SCIENCE CHINA
Earth Sciences

* RESEARCH PAPER -

July 2016  Vol.59 No.7: 1454-1462
doi: 10.1007/511430-016-5312-x

Clinopyroxene and Fe-Ti oxides for correlating the ash from
Changbaishan Millennium eruption

SUN ChunQing'?, LIU JiaQi'", YOU HaiTao® & CHU GuoQiang'

' Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing 100029, China;
% College of Earth Science, University of Chinese Academy of Sciences, Beijing 100049, China;

* Key Laboratory of Computational Geodynamics, College of Earth Science, University of Chinese Academy of Sciences,
Beijing 100049, China

Received November 27, 2015; accepted April 20, 2016; published online May 27, 2016

Abstract Volcanic glass compositions and tephra layer age are critical for anchoring their sources and correlating among
different sites; however, such work may be imprecise when the tephra has varied compositions. The ash from Changbaishan
Millennium eruption (940s AD), a widely distributed tephra layer, has been detected in the far-east areas of Russia, the Korean
Peninsula, Japan, and in Greenland ice cores. There are some debates on the presence of this tephra from sedimentary archives
to the west of Changbaishan volcano, such as lake and peat sediments in the Longgang volcanic field. In this paper, major ele-
ment compositions for clinopyroxene and Fe-Ti oxides were performed on proximal tephra from Changbaishan and the Mil-
lennium eruption ash record in Lake Sihailongwan. Clinopyroxene and Fe-Ti oxides microlites from Sihailongwan show au-
gite-ferroaugite and titanmagnetite compositions, similar to those from dark pumice in Changbaishan proximal tephra, but dif-
ferent from the light grey pumice, which has ferrohedenbergite and ilmenite microlite compositions. This result implies that the
tephra recorded in Sihailongwan was mainly from the trachytic eruptive phase of the Millennium eruption, and the rhyolitic
eruptive phase made a relatively small contribution to this area. Analyzing clinopyroxene and Fe-Ti oxides microlites is a new

method for correlating tephra layers from Changbaishan Millennium eruption.
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1. Introduction

Ash from large-scale volcanic eruptions can be deposited
across wide areas in a short time. These tephra layers can
serve as marker beds for reconstructing volcanic activities
and Quaternary climatic changes. Normally, large tephra
particles deposit in proximal areas while volcanic glass
shards are the predominant in distal regions, and can ac-
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count for 95% of total ash deposits. Therefore, over the last
several decades, major and minor element compositions of
glass shards have been widely used to correlate tephra lay-
ers among various sites (Shane and Froggatt, 1992; Lee et
al., 2004; Lowe, 2011; Tomlinson et al., 2012; Lane et al.,
2013; Pearce et al., 2014; Sun et al., 2014a, 2015). Proximal
tephra deposits can be destroyed by subsequent eruptions,
and records of volcanic activities may be incomplete, but
areas farther from the source may yield more detailed rec-
ords. In addition, correlation of tephra layers among various
sites in different directions will reveal the mode of tephra
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dispersal and eruptive processes. Normally, tephra layers
from the same volcano or similar geological background
share similar glass compositions, and tephra with different
glass compositions may be from a single eruption (Smith et
al., 2005; Peate et al., 2008; Shane et al., 2008), which
makes it difficult to identify their source volcanoes. In some
cases, detailed glass compositions with mineral composi-
tions will enable more precise identifications and correla-
tions of tephra layers.

