Tasi ia 7001, Australia

ARTICLE INFO ABSTRACT

Understanding processes of magma replenishment in a magma plumbing system is essential to predict eruption
potential of a dormant volcano. In this study, we present new petrologic and thermobarometric data for youngest
lava flows from the Holocene Heikongshan volcano in the Tengchong area, SW China. Clinopyroxene pheno-
crysts from the trachytic lava flows display various textural/compositional zoning styles (i.e., normal, reverse
and oscillatory). Such zoning patterns are indicative of an open magmatic plumbing system with multiphase
magma replenishment and mixing, which were likely a key drive of the volcanic eruptions. Thermobarometric
calculations of these zoned clinopyroxene phenocrysts yield crystallization pressures of 3.8-7.1 kbar (peak at
4.5-7.0 kbar), corresponding to a magma chamber at depths of 14-21 km. The calculated depths are consistent
with the large low-resistivity body at 12-30 km beneath the Heikongshan volcano, implying that the magmatic
plumbing system may still be active. Recent earthquakes in the Tengchong area suggest that the regional strike-
slip faulting are still active, and may trigger future volcanic eruptions if the magma chamber(s) beneath the
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Tengchong volcanic field is disturbed, in spite of the volcanic quiescence since 1609 CE.

1. Introduction

Phenocrysts are the minerals that crystallized in magma chambers
before volcanic eruptions occur, and hence textural/compositional
zoning of phenocrysts can preserve useful information on physico-
chemical conditions (e.g., pressure and temperature) and magmatic
processes (e.g., fractionation and magma mixing) of the magma
chambers (Hibbard, 1981; Anderson, 1984; Tepley et al., 2000; Morgan
and Blake, 2006; Humphreys et al., 2006; Ginibre et al., 2007; Kahl
et al.,, 2011). Such information, integrated with geophysical data, is
invaluable to understand the key factors that trigger volcanic eruptions
(Gerbe and Thouret, 2004; Samaniego et al., 2011; Rivera et al., 2014),
and has successfully forecasted the eruptions of many active volcanoes,
e.g., Tarumai volcano (Japan) (Gerbe and Thouret, 2004; Nakagawa
et al., 2011; Dahren et al., 2012; Longpre et al., 2014).

Cenozoic volcanoes extend from the SE Tibetan Plateau, through the
Tengchong area in Yunnan to central-western Myanmar and form a

volcanic belt. Notably Mt Popa in Myanmar and Heikongshan volcano
in Yunnan (Fig. 1a and b). In the Tengchong area, many volcanoes are
considered dormant/extinct because there is no volcanic eruption since
1609 CE (late Ming Dynasty) (Liu, 1999). Nevertheless, a recent dis-
covery of low-velocity and low-resistivity bodies (10-30 km deep) by
magnetotelluric and seismic tomographic surveys (Wang and Huangfu,
2004; Jiang et al., 2012; Xu et al., 2012; Yang et al., 2013; Wu et al.,
2016) has raised concerns over potential future volcanic eruptions in
this populated and famous tourist destination in SW China. In this
paper, therefore, we present a comprehensive study of the magmatic
processes beneath these dormant volcanoes, and predict the likelihood
of future volcanic eruptions in the Tengchong area.

The Heikongshan volcano is one of the major dormant Cenozoic
volcanoes in the Tengchong area (Fig. 1b). The region around this
volcano is characterized by high geothermal gradient and *He/*He
ratios, which suggest constant mantle-derived input (Zhao et al., 2012).
In this study, we have sampled the two youngest lava flows of the
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Fig. 1. (a) Distribution of Cenozoic volcanic rocks in the Tibetan plateau and adjacent areas (modified from Mo et al. (2006)). (b) Geological map showing the distribution of Cenozoic
volcanic rocks in Tengchong area (modified from Li et al. (2000); Wang et al. (2007); Zhou et al. (2012); Guo et al. (2015)). Abbreviations: F1, Longchuanjiang fault; F2, Dayingjiang
fault; F3, Longchuan fault; F4, Xinqi fault. (¢) Landscape of the Heikongshan volcano. (d) Field relationships between the two lava flows of the Heikongshan volcano.

