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A 5 mm thick tephra layer has been identified in the lacustrine sediments of Moon Lake in the Arxan-
Chaihe volcanic field (ACVF) in Greater Khingan Mountains (NE China). The visible tephra layer is
clearly revealed as a distinct peak in magnetic susceptibility measurements. The tephra layer consists
mainly of brown vesicular glass shards and minor amounts of plagioclase, olivine and clinopyroxene.
Major and minor element analysis has been carried out on the glass shards and plagioclase minerals.
Glass shards show low concentrations of KO, similar to the eruptive products derived from post-
Miocene volcanoes of the ACVF. The plagioclase phenocrysts in both lava and tephra from ACVF, and
in the tephra recorded in Moon Lake are labradorites. During the Late Pleistocene to Holocene, there
were also extensive explosive eruptions in the nearby Nuominhe volcanic field (NVF). Volcanic rocks
from the ACVF are easily distinguished from those derived from the NVF, having distinctly different KO
concentrations. This compositional variation is likely the result of different magmatic processes oper-
ating in the ACVF and NVF. Radiocarbon dating on organic materials from the lacustrine sediments dates
the tephra layer to ca. 14,200 cal yrs BP, which implies that it was generated by a previously unknown
Late Pleistocene explosive eruption in the ACVFE. These results, for the first time, give a direct tephra
record in this area, and suggest that identification of further tephra and/or cryptotephra in local sedi-
mentary basins such as crater lakes of scoria cones and maars will be significant for dating the Late
Pleistocene to Holocene volcanic eruptions and will help to establish a detailed record of the volcanic
activity in the ACVF. The newly discovered tephra layer also provides a dated tephrochronological marker
layer, which will in future studies provide a means to synchronise local sedimentary records of the
climatically variable Late Glacial.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

climatic and environmental changes across a certain area (Albert
et al,, 2013; Lane et al., 2013a, 2013b; Lowe, 2011; Lowe et al,,

Volcanic ash produced during explosive eruptions can be
transported and deposited over extensive areas, providing excellent
isochronous maker layers. Tephra layers have been successfully
used to correlate and link Quaternary events, providing tools for
reconstructing records of Quaternary volcanic activity, estimating
environmental impacts on human evolution, and synchronising
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2012; Molloy et al., 2009). Additionally, well-dated tephra layers
can be used to constrain and refine the age-depth information of
the sediments where the tephra layers are detected. Alternatively, if
the age of the tephra is unknown, but the age of the host sediment
is well constrained, the latter can be used to date the tephra layer/
eruptive event (Coulter et al.,, 2012; Sun et al., 2014a). In recent
years, various projects related to tephrochronology have been
carried out around Europe and other areas, such as INTIMATE
(Integration of ice core, marine, and terrestrial records: refining the
record of the last glacial interglacial transition), RESET (Response of
humans to abrupt environmental transitions) and PASADO (Potrok
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Aike maar lake Sediment Archive Drilling prOject) (Davies et al.,
2004; Lowe et al.,, 2008, 2012; Zolitschka et al., 2013). In addition,
tephra layers invisible to the naked eye, known as cryptotephra,
may be detected and separated from sedimentary records hun-
dreds or thousands of kilometres from the volcanic source, which
dramatically extends the application of tephrochronology (Davies,
2015; Lowe, 2011). Therefore, tephrochronology is becoming
more and more significant for temporally constraining our under-
standing of environmental and climate changes during the Qua-
ternary; whilst also refining the eruptive histories of less well-
studied Quaternary volcanic fields.

During the Cenozoic, there were extensive volcanic eruptions in
the northeast China as a response to the subduction of the Pacific
plate (Liu, 1999; Liu et al,, 2001). In northeast China, six major
volcanic regions can be identified including Changbaishan volcano
and the Longgang, Jingbohu, Nuominhe (NVF), and Arxan-Chaihe
(ACVF) volcanic fields (Fig. 1). Changbaishan volcano and the
nearby Longgang and Jingbohu volcanic fields, are located more
than 700 km east of ACVF. Two additional post-Miocene volcanic
fields lie to the northeast of the ACVF: Nuominhe (NVF, ~300 km
away) and Wudalianchi (NVF, ~500 km away).