Minerals in tephra usually are more dense than glass
shards, and these heavier minerals will be deposited close to
volcanic vent. Light minerals and microlites can be
transported to more distal sites and these compositions
provide a more evidence to correlate tephra layers. For
example, the Younger Toba Tuff (YYT) can be traced
across the Indian Ocean and Indian subcontinent. Tiny bio-
tite crystals occur in these tephra, and biotite compositions
are very effective for discriminating YYT, Middle Toba
Tuff (MYT) and Older Toba Tuff (OYT) (Smith et al.,
2011). Biotite compositions also have been used success-
fully in New Zealand and Europe (Shane et al., 2003a,
2003b; Harangi et al., 2005). The Fe-Ti oxides, titanmag-
netite and ilmenite, are also widely used to correlate tephra
layers based on their chemical compositions and calculated
magma temperatures and oxygen fugacities (Cronin et al.,
1996a, 1996b; Shane, 1998, 2000; Jensen et al., 2008, 2011;
Turner et al., 2011; Preece et al., 2011, 2014; Marcaida et
al., 2014). In relatively old strata, glass compositions can
not be used to correlate various layers owing to devitrifica-
tion of volcanic glass shards, but more stable minerals, such
as the cummingtonite composition and zircon ages
(Matsu’ura et al., 2011, 2012; Coffey et al., 2014). In re-
gions nearer the volcanic vent there are many kinds of mine-
rals in the tephra, such as olivine, pyroxene and apatite, and
their compositions also can be used to correlate tephra lay-
ers (Cronin et al., 1996a, 1996b; Brauer et al.,, 2007,
Westgate et al., 2008; Sell and Samson 2011). However,
these relative heavy and large minerals are very difficult to
be transferred to more distal areas.

The Changbaishan Millennium eruption is one of the
largest eruptions on Earth in the last 2000 years (Horn and
Schmincke, 2000; Wei et al., 2003; Zou et al., 2010).
Tephra from this eruption is widely distributed in the
Korean peninsula, and Japan, and in Greenland ice cores
(Figure 1) (Machida and Arai, 1983; Sun et al., 2014a). In
the Longgang volcanic field, upwind of Changbaishan
volcano, no visible Millennium eruption ash has been
reported and only a cryptotephra layer has been detected,
but glass compositions are very different in these reports
(Guo et al., 2005; Sun et al., 2015). Recently, four rhyolitic
glass shards were reported from the Gushantun peat that are
suggested to be from the Millennium eruption or some
younger eruptions (Zhao and Hall, 2015; Zhao et al., 2015).
Major element compositions of glass shards are widely used
to correlate this tephra layer, but glass major element
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compositions differ among tephras reported from north-
eastern China, Japan, and Greenland ice cores, making it
difficult to correlate this layer precisely in these regions
(Sun et al., 2014b). In this wrok, clinopyroxene and Fe-Ti
oxides microlite compositions were determined for distal
tephra from Lake Sihailongwan and for proximal Chang-
baishan tephra. This method can be more reliable for corre-
lating this tephra.

2. Geological background

The Changbaishan stratovolcano is located on the north-
eastern margin of the North China Craton, on the border
between China and North Korea. It became active in the
early Pleistocene, and the most recent eruption was a phre-
atomagmatic event in 1903 AD (Cui et al., 1995; Fan et al.,
20006). It is best known for the Millennium eruption, which
produced thick fallout pumice and pyroclastic flows depos-
its (Horn and Schmincke, 2000; Stone, 2010, 2011, 2013;
Liu et al., 2015). Ash from the Millennium eruption has
served as a marker layer for reconstructions of the volcanic
eruptions, vegetation evolution, event stratigraphy and cli-
matic changes (Nakagawa et al., 2002; Ikehara, 2003;
Machida and Arai, 2003; Nanayama et al., 2003; Hughes et
al., 2013; Sun et al., 2015). The precise age of this eruption
and its climatic impacts are matters of intensive debate. Ra-
diometric "C dating on charcoals buried in the proximal
tephra is the most common method to constrain the tephra
age (Liu, 1999), but the age results are different, which
makes it more difficult to discuss climatic impacts (Sun et
al., 2014b). Discrete glass shards with similar compositions
to the ash from Millennium eruption have been detected in
Greenland ice cores and the age of this eruption corre-
sponding to the tephra layer was assigned to 940-941 AD
(GICCO05, 946-947 AD revised age model) or 945+4 AD
(GISP2), in addition, there were no substantial climatic im-
pacts resulted from this eruption (Sun et al., 2014a; Sigl et
al., 2015).