Heikongshan volcano. We suggest that the textural/compositional
zoning (reverse and oscillatory) of the clinopyroxene phenocrysts is
indicative of multiphase magma replenishment and mixing inside
magma chamber(s), which built up magmatic stress and eventually led
to volcanic eruptions.

2. Geological setting

Cenozoic volcanic rocks in the Tibetan Plateau are mainly distributed
along the Qiangtang (ca. 45-25Ma) and Songpan-Garze belts (ca.
25-8 Ma) (Fig. 1a; Mo et al., 2006). These Cenozoic volcanic rocks are
dominantly potassic/shoshonitic and were formed under post-collisional
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(India-Asia collision) tectonics (i.e., the Himalayan Orogeny; Yin and
Harrison, 2000; Chung et al., 2005; Mo et al., 2006; Zhao et al., 2009). The
Quaternary volcanic rocks are spatially confined to the NW-, NE- and SE-
margins of the Tibetan Plateau (Fig. 1a). The Quaternary volcanoes in the
Tengchong area (SE-margin of the Tibetan Plateau) are important from the
volcanic hazard perspective: not only because of the large resident/tourist
population in the area, but also because the active E-dipping subduction
(India plate beneath the Burma-Tengchong terrane) has generated
medium-large earthquakes that can trigger volcanic eruptions (Li et al.,
2008; Lei et al., 2009, 2012a; He et al., 2010; Zhao et al., 2011).

Cenozoic volcanoes in the Tengchong area are situated between the
Gaoligong and Nabang regional strike-slip faulting (Wang et al., 2007;
Huang et al., 2013; Xu et al., 2015), with the volcanism occurred from
the late Miocene (ca. 8 Ma) (Zhu et al., 1983; Kornfeld et al., 2014; Guo
et al., 2015) to Quaternary (ca. 7 ka) (Nakai et al., 1993; Li et al., 2000;
Yin and Li, 2000; Zou et al., 2010; Tucker et al., 2013). Most re-
searchers agreed that the Tengchong volcanic rocks were generated by
partial melting of the metasomatized mantle modified by subducted
oceanic/continental materials (Zhu et al., 1983; Wang et al., 2006; Zou
et al.,, 2014, 2017; Guo et al., 2015). The magma generation and
eruption were likely linked to the regional strike-slip faulting (Wang
and Huangfu, 2004; Wang et al., 2007; Lei et al., 2009; Zhou et al.,
2012; Sun et al., 2016), as the Cenozoic volcanic rocks are mainly
distributed along the N-S and NNE-trending faults (Fig. 1b). The Cen-
ozoic volcanic rocks unconformably overlie the Paleozoic-Mesozoic
sedimentary rocks and the Mesozoic-Cenozoic granites (Huangfu and
Jiang, 2000). Based on stratigraphic and geochronological studies
(®°Th->*®U, K/Ar and thermoluminescence), the Cenozoic volcanic
rocks were erupted in four phases (Wang et al., 1999; Li and Liu, 2012;
Zou et al., 2017): (1) late Miocene to Pliocene (ca. 8.00-2.58 Ma) oli-
vine trachybasalt and minor basaltic trachyandesite, (2) early Pleisto-
cene (ca. 2.58-0.78 Ma) dacite, (3) late Pleistocene (ca. 0.78-0.01 Ma)
basaltic trachyandesite, and (4) Holocene (< 0.01 Ma) trachyandesite,
trachyte and minor olivine basalt.

The Heikongshan volcano is located to the north of Tengchong city,
and its volcanic cone morphology (lava cone with scoria cover) is well
preserved (Fig. 1c). This volcano is about 250 m in diameter and 150 m
tall, and the lava flowed out from the crater along the western, northern
and eastern flanks of the volcano. The Heikongshan volcano erupted
intermittently since the middle Pleistocene, and the latest eruption was
K-Ar dated to be Holocene (ca. 7 ka; Nakai et al., 1993). The lava flows
show a compositional evolution trend from basaltic trachyandesite to
trachyte (Fig. 2a; Yu et al., 2012), similar to the nearby Holocene
Mananshan and Dayingshan volcanoes (Zou et al., 2017; Fig. 2).
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3. Sample descriptions