In the ACVF, many volcanic cones with widespread long lava
flows and pyroclastic deposits, display seemingly youthful mor-
phologies. Fresh lava flow surface morphologies are exposed
perfectly in numerous locations, with zero or only minimal sedi-
ment and vegetation cover. In previous studies, the idea that most

volcanoes of the ACVF erupted during the Late Pleistocene and
Holocene has been argued based solely on these well-preserved
morphologies, whilst almost no detailed geochronological or
geochemical evidence has been provided (e.g. Bai et al., 2005). The
geothermal activity in the ACVF is also very strong, indicating a
potential shallow magmatic heat source. The local Budong River is
so named because it cannot be frozen even in cold winters, due to
the subsurface geothermal activity. The apparent young age and
current geothermal activity of the ACVF means that developing a
detailed volcanic history and understanding of the evolution is
essential for assessing future volcanic hazards in the region.

Lakes and peatlands in and around volcanic fields can provide
depositories for tephra layers, which make it possible to date the
Late Pleistocene to Holocene eruptions based on the age of their
host sediments. However, in comparison to, for example, European
areas, tephrochronological studies in China are not very common.
This is especially the case in the ACVF (Fig. 1), where in addition,
basic volcanological research is also rare. This is partially due to
difficulties in accessing the area and the poor outcrop conditions
caused by thick continental woodland cover across the region
(Zhao et al., 2013). Consequently, many volcanoes in the ACVF have
no formal names and are instead termed “#### high land volcano”,
e.g. the “1381 high land volcano” (Fig. 1).

To date, only a few radiometric age determinations have been
performed successfully on pre-Holocene eruptions using K-Ar
methods. Geochronological studies have been supplemented by
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Fig. 1. Map of the volcanic geology and distribution of lakes within the Arxan-Chaihe volcanic field (ACVF). Insert map (modified from Zhao et al. (2008)) shows the location of other
volcanic fields (Nuominhe (NVF), Wudalianchi (WDLC), Longgang (LVF), Jingbohu (JBH), and Changbaishan (CBS) volcanic fields) referred to in the text. Insert photo shows Moon
Lake. The green star marks the location where charcoals were dated to 2000 cal yrs BP by Bai et al. (2005). MTL is the main reported peat site in ACVF. The known volcanic cones in
the ACVF are numbered 1—14. The black solid circle marks the proximal tephra sample site near Gaoshan volcano. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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further analytical data, such as whole rock geochemistry and
geophysical data, in order to understand the petrogenesis and
magma chamber processes associated with the dated sites (e.g. Fan
et al,, 2011; Liu, 1987; Tang et al., 2005; Zhao and Fan, 2012). So far
however, no research on proximal pyroclastic deposits, or distal
tephra, have been carried out in this field. Hence, there is no vol-
canic glass or mineral chemistry data known from pyroclastic
successions in the ACVF that could be used for correlating proximal
and distal tephra deposits. The lack of information makes it difficult
to establish a reliable order of volcanic events since the Pleistocene
in the ACVF.

The ACVF is located at the current northern limit of the East
Asian monsoon, and it is a very sensitive region to climate changes.
813C0rg, pollen, and charcoal records from high resolution lake
sediments archives have been used to constrain vegetation evolu-
tion and climate changes (Liu et al., 2010; Wu and Liu, 2012, 2013;
Wu et al.,, 2016). The Greater Khingan Mountains are one of three
main peatlands in China (Fig. 1), and the ACVF is home to the most
important peat site in the mountain range (Bao, 2012). Peat core
sequences in the region have been used to characterise atmo-
spheric dusts sources based on the geochemical composition of
peat samples (Bao et al., 2012, 2015 and references therein), and to
deduce modern climate and vegetation changes based on cellulose
813Corg and n-Alkanes-inferred climate reconstructions (Lin et al.,
2004; Zhang et al., 2014). Despite the diversity of sedimentary
contexts and the evidence for many volcanic eruptions in this re-
gion, no tephra or cryptotephra studies have been previously per-
formed on lake or peat sediments in order to resolve the timing of
volcanic eruptions, or to link the climatic changes recorded within
the numerous sedimentary records.