There are eight maar lakes and various peat bogs in the
Longgang volcanic field, 120 km from the Changbaishan
volcano (Figure 1). Lake Sihailongwan is one of these maar
lakes. A 10-119 m tuff ring around this lake makes it a rela-
tively closed environment; rainfall is the main recharge
mode without stream inlets or outlets. Human activities are
rare in this region and varves are well developed in this lake
(Chu et al., 2014; Stebich et al., 2015).

3. Samples and methods

A drilling core from the deepest part of Sihailongwan was
taken in 2008. Samples from 52 cm were first treated with
10% HCI for 12 hours to remove soluble carbonates first
and then H,0O, was added to the samples to disaggregate
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Figure 1 Tephra dispersal of the ash from Changbaishan Millennium eruption and some tephra-detected sites (a), volcanic map of Changbaishan volcano
and Longgang volcanic field (b), and photo of Lake Sihailongwan and the coring site (c). (a) is from Machida and Arai (1983) and (c) from Sun et al.(2015).
SHL, Lake Sihailongwan; CBS, Changbaishan volcano; Hani, Hani peat. 1, Longquanlongwan; 2, Donglongwan; 3, Nanlongwan; 4, Sanjiaolongwan; 5,
Hanlongwan; 6, Dalongwan; 7, Gushantun Peat; 8, Erlongwan; 9, Xiaolongwan.

organic materials. The treated samples were sieved through volcanic sequence. There is a grey pumice layer on thick
30 um mesh and then mounted on slides. Proximal tephra yellow pumice with age around 4.2 ka (Yang et al., 2014).
were sampled from the north slope of Changbaishan volca- A dark fallout pumice layer (black and dark grey) is on this

no, Tianwenfeng peak, where there is a complete modern light grey layer. Additionally, dark pumice clasts can be
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found in pyroclastic flows from Jinjiang valley. Both the
light and dark layers are attributed to the Millennium erup-
tion (Wei 2013).

Major element analyses were carried out using a JEOL
JXA 8100 electron microprobe at the State Key Laboratory
of Lithospheric Evolution, Institute of Geology and Geo-
physics, Chinese Academy of Sciences. Nine major ele-
ments (Na, Mg, Al, Si, K, Ca, Fe, Ti, Mn) were analyzed
with an accelerating voltage of 15 kV, a beam current of 6
nA, and a beam diameter of 5-10 pm according to the size
of the glass shards. A 1-pm beam diameter was used to ana-
lyze the microlites.

4. Results and discussion

From the dispersal of tephra, west winds prevailed during
the Millennium eruption, and tephra was mainly transported
to the east of Changbaishan volcano and deposited in north-
ern part of Korean peninsula and Japan (Machida et al.,
1990; Horn and Schmincke, 2000). Reports of this tephra
west of Changbaishan volcano are rare, especially of fallout
pumice, but some pyroclastic flows are found in the Jinjiang
valley. Therefore, whether this tephra can be correlated
from Japan to areas west of Changbaishan volcano is con-
tinually debated. Lake and peat sediments from the Long-
gang volcanic field are the ideal context to resolve this
problem, and also give insights into the mode of tephra dis-
persal. In addition, this tephra can be linked across conti-
nental, marine, and Arctic paleoclimate records.