In this study, four samples were collected from the two youngest
lava flows of the Heikongshan volcano. Older lava flows were not
sampled because of the lack of outcrops. The youngest lava flows
(termed lava flow 2 hereafter) are about 1.5 m, blocky and mildly ve-
sicular. The older lava flow 1 is more vesicular than lava flow 2, and is
not completely exposed (Fig. 1d). Two trachyandesite samples (TC14-6
and TC14-13) were collected from lava flow 1, and two trachyte sam-
ples (TC14-1 and TC14-18) were collected from lava flow 2. Micro-
scopic petrography indicates that the volcanic rocks are moderately
porphyritic with different amounts of phenocrysts. The four samples
show similar phenocryst assemblage of plagioclase + clinopyr-
oxene + orthopyroxene. Phenocrysts (7%) of the trachyandesite in-
clude 3% clinopyroxene, 2% orthopyroxene and 2% plagioclase,
whereas phenocrysts (15%) of the trachyte include 8% plagioclase, 5%
clinopyroxene and 1% orthopyroxene. Groundmass of the trachyande-
site and trachyte is mainly composed of clinopyroxene, orthopyroxene
and plagioclase with sparse Fe-Ti oxides.

The clinopyroxene phenocrysts in lava flow 1 are 0.5-1.2 mm in size
and occur mainly as isolated crystals. They are euhedral to subhedral
and predominantly granular. These clinopyroxene phenocrysts show
three zoning patterns (i.e., reverse, oscillatory and normal) based on
BSE (backscattered electron) images. The reverse zoning has a large
core (about 500 pm) and a narrow rim (20-50pum), with a jagged
contact surface in between (Fig. 4a). The oscillatory zoning comprises a
core, a mantle and a rim (of different size/thickness), with also jagged
contact surface among them (Fig. 4c). The normal zoning is char-
acterized by the absence of distinct resorption texture, which is
common in the reverse and oscillatory zoning (Fig. 4a, c, and e).

Orthopyroxene phenocrysts from the trachyandesite (lava flow 1)
are euhedral to subhedral and only show normal zoning (Fig. 4f), whilst
the plagioclase phenocrysts in lava flow 1 are mainly euhedral to
subhedral (Fig. 4i). The rim (ca. 100 um) of the reversely-zoned clin-
opyroxene from lava flow 2 is thicker than its lava flow 1 counterparts
(Figs. 4a-b and 5), and the degree of core-rim resorption of the former
is also higher than that of the latter (Figs. 4a-b and 5). Similar textural
features are also found in the oscillatory-zoned clinopyroxene from the
two lava flows (Figs. 4c—d and 6). The textural and compositional
zonings of the clinopyroxene phenocrysts from the lava flow 2 are well
revealed through the EMPA elemental mapping (Figs. 5 and 6). The
orthopyroxene phenocrysts in lava flow 2 show both normal and os-
cillatory zoning (Fig. 4g and h). Textures of the oscillatory-zoned or-
thopyroxene are similar to the oscillatory-zoned clinopyroxene (Fig. 4c
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Fig. 2. (a) Total alkali (Na,O + K»0) vs. SiO, (TAS) diagram (after Le Maitre et al. (1989)) for the bulk rock and groundmass compositions of the Heikongshan lava flows. (b) K,O vs.

SiO,. Abbreviations: TB = trachybasalt, BTA = basaltic trachyande.
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Fig. 3. Harker diagrams of SiO, vs. MgO, Fe;Osroal, Ca0, NayO + KO for the two lava flows of the Heikongshan volcano.

and d, h). Plagioclase phenocrysts from lava flow 2 also occur as oi-
kocryst enveloping the pyroxene grains (Fig. 4j).

4. Analytical methods

Determination of the equilibrium melt compositions is necessary for
accurate P-T calculation using clinopyroxene-melt thermobarometry.
Therefore, the groundmass of the four Heikongshan volcanic rock
samples was separated to represent the melt equilibrated with the
phenocrysts. Firstly, 2-3 kg of the fresh rock sample was crushed into
40-60 mesh in an agate mortar. Then, the phenocrysts were carefully
picked out under a binocular microscope. The separated groundmass
was then milled into 200 mesh for the geochemical analyses.

Major element compositions of the whole-rock and groundmass
were measured by XRF (X-ray fluorescence spectrometry) on fused glass
discs at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS), with an analytical uncertainty ranging from 1% to
3% for the elements > 1 wt%, and ~10% for the elements < 1 wt%.