This study presents the first geochemical and geochronological
investigation of a tephra layer recorded in lake sediments from
ACVF, northeast China. These new findings provide a marker bed
for linking rapid climatic events in this region during the Late
Glacial and evidence an explosive eruption, offering new insights
into the volcanic history of the region during the Late Pleistocene.
In addition, we demonstrate that further tephra or cryptotephra
studies in similar sedimentary contexts will provide an excellent
means to date and decipher past (e.g. Late Pleistocene to Holocene)
volcanic activity in the ACVF, which is significant for the forecasting
of future volcanic hazards.

2. Geological background

The Arxan-Chaihe volcanic field (ACVF), covers an area of
~1000 km? in the middle segment of the Greater Khingan Moun-
tains where about 30 volcanic edifices are preserved (Fig. 1). The
volcanic rocks of the ACVF consist predominantly of extensive
pahoehoe to aa-type basaltic lava flows, as well as variously indu-
rated phreatomagmatic and magmatic pyroclastic deposits,
commonly associated with widespread pyroclastic fall deposits (Bai
et al,, 2005; Fan et al., 2008; Zhao and Fan, 2010; Zhao et al., 2008).
The source volcanoes of these volcanic products show an
southwest-northeast alignment (Fig. 1). The Cenozoic volcanic
rocks are mainly alkali basaltic rocks, which immediately overlie
the Mesozoic crystalline basement. Volcanic activity started since
the Pliocene and is inferred to have been most extensive during the
Mid Pleistocene, decreasing in frequency during the Late Pleisto-
cene and Holocene (Zhao, 2010). Gaoshan and Yanshan volcanoes
are thought to have the youngest eruptions dated at c. 2000 cal yrs
BP, according to AMS '#C dating of charcoals in pyroclastic deposits
of Yanshan volcano (Bai et al., 2005). The relatively short distance to
the NVF, where numerous explosive eruptions occurred during the
Late Pleistocene to Holocene, mean that the NVF could also be a
source of tephra or cryptotephra layers in ACVFE.

In the ACVF there are various types of lakes and peat bogs formed
by volcanic activities (Zhao, 2010; Zhao et al., 2008). These include: i.
maar lakes, such as the Woniupaozi maar (Fig. 1); ii. crater lakes of
scoria cones, such as the Moon Lake; iii. many shallow lava flow
dammed lakes, formed in front of young lava flows; and iv. lakes that
formed by pahoehoe lava flow tube roof collapse and subsequent
water infill, such as the Dichi Lake. Most of these lakes have a stable
depositional environment because there are no inflows and out-
flows of streams; the primary sources of water are groundwater and
rainfall; and they have experienced no major impacts due to human
activity (Liu et al., 2010). The undisturbed sedimentary conditions
make these volcanic lakes perfect sites to investigate eruption
chronologies and construct tephrostratigraphies.

Moon Lake, in the ACVF (47°30'25"N, 120°52’05”E, altitude at
water level 1190 m.a.s.l), is a small crater lake just 0.19 km in
diameter and with a maximum water depth of 6.5 m (Fig. 1). The
mode of formation of Moon Lake is not entirely known. Limited
research has been conducted into the eruptive history of this vol-
canic edifice (Zhao, 2010), therefore for clarity we here refer to the
lake as a crater lake to be consistent with definitions used else-
where (e.g. Christenson et al., 2015). As the lake lies on a crater
enclosed in a positive landform, which is primarily composed of
scoriaceous pyroclastic deposits, we infer that the lake formed in a
scoria cone crater that was sealed at some stage, preventing water
escape. While similar scoria cone-hosted lakes are known else-
where in humid climate regions (e.g. in top of many Pacific Islands
such as Samoa (Németh and Cronin, 2009)), the oval shape in map
view and the relatively low rim-to-crater diameter ratio, suggest
that it might be part of either a fissure-aligned vent system or may
there may have been some direct phreatomagmatic explosive
excavation during its evolution. Further research on the origin of
the Moon Lake remains to be conducted to confirm the volcanic
processes responsible for the crater formation.

3. Materials and methods

Sedimentary cores were taken using a piston corer in the centre
of the Moon Lake in March 2007. The total length of the profile
collected is about 9 m and the detailed lithological components
have been described by Liu et al. (2010). Low-frequency volumetric
magnetic susceptibility measurements were carried out on 1 cm
contiguous samples (Fig. 2) using a MS2B magnetic susceptibility
meter (Bartington) in the Paleomagnetism and Geochronology
Laboratory (PGL), at the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences.