Glass compositions in a sandy like tephra layer detected
in the Xidadianzi and Hani peat sediments illustrate a native
eruption, but no felsic tephra layers from Changbaishan
volcano were found and assuming that tephra from Chang-
baishan volcano could not be transported to these upwind
sediments (Mao et al., 2002, 2009; Cheng et al., 2008).
However, four rhyolitic glass shards were isolated from the
Gushantun peat bog with a age of 260 — 420 a cal BP and
they were correlated with the Changbaishan Millennium
eruption or the younger eruptions based on glass composi-
tions (Zhao and Liu, 2012; Zhao and Hall, 2015; Zhao et al.,
2015). A similar cryptotephra layer also can be traced in the
Lake Sihailongwan, but those studies show different results.
One study found only rhyolitic glass shards in the lake
sediments (Guo et al., 2005), while another showed many
trachytic glass shards with minor rhyolitic shards similar to
compositions of proximal tephra from Changbaishan vol-
cano and distal tephra from Japan and Greenland ice cores
(Sun et al., 2015). Therefore, there is no consensus on
whether the ash from Changbaishan Millennium eruptions
was deposited in the Longgang volcanic field.

Major element compositions of glass shards have been
widely used to correlate the Millennium eruption ash in past
studies. Glass compositions range from the rhyolitic to tra-
chytic member, corresponding to the Millennium dark and
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light pumice eruptive phases (Horn and Schmincke, 2000;
Nishimoto et al., 2010). In the Japan Sea and on the island
of Japan, both rhyolitic and trachytic glass shards (or pre-
dominant rhyolitic shards) have been detected (Furuta et al.,
1986; Nakagawa et al., 2002; Okuno et al., 2011; Hughes et
al., 2013; Nakamura, 2015). Tephra from rhyolitic eruptive
phase might be widely distributed in these regions. Ash
recorded in the Greenland NGRIP and NEEM-2001-S1 ice
cores also shows both rhyolitic and trachytic members
(Coulter et al., 2012; Sun et al., 2014a). However, the
reported Millennium eruptiosn ash from Longgang volcanic
field showed different glass compositions; that is, the
rhyolitic glass detected by Guo et al. (2005) and the
trachytic glass shards with minor rhyolitc shards reported by
Sun et al. (2015). The constrained age of the rhyolitic
cryptotephra layer from the Gushantun peat bog shows a
large deviation from the age of Millennium eruption (Zhao
and Liu, 2012; Zhao and Hall, 2015; Zhao et al., 2015), and
we cannot correlate it to any eruptions of Changbaishan
volcano. Therefore, whether both rhyolitic and trachytic
glass shards were deposited in Longgang volcanic field, or
one predominant member was recorded, or there are differ-
ent glass compositions in different directions is still unre-
solved.

In the cryptotephra layer from Sihailongwan Lake, there
are typically some Fe-Ti oxide and clinopyroxene microlites
on the edges or in the cores of glass shards that can be dis-
criminated from the glass shards (Figure 2). The glass
shards might affect the compositions of these microlites,
especially the Fe-Ti oxides, owing to their relatively small
sizes (Table 1, Figure 3), but, in general, these microlites
are titanmagnetite. Clinopyroxene microlites are mainly
augite and ferroaugite. The Changbaishan proximal dark
and light pumices show different mineral assemblages and
compositions; many microlites occur in the dark pumice but
few in the light pumice (Figure 2). Major element composi-
tions of microlites from proximal tephra illustrate that Fe-Ti
oxides are mainly titanmagnetite in the dark pumice and
ilmenite in the light pumice. Clinopyroxenes in the dark
pumice are augite and ferroaugite, and ferrohedenbergite in
the light pumice (Tables 2 and 3, Figure 4). Clinopyroxenes
in dark pumice show wider ranges of composition than the
microlites from Lake Sihailongwan.