Major element compositions of the clinopyroxene, orthopyroxene
and plagioclase phenocrysts were analyzed using the electron microp-
robe (EMP-1600) at the Guiyang Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS). Analytical conditions include 25kV
accelerating voltage and 10nA beam current focused to a 10 um spot on
the mineral surface. The detection limits for the major elements are
0.01 wt%. Analytical reproducibility was within 2%. The uncertainly of
/A\Mg# for clinopyroxene and orthopyroxene caused by 1 sigma error
of the EPMA analysis is less than 2. Quantitative wavelength-dispersive
spectrometry (WDS) analysis for the clinopyroxene phenocrysts were
conducted using an accelerating voltage of 15kv, a beam current of
20 nA and a spot size of 1 ym.

5. Results
5.1. Whole-rock and groundmass geochemical compositions

The least altered trachyandesite (lava flow 1) and trachyte (lava
flow 2) samples have LOI (loss on ignition) contents of < 0.6 wt%
(Table 1). All the major element data were recalculated to a 100 wt%
volatile-free basis. In the TAS classification diagram (Fig. 2a), samples
from the lava flow 1 and 2 are classified as trachyandesite and trachyte,
respectively, consistent with the petrographic classification. All the
whole-rock and groundmass compositions of the two rock types plot
on/close to the boundary between the high-K calc-alkaline and shosh-
onitic fields (Fig. 2b). Volcanic rocks from the two lava flows have
whole-rock SiO, and total alkali contents of 58.3-62.4 wt% and
7.2-7.7 wt%, respectively. The rocks have relatively narrow ranges of
MgO (2.7-3.8 wt%), FeoOzrotar (5.3-6.5 wt%), CaO (4.5-5.8 wt%) and
TiO, (0.9-1.2wt%) (Table 1). In the Harker diagrams (Fig. 3), MgO,
FesOsroral and CaO show good negative correlations with SiO,. More-
over, SiO, shows strongly positive correlation with the total alkali
contents. In general, volcanic rocks of lava flow 1 contain higher MgO
and FeyOsrora contents than those of lava flow 2. The volcanic
groundmass contains lower MgO, Fe;O31q and CaO, but higher K,0
and Na,O contents than the whole-rock compositions (Fig. 3). Similar
to the whole-rock compositions, groundmass of lava flow 1 is less
evolved than that of lava flow 2.

5.2. Mineral compositions

As above-mentioned, clinopyroxene phenocrysts from the
Heikongshan volcanic rocks show (1) reverse, (2) oscillatory, and (3)
normal zoning patterns. The compositional variability of clinopyroxene
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Fig. 4. Representative BSE images and microphotographs
(plane-polarized light) of phenocrysts in two lava flows: (a), (c)
O and (e) the reverse, oscillatory and normal zoning of clinopyr-

o oxene phenocrysts in flow 1; (b) and (d) reverse and oscillatory
zoning of clinopyroxene phenocrysts in flow 2; (f) normal
zoning of orthopyroxene phenocrysts in flow 1; (g) and (h)
normal and oscillatory zoning of orthopyroxene phenocrysts in
flow 2; (i) and (j) the plagioclase phenocrysts in two lava flows.
(white circles in a ~ j denote the EPMA spots; Mg# = Mg/
(Mg + Fe?*), An = Ca/(Ca + Na+K), Cpx = clinopyroxene,
Opx = orthopyroxene, Pl = plagioclase).
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decrease in Ti from core to rim (Figs. 4a and 7a-b; Appendix II). The
Mg# of the core also decreases gradually from inner part to outer part
(Fig. 4a). The oscillatory-zoned clinopyroxene has commonly high-
Mg#, Cr-rich and Ti-poor core and rim, as well as low-Mg#, Cr-poor
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Fig. 5. BSE image and qualitative WDS maps of Mg, Fe, and Ti in an enhedral clinopyroxene phenocryst of sample TC14-18 (lava flow 2). This phenocryst displays reverse zoning. The
color contrast of the maps have been adjusted to distinguish the zoning patterns, and thus the colors are not necessarily comparable between maps or with the clinopyroxene elemental
maps in other figures. Warm and cool colors represent high and low concentrations, respectively. Small crators in the BSE, Mg and Fe maps are laser spots from previous analyses. White
arrow shows the direction from core to rim.