The most recent activity from the area of the Gaoshan and
Yanshan volcanoes has been divided into two stages; the first stage
is an explosive eruption that produced extensive scoriaceous fallout
pyroclastic deposits, while the second emitted lava flows that
entered into and partially diverted the syn-eruptive fluvial network
(Bai et al., 2005; Zhao and Fan, 2010). These two volcanoes are also
the highest volcanic cones in the ACVF, with Gaoshan cone reaching
c. 362 ma.s.l. and Yanshan c. 233 m.a.s.l.. As part of this study,
proximal tephra samples from the Gaoshan and Yanshan deposits
were collected in the field at the ACVF pyroclastic sheet for com-
parison of the chemical composition with those of the ash samples
recovered from the Moon Lake in this study.

Samples from peaks of magnetic susceptibility were treated
with 10% HCl to remove carbonates and with H,0, to remove
organic materials. Samples were then sieved, and particles between
30 wum and 100 um were kept and checked for the presence of glass
particles under the microscope. Pure glass shards and phenocrysts
were picked up under the microscope, and then mounted and
polished to expose the internal sections for electron microprobe
analysis (EPMA).
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Fig. 2. Age-depth model (age estimates from Liu et al. (2010)) and magnetic susceptibility of the Moon Lake sediment core. Tephra layer ML 708 is located at the position of the

highest level of magnetic susceptibility, indicated by the horizontal grey line.

In situ major element analysis on tephra glass shards by EPMA is
the most widely used method to characterise and correlate tephra
layers (e.g. Lane et al., 2011, 20133, b; Lowe, 2011; Plunkett et al.,
2015) due to the fact that bulk tephra samples usually contain
mineral and lithic components not equally represented in more
distal tephra deposits (Shane et al., 2008). In some cases, the major
and minor element composition of minerals (e.g. plagioclase, bio-
tite and Fe-Ti oxides) or/and the trace element composition of glass
shards, can give additional evidence leading to more reliable cor-
relation of tephra layers to their source volcanoes (Jouannic et al.,
2015; Pearce et al., 20043, b; Shane, 1998; Smith et al., 2011; Sun
et al., 2016). In this study, the major and minor element composi-
tions of plagioclase minerals from Moon Lake tephra were also
determined by EPMA using the same instrumental set up as for
glass shards.

EPMA, using a wavelength-dispersive spectrometer (WDS) was
performed on a JEOL JXA 8100 electron microprobe at the State Key
Laboratory of Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences. In order to ensure
comparative datasets, glass compositions for proximal tephra
samples from the ACVF were also analysed using the same

/
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instrument and analytical conditions. Nine major and minor ele-
ments (Na, Mg, Al, Si, K, Ca, Fe, Ti, Mn) were analysed with an
accelerating voltage of 15 kV, a beam current of 6 nA, and a beam
diameter of 10 pm. Peak counting times used were 20 s for all el-
ements except for Na (10 s). The measurement of Na content was
made at the start of analysis. Secondary standard glasses from the
MPI-DING fused glass ML3B-G (Jochum et al., 2006) was used to
monitor the precision and accuracy of the data. During analysis of
glass shards, 2—3 spots were analysed on a single shard to see if
they were heterogeneous in composition within a single glass
shard.

4. Results

Identified magnetic susceptibility peaks (at 194, 545, 708 and
807 cm) were investigated, however only that at 708 cm contained
tephra. The tephra layer at around 708 cm consists of volcanic glass
shards, plagioclase, pyroxene and olivine. The tephra layer (ML 708)
is visible to the naked eye and its thickness is approximately 5 mm.
The glass shards have abundant bubbles and sharp edges (Fig. 3)
illustrating no obvious secondary depositional processes have
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Fig. 3. Back scattering electron (BSE) map of glass shards (glass) and plagioclase (pl) minerals from Moon Lake tephra ML 708.



Table 1

C. Sun et al. / Quaternary Geochronology 40 (2017) 109—119

113

WDS-EPMA major and minor element composition of glass shards for the tephra from Moon Lake. All the data have been normalised to an anhydrous basis with original
analytical totals shown. MPI-DING glass standard ML3B-G was analysed to monitor the precision and accuracy of the glass data.