Pyroxene, feldspar, and Fe-Ti oxides are rare in Millen-
nium eruption ash, and it is difficult to understand magmatic
processes using these minerals (Zou et al., 2010). However,
clinopyroxene and Fe-Ti oxides microlites were detected in
the proximal and distal Millennium eruption ash as de-
scribed in this paper, and such stable mineral compositions
can help correlate tephra layers precisely (Shane, 1998,
2000). This paper, for the first time, used such microlites to
correlate the Millennium eruption ash. Our result illustrates
that tephra recorded in Lake Sihailongwan was mainly from
the Millennium trachytic eruptive phase, which resulted
from the rare development of such microlites in light pum-
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Table 1 Major element compositions (%) for Fe-Ti oxides and clinopyroxene microlites recorded in Sihailongwan

Point No. SiO, TiO, ALOs FeO MnO MgO CaO Na,O K,O Total
Fe-Ti oxides
1 2.19 20.63 1.98 67.38 1.03 1.17 0.30 0.18 0.22 95.08
2 2.45 19.74 1.97 67.00 0.95 1.14 0.42 0.33 0.19 94.18
3 1.78 18.85 1.77 68.45 0.99 0.88 0.11 0.26 0.25 93.32
4 1.67 24.92 2.36 64.56 0.64 3.50 0.94 0.02 0.03 98.64
5 2.10 18.82 1.67 70.91 0.90 0.89 0.15 0.25 0.23 95.91
6 2.88 19.32 1.92 70.42 0.96 0.97 0.07 0.20 0.22 96.96
7 1.40 20.04 4.29 66.17 0.51 4.52 0.10 0.12 0.19 97.34
8 1.50 20.61 1.74 67.28 0.91 1.12 0.36 0.10 0.11 93.72
9 1.37 20.18 4.45 67.11 0.50 4.76 0.18 0.10 0.10 98.73
10 1.71 19.31 4.70 66.68 0.49 4.62 0.31 0.25 0.13 98.20
11 1.71 20.66 2.79 66.56 0.76 3.41 0.30 0.24 0.17 96.60
Clinopyroxene
1 47.90 3.27 4.83 10.31 0.21 11.98 20.81 0.67 0.02 100.00
2 50.42 1.54 3.03 11.63 0.37 11.68 19.76 0.50 0.13 99.05
3 50.26 1.31 291 13.83 0.39 10.05 19.61 0.56 0.22 99.14
4 51.69 0.71 1.45 16.18 0.56 9.63 20.09 0.46 0.13 100.89

COMP  15.8kY %950 1Bum WO1lmm COMP 15.0kY x450 113;,.wrn_|-qﬂ 11mm

18pm WO 1 1mm COMP  15.@kY x40 1Ppm WD 1 dmm
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Figure 2 BSE images for the distal tephra from Lake Sihailongwan ((a)—(c)), proximal dark pumice from Changbaishan ((d), (¢)), and proximal light pum-
ice from Changbaishan (f). The scale bar is 10 pm.
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Table 2 Major element compositions (%) for Fe-Ti oxides and clinopyroxene microlites from Changbaishan Millennium dark pumice