Fig. 6. BSE image and qualitative WDS maps of Mg, Fe and Ti in a clinopyroxene phenocryst of sample TC14-1 (lava flow 2). This phenocryst displays oscillatory zoning with varying
thickness and jagged borders. Colors and symbols as in Fig. 5.



J.-H. Hu et al.

Table 1
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Whole-rock and groundmass geochemical compositions for the two lava flows of the Heikongshan volcano (wt%).

Lava flow Lava 1 Lava 2 Lava 1 Lava 2

Whole rock/groundmass Whole Rock groundmass

Sample TC14-6 TC14-13 TC14-1 TC14-18 TC14-6 TC14-13 TC14-1 TC14-18
Major elements (wt%)

SiO, 58.47 57.88 62.06 61.47 59.16 59.00 63.39 63.35
TiO, 1.16 1.17 0.94 0.95 1.14 1.19 0.98 0.99
Al,O3 16.61 16.53 15.97 15.79 16.60 16.81 15.65 15.62
Cry03 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Fez031otal 6.13 6.41 5.25 5.34 6.08 6.21 5.25 5.31
MnO 0.10 0.11 0.09 0.09 0.10 0.10 0.09 0.09
MgO 3.62 3.74 2.72 2.80 2.99 3.02 2.34 2.29
CaO 5.61 5.72 4.47 4.53 5.25 5.31 3.98 3.95
Na,O 3.62 3.66 3.52 3.61 3.71 3.77 3.65 3.68
K20 3.51 3.50 4.02 4.03 3.67 3.72 4.32 4.35
BaO 0.11 0.11 0.09 0.10 0.11 0.12 0.10 0.10
P05 0.43 0.46 0.35 0.36 0.45 0.48 0.37 0.38
SrO 0.06 0.06 0.05 0.05 0.06 0.06 0.05 0.05
LOI 0.27 0.57 0.28 0.27 0.36 0.38 0.12 0.12
Total 99.71 99.93 99.82 99.40 99.68 100.17 100.29 100.28

Note: LOI = Loss on ignition.

and Ti-rich mantle (Figs. 4c and 7c—d; Appendix II). Similar to the re-
versely-zoned clinopyroxene, the core of oscillatory-zoned clinopyr-
oxene also shows a gradual Mg# decrease from the inner part (Fig. 4c).
Normal-zoned clinopyroxene is characterized by decreasing Mg# and
Cr contents from core to rim (Figs. 4e and 7f; Appendix II). Clinopyr-
oxene phenocrysts of all the three zoning types show positive Cr vs.
Mg# and negative Ti vs. Mg# correlations (Fig. 7a-f).

Orthopyroxene phenocrysts from the trachyandesite (lava flow 1)
have only normal zoning, which show decreasing Mg# and Cr contents
from core to rim (Fig. 4f and 7g; Appendix II). Meanwhile, plagioclase
phenocrysts from the trachyandesite contain an An-rich core and an An-
poor rim (Fig. 4i; Appendix II).

Clinopyroxene phenocrysts from the trachyte (lava flow 2) show
similar compositional trends of Cr, Ti and Mg# to their trachyandesite
(lava flow 1) counterparts, as well demonstrated in the EMPA elemental
maps (Figs. 5 and 6). Orthopyroxene phenocrysts from the trachyte also
show oscillatory zoning, with high Mg# and Cr contents in the core and
rim, and low Mg# and Cr contents in the mantle (Figs. 4h and 7h;
Appendix II). The normal-zoned orthopyroxene from the trachyte
shows similar intra-grain compositional trends to that from the tra-
chyandesite (Fig. 7g). Plagioclase phenocrysts from the trachyte have a
narrower composition range (An: 61.4-56.5) than those from the tra-
chyandesite (An: 62.4-52.0) (Appendix II).