Si0, TiO, Al,03 FeO MnO MgO Ca0 Na,O K0 Analytical total

ML 708 51.37 2.41 14.89 10.38 0.14 5.31 10.31 3.72 1.46 97.32
51.23 234 15.68 10.45 0.19 4.82 9.85 3.78 1.67 97.33
51.05 2.63 15.57 10.61 0.16 4.68 9.77 3.72 1.80 97.68
51.56 2.48 15.57 10.49 0.17 4.76 9.63 3.65 1.68 96.56
53.51 2.07 15.01 9.98 0.19 5.08 8.59 3.84 1.73 96.82
53.93 2.07 14.82 9.53 0.17 5.15 8.75 3.78 1.80 98.27
52.70 2.66 14.86 11.51 0.15 4.87 8.92 2.89 1.44 97.77
51.54 234 15.26 10.31 0.17 4.84 9.78 3.99 1.77 97.32
52.46 2.57 14.67 10.78 0.16 4.56 8.65 4.08 2.06 96.18
51.82 2.49 15.28 1039 0.19 4.70 9.65 3.81 1.68 99.28
51.45 2.40 15.19 10.81 0.18 4.73 9.73 3.81 1.70 98.40
51.59 2.37 14.63 10.43 0.13 5.41 10.41 3.61 142 98.32
51.66 227 14.73 10.42 0.14 535 10.41 3.66 137 97.85
51.80 2.26 14.82 10.15 0.15 533 10.48 3.59 1.41 98.28
51.73 2.40 14.70 10.35 0.18 5.46 10.24 3.53 141 97.70
51.67 242 15.20 10.34 0.16 4.68 9.90 3.89 1.74 97.72
52.71 231 14.65 9.94 0.17 533 9.52 3.72 1.64 97.17
52.88 2.25 14.86 9.86 0.17 5.34 9.11 3.94 1.59 98.11
53.48 2.19 14.97 9.76 0.15 4.90 8.88 3.97 1.71 98.01
53.99 217 14.86 9.52 0.15 493 8.89 3.80 1.69 96.89
51.46 2.31 14.92 10.43 0.14 5.38 10.38 3.55 143 98.00
51.58 2.45 14.77 10.06 0.16 5.37 10.49 3.64 1.47 97.86
51.49 2.38 14.41 10.46 0.12 5.43 10.53 3.68 1.50 96.25
52.12 242 15.36 10.04 0.14 4,63 9.89 3.73 1.67 96.72
51.93 2.51 15.48 10.28 0.15 4.62 9.64 3.66 1.73 97.42
52.42 2.46 15.41 9.75 0.14 4.50 9.46 4.15 1.70 97.81
51.23 2.62 15.01 10.71 0.16 476 9.82 3.95 1.73 96.57

ML3B-G(n = 10)

Average 51.55 2.00 13.78 10.60 0.16 6.47 10.08 2.38 0.40

2SD 0.44 0.12 028 0.14 0.06 0.12 0.20 0.08 0.08

Preferred value 51.40 213 13.60 10.90 0.17 6.59 10.50 2.40 0.39

Uncertainty (95%) 0.60 0.09 0.20 0.10 0.01 0.08 0.10 0.06 0.00

impacted on this layer (Buettner et al.,, 1999; Eden et al., 1996;
Froggatt and Lowe, 1990; Holt et al., 2011; Lowe et al., 2008;
Németh, 2010; Shane, 2005). Major and minor element analyses
on the glass shards show a homogeneous composition, and no clear
compositional difference was recorded within one glass shard. Data
were normalised to an anhydrous basis (Pearce et al., 2014). The
SiO, varies between 51.05 wt % - 53.99 wt %, the MgO between
4.50 wt % - 5.46 wt %, Ca0 8.59 wt % - 10.53 wt %, TiOp 2.07 wt % -
2.63 wt %, and K;0 between 1.41 wt % - 2.06 wt % (Table 1; Figs. 4
and 5). The major element composition of the glass shards from ML
708 therefore plot mainly in the field of basaltic trachyandesite and
trachybasalt (Fig. 4). WDS-EPMA on plagioclase minerals shows a
labradorite composition (Fig. 6, Table 2), consistent with the
plagioclase phenocrysts observed within pyroclastic