1459

Point No. SiO, TiO, ALO; FeO MnO MgO CaO Na,O K,O Total
Fe-Ti oxides
1 1.90 20.71 2.24 65.15 0.72 2.39 0.13 0.34 0.25 93.82
2 0.23 26.00 1.28 68.55 1.19 0.71 0.04 0.09 0.03 98.10
3 0.08 25.63 1.10 69.10 1.01 0.67 0.11 0.08 0 97.77
4 1.19 21.64 2.28 63.79 0.60 1.95 0.32 0.23 0.09 92.08
5 0.18 25.67 1.16 68.00 1.08 0.64 0.02 0.03 0.02 96.40
6 1.53 18.70 3.14 67.28 0.55 2.32 0.12 0.21 0.15 93.99
7 0.31 24.96 1.10 68.57 1.10 0.63 0.08 0.10 0.05 96.90
8 0.18 25.29 0.94 69.59 1.13 0.42 0.03 0.03 0.02 97.61
9 1.39 18.17 241 71.39 0.66 1.32 0.02 0.16 0.17 95.68
10 0.13 26.20 1.29 68.43 1.04 0.73 0.07 0.04 0 97.92
11 0.16 26.65 1.29 68.08 0.99 0.79 0.04 0.05 0.01 98.05
12 0.39 26.05 1.23 68.49 1.03 0.82 0.10 0.02 0.02 98.14
13 1.84 24.43 2.38 62.99 0.66 2.98 0.20 0.25 0.19 95.90
14 1.60 23.16 2.27 64.93 0.72 2.10 0.12 0.18 0.17 95.22
15 2.32 22.15 247 64.51 0.69 2.39 0.11 0.30 0.24 95.19
16 2.13 23.13 2.27 63.41 0.72 2.14 0.08 0.29 0.23 94.41
17 0.45 24.61 1.56 68.03 0.88 1.69 0.02 0.02 0.04 97.3
18 1.83 20.66 1.95 68.12 0.92 1.04 0.06 0.18 0.24 94.98
19 2.14 22.20 1.70 67.62 0.93 0.76 0.13 0.37 0.22 96.07
20 0.20 25.92 1.30 69.13 1.04 0.72 0.07 0.02 0 98.40
Clinopyroxene
1 49.63 0.53 0.71 22.11 0.82 6.00 20.34 0.46 0.02 100.62
2 49.56 0.56 0.76 20.32 0.81 6.80 2042 0.40 0.02 99.64
3 52.45 0.54 0.82 18.37 0.49 8.34 20.17 0.54 0.09 101.81
4 51.51 0.50 0.95 18.71 0.62 8.27 19.66 0.49 0.08 100.79
5 47.99 293 5.73 12.47 0.34 10.67 18.52 0.99 0.28 99.92
6 48.60 2.87 5.22 11.22 0.25 11.42 20.22 0.64 0.17 100.60
7 46.26 3.87 6.01 12.54 0.24 9.91 19.84 0.74 0.25 99.64
8 46.36 3.49 6.28 12.30 0.26 9.90 20.22 0.74 0.14 99.68
9 47.49 3.31 5.14 11.28 0.21 11.17 19.66 0.60 0.19 99.04
10 49.95 2.13 3.98 10.73 0.29 12.58 19.30 0.58 0.16 99.69
11 51.51 1.24 2.13 10.08 0.29 14.30 19.29 0.37 0.12 99.32
12 48.15 2.89 5.02 11.70 0.27 11.23 20.36 0.70 0.18 100.50
13 49.44 241 4.92 10.87 0.28 11.65 19.97 0.69 0.30 100.52
14 50.45 1.72 3.73 11.68 0.30 12.13 20.01 0.58 0.17 100.78
15 48.68 2.42 4.86 11.77 0.25 11.35 20.04 0.57 0.21 100.14
16 48.63 2.29 5.19 11.06 0.23 11.33 20.78 0.65 0.10 100.26
17 47.65 3.03 5.23 11.73 0.24 10.85 19.70 0.67 0.11 99.22
18 45.67 3.55 6.57 11.90 0.25 10.71 20.31 0.62 0.09 99.65
19 49.12 2.52 4.88 12.13 0.27 10.46 20.04 0.69 0.28 100.40
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Figure 3 Fe-Ti oxides compositions for proximal tephra from Changbaishan volcano and distal tephra recorded in Lake Sihailongwan.
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Table 3 Major element compositions (%) for Fe-Ti oxides and clinopyroxene microlites from Changbaishan Millennium light pumice