6. Discussion
6.1. Petrogenetic implications of the clinopyroxene zoning

Compositional and textural zoning of phenocrysts in lavas has re-
ceived much attention due to its potential to record magmatic physio-
chemical conditions (Lofgren, 1974; Pearce, 1984, 1987; Tsuchiyama,
1985; Shore and Fowler, 1996; Shearer et al., 2013; Elardo and Shearer,
2014). Fractional crystallization in a closed magmatic plumbing system
generates euhedral and normal-zoned phenocrysts (Carracedo, 1999).
In contrast, repeated magma replenishment leads to temperature and
compositional fluctuations in magma chambers, leading to the forma-
tion of normal-, reverse- and oscillatory-zoned phenocrysts (Streck,
2008). Although the interplay of crystal growth and local chemical
diffusion within boundary layer could produce fine-scale oscillatory
zoning (< 15um thick), formation of thick oscillatory zoning is com-
monly linked to magma compositional fluctuations resulted from
magma replenishment and/or large-scale convection in a stratified
magma chamber (Pearce and Kolisnik, 1990; Pearce, 1994; Ginibre
et al., 2002a, 2002b; Elardo and Shearer, 2014). In this study, most
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oscillatory zones of the clinopyroxene phenocrysts are over 50 pm thick
(Figs. 4c—d and 6), and the jagged contacts between the various zones in
the reversely-/oscillatory-zoned clinopyroxene phenocrysts indicate
resorption and thus crystal-melt disequilibrium (Figs. 4a—d, 5, and 6).
These textural features are also present in the orthopyroxene pheno-
crysts (Fig. 4h), which altogether suggest substantial temperature and/
or compositional fluctuations in the magma chambers, caused probably
by magma replenishment (Nakagawa et al., 2002; Humphreys et al.,
2006; Stroncik et al., 2009). Sudden pressure drop during magma as-
cent would increase the crystallization rate, and leads to normal (rather
than reverse) zoning (Stroncik et al., 2009). Decreasing Ti content
(from core to rim) in the reversely-zoned clinopyroxene due to pressure
rise, although theoretically possible (Adam and Green, 1994), is geo-
logically unrealistic during magma ascent and emplacement. Therefore,
the presence of various zoning styles of the pyroxene phenocrysts
analyzed reflects primarily temperature and compositional (rather than
pressure) fluctuations in the magma chambers beneath the Heikong-
shan volcano.

High-Mg and high-Cr pyroxene commonly crystallized from less
evolved (more mafic) magmas (Streck et al., 2002; Streck, 2008), and Ti
contents in pyroxene are more affected by magma compositions than by
temperature, pressure or water content (Gaetani et al., 1993; Adam and
Green, 1994; Skulski et al., 1994; Streck et al., 2002). The Mg#, Cr and
Ti contents are well-correlated in the clinopyroxene phenocrysts ana-
lyzed, especially for the reversely- and oscillatory-zoned ones. There-
fore, Cr and Ti contents and Mg# values are good indicators for the
crystallization conditions of the clinopyroxene from the Heikongshan
volcanic rocks. Since Cr is strongly partitioned into clinopyroxene and
Ti is mildly incompatible, the inner parts of the crystal should have
higher Cr and lower Ti contents than the rims in a stable fractionation
environment. The positive Cr vs. Mg# and negative Ti vs. Mg# corre-
lations observed are consistent with the partition coefficients of Cr and
Ti between clinopyroxene crystals and mafic magmas (Fig. 7a—f)
(Der = 3-30, Dp; = 0.29-0.89; Bacon and Druitt, 1988; Villemant,
1988; Adam and Green, 1994; Forsythe et al., 1994; Hauri et al., 1994;
Skulski et al., 1994; Yang et al., 2017). However, the compositional
variations in the reversely- and oscillatory-zoned clinopyroxene phe-
nocrysts cannot be explained by closed-system fractional crystallization
(Figs. 5, 6, and 7a-d).