Point No. SiO, TiO, AlLO; FeO MnO MgO CaO Na,O K,O Total
Fe-Ti oxides
1 1.50 47.64 0.22 45.89 1.23 0.06 0.02 0.19 0.16 96.91
2 1.05 48.38 0.15 45.40 1.13 0.08 0.05 0.12 0.1 96.46
3 0.39 46.32 0.00 42.04 1.05 0.02 3.35 0.05 0 9391
4 0.44 49.59 0.09 46.04 1.19 0.07 0.07 0.03 0.04 97.56
5 0.13 49.37 0 46.48 1.21 0.09 0.05 0.01 0 97.34
6 0.17 50.36 0.05 46.00 1.29 0.05 0.06 0.02 0.03 98.03
7 0.21 49.16 0 45.95 1.20 0.11 0.03 0 0.01 96.66
8 0.34 49.90 0.05 46.97 1.18 0.04 0.04 0.07 0.03 98.62
9 0.65 50.07 0.13 46.67 1.10 0.09 0.11 0.08 0.07 98.96
10 0.32 50.51 0.04 47.38 1.17 0.10 0.03 0.11 0.04 99.68
11 0.24 49.91 0.05 47.17 1.14 0.08 0.05 0.01 0.02 98.67
12 0.67 4991 0.11 46.16 1.12 0.06 0.07 0.10 0.08 98.28
13 0.62 50.51 0.09 47.23 1.18 0.06 0.04 0.04 0.04 99.82
14 0.13 50.67 0.00 46.46 1.09 0.08 0.12 0.06 0.01 98.63
15 0.28 49.79 0.02 47.15 1.19 0.05 0.02 0.03 0.03 98.56
16 0.16 50.92 0.03 47.35 1.14 0.07 0.07 0.01 0.02 99.76
17 0.17 50.68 0.03 46.70 1.17 0.09 0 0.02 0.02 98.87
Clinopyroxene
1 48.72 0.33 0.29 33.37 1.59 1.28 11.95 1.25 0.15 98.98
2 49.73 0.29 0.75 29.66 1.35 1.33 14.66 1.52 0.22 99.51
3 49.30 0.70 0.17 28.25 0.86 1.47 17.93 1.57 0 100.25
4 48.93 0.20 0.12 28.28 0.90 1.57 17.72 1.46 0 99.19
5 49.39 0.25 0.15 28.80 0.79 1.08 16.98 1.99 0 99.45
6 49.60 0.19 0.15 28.68 0.71 0.94 17.29 2.26 0 99.77
7 49.65 0.30 0.17 29.10 0.9 1.08 18.75 1.13 0.02 101.10
8 48.81 0.24 0.18 28.56 0.84 1.38 17.81 1.62 0.01 99.44
9 48.63 0.27 0.14 29.03 0.82 1.18 17.85 1.64 0.00 99.55
10 48.81 0.24 0.13 28.90 0.84 1.34 18.17 1.76 0.04 100.23
11 49.50 0.26 0.18 28.83 0.79 1.21 18.24 1.64 0.02 100.67
12 49.13 0.27 0.12 29.01 0.74 0.10 17.17 2.31 0 99.73
13 49.12 0.23 0.14 29.27 0.90 1.3 17.55 1.82 0.00 100.33
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Figure 4 Pyroxene compositions for the proximal tephra from Chang-
baishan volcano and distal tephra recorded in Lake Sihailongwan. Data
symbols are the same as those in Figure 3. 1, Diopside; 2, sahlite; 3, fer-
ro-sahlite; 4, herdenbergite; 5, ferro-herdenbergite.

ice, or dark pumice might make a more important contribu-
tion to Longgang volcanic field than light pumice. Addi-
tionally, major element compositions for clinopyroxene and
Fe-Ti oxides microlites provide another method to correlate
and discriminate those modern eruptive sequences.

in the light pumice. There are also some microlites on the
glass shards in the tephra recorded in Lake Sihailongwan,
which exhibit similar compositions to the dark pumice with
trachytic glass compositions and are different from those in
the light pumice. Mineral and glass compositions show that
the tephra recovered from west of the Changbaishan volcano
has different compositions from those east of volcano, and
that the Millennium trachytic eruptive phase had more sig-
nificant impacts than the rhyolitic phase. Therefore, in future
studies in this area, both trachytic and rhyolitic (or the pre-
dominant trachytic) glass shards should be detected when
trying to correlate tephra layers to the Millennium eruption.
Additionally, clinopyroxene and Fe-Ti oxides microlites
offer a new method to correlate this tephra.
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