Composition relationships between the rim and mantle of the os-
cillatory-zoned clinopyroxene are comparable to those between the rim
and core of the reversely-zoned clinopyroxene (Fig. 7a—d; Appendix II).
The higher Mg# and Cr contents of the rims (Mg# = 78.1-79.2,
Cry03 = 0.07-0.13 wt%) than those of the cores (Mg# = 70.5-72.3,
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Cr,03 = 0-0.03 wt%) of the reversely-zoned clinopyroxene from the
trachyandesite (lava flow 1) (Figs. 4a and 7b; Appendix II) indicate that
the replenished magma was relatively less evolved. This suggests that
the core of the reversely-zoned clinopyroxene and the mantle of the
oscillatory-zoned clinopyroxene were likely formed from a more
evolved magma. Although the cores of the oscillatory-zoned clinopyr-
oxene contain higher Mg# and Cr contents (Mg# = 80.7-82.7,
Cr,03 = 0.23-0.38 wt%) than the mantles (Mg# = 71.9-72.9,
Cry,03 = 0.11-0.12 wt%) (Figs. 4c and 7d; Appendix II), the jagged
contact between them suggests that the latter was grown on the

349

resorptive boundary of the former during magma replenishment
(Figs. 4c and 7d). The magma that equilibrated with the oscillatory-
zoned clinopyroxene mantle had Mg# values of 40.9-42.1, as calcu-
lated with the clinopyroxene Mg# values and the Fe-Mg exchange
coefficients from Putirka et al. (2003). Such magma compositions were
more evolved and in disequilibrium with the clinopyroxene cores. Thus,
we infer that there were multiphase magma replenishment into the
magma chamber before the eruption of the lava flow 1. The same is true
for lava flow 2 due to the similar textural and compositional variations
of the reversely-, oscillatory- and normal-zoned clinopyroxene
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phenocrysts of the trachyte (Figs. 4-7). Moreover, the compositional
variations of the plagioclase phenocrysts from dacite in this region were
also resulted from magma recharge and mixing (Gao et al., 2015). To
conclude, we propose that magma replenishment and mixing have
played an important role in the compositional evolution and phenocryst
growth in the magma chambers beneath the Heikongshan volcano, and
probably also other Cenozoic volcanoes in the Tengchong area.

6.2. Clinopyroxene-melt thermobarometry

To better understand the magma chamber processes beneath the
Heikongshan volcano, clinopyroxene-melt thermobarometry was used
to constrain the T-P (temperature-pressure) conditions of the clin-
opyroxene phenocryst crystallization. Clinopyroxene-melt thermo-
barometer is more accurate in T-P calculations for the phenocryst
crystallization (than plagioclase- or orthopyroxene-liquid thermo-
barometer) due to the wider applicability and lower SEE (standard error
of estimate) values of the former (Putirka and Condit, 2003; Caprarelli
and Reidel, 2005; Putirka, 2005, 2008; Barker et al., 2009; Hammer
et al., 2016). The clinopyroxene-melt thermobarometer of Putirka et al.

(2003) is employed in this study, which is based on the jadeite-diop-
side/hedenbergite exchange under equilibrium between clinopyroxene
crystals and mafic to felsic melts (SiO5 = 51-71.3 wt%). This thermo-
barometer has an estimated standard error of 1.7 kbar and 33 °C and no
systematic bias (Putirka et al., 2003).

Geochemical compositions of the groundmass (or whole-rock with
very few phenocrysts) can generally be regarded as the compositions of
the melt equilibrated with the phenocrysts (Dahren et al., 2012; Keiding
and Sigmarsson, 2012; Keiding et al., 2013). Since the Heikongshan
volcanic rocks contain > 5% phenocrysts, the groundmass was care-
fully separated from the phenocrysts. Our data show that the ground-
mass contains slightly higher SiO, and K,O, and lower MgO and CaO
than the whole-rock compositions (Figs. 2 and 3). The clinopyroxene
phenocryst rims formed in the final magmatic stage before the volcanic
eruptions can be regarded as in equilibrium with the groundmass.
Fe-Mg exchange equilibrium between the clinopyroxene phenocryst
rims and groundmasses was tested using the equation of Kp°P*1d
(Kp = (Xreo/Xmgo)cpx/ (Xreo/Xmgodiiq) (Damasceno et al., 2002; Villiger
et al., 2007; Longpré et al., 2008). As shown in Fig. 8a and b, the Kp
values between the clinopyroxene phenocryst rims and the groundmass
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range from 0.250 to 0.352, most of which plot in the equilibrium belt
(Kp = 0.275 + 0.067, Putirka et al., 2003). Fig. 8c—f illustrates that the
“observed mineral components” of the clinopyroxene phenocryst rims
are well consistent with the “predicted mineral components” using the
groundmass compositions and estimated T-P conditions of this study,
according to the model proposed by Putirka (1999) and Mollo et al.
(2013). This indicates that the clinopyroxene-melt pairs may have been
close to total equilibrium for calculating the T-P conditions of the
magma chamber(s) beneath the Heikongshan volcano.

According to the T-P calculations above-mentioned, crystallization
of the clinopyroxene phenocryst rims of both lava flow 1 and 2 occurred
under similar pressures (3.8-7.1kbar, mostly 4.5-7.0 kbar; Fig. 9a;
Appendix III). This means that the magma chamber(s) of the Hei-
kongshan volcano was emplaced at depths of around 14-21 km before
the eruptions of lava flows 1 and 2. This is well consistent with the large
low-resistivity body at around 12-30km beneath the Heikongshan
volcano identified by magnetotelluric survey (Fig. 9b; Jiang et al.,
2012), which further implies that the magma chamber(s) beneath the
volcano is yet to be totally consolidated. Our thermobarometric cal-
culations indicate that the crystallization temperatures of the clin-
opyroxene phenocryst rims from the lava flow 1 (1080-1101 °C) are
higher than those from the lava flow 2 (1041-1070 °C) (Fig. 9a; Ap-
pendix III). This is consistent with the fact that the groundmass of the
lava flow 1 contains higher MgO, Fe;Osrora and CaO contents, and
lower SiO, and (Na,O + K,O) contents than those of lava flow 2
(Figs. 2 and 3). This again demonstrates that the magma chamber be-
neath the Heikongshan volcano had experienced multiphase replen-
ishment of magmas with different temperatures and compositions.

6.3. Mechanism for the Heikongshan volcanic eruption and future volcanic
hazard assessment

Magma storage and replenishment of the magma chambers beneath
volcanoes are key elements to understand the volcanic behaviors and to
predict potential future volcanic eruptions (Morgan et al., 2004). A
closed-system magma chamber could rarely cause volcanic eruptions
because the pressure, temperature and magma volume decrease with
time (Stasiuk et al., 1993), and the opposite is true for an open mag-
matic plumbing system (Sparks et al., 1977; Eichelberger, 1995;
Murphy et al., 1998, 2000; Tepley et al., 2000; Samaniego et al., 2011),
such as the Heikongshan magmatic plumbing system in this study.

Previous K-Ar dating had identified a series of volcanic eruptions at
Heikongshan from the late Pleistocene (ca. 482 ka) to the Holocene (ca.

7 ka) (Mu et al. 1987; Nakai et al. 1993; Li et al. 2000). Jiang et al.
(2012) has proposed that the low-resistivity body beneath the Hei-
kongshan volcano likely represents an active magma chamber. Thus,
although the Tengchong volcanoes have been dormant for hundreds of
years (latest eruption reported at Dayingshan volcano (south of Hei-
kongshan) in 1609 CE), they still have potential to erupt again in the
future. Additionally, the Tengchong area shows high geothermal gra-
dient with high *He/*He ratios (Fig. 1b), which suggest the increasing
presence of mantle-derived helium in recent years (Zhao et al., 2012).
The strike-slip faulting that control the Cenozoic volcano distributions
in the Tengchong area are still active, and have generated the medium-
strong earthquakes in this region, such as the Yinjiang earthquake (M
5.8) in 2011 (Lei et al., 2012a, 2012b; Zhou et al., 2012). Therefore, the
possibility of future volcano eruptions in the Tengchong area should not
be dismissed, especially because of the large resident/tourist population
in the area.

7. Conclusions

(1) The presence of reversely- and oscillatory-zoned clinopyroxene
phenocrysts indicates that the magma chamber(s) beneath the
Heikongshan volcano had experienced multiphase magma mixing
and replenishment, which eventually triggered the volcanic erup-
tions during the late Pleistocene to Holocene.

(2) Thermobarometric calculations on the rims of the clinopyroxene
phenocrysts indicate that the magma chamber(s) beneath the
Heikongshan volcano may have emplaced at depths of 14 to 21 km
prior to the eruptions of lava flows 1 and 2.

(3) Although there were no volcanic eruptions in the Tengchong area
since 1609 CE, the possibility of future volcano eruptions still exists
if the magma chamber(s) (likely to be active) is disturbed by the
regional strike-slip faulting.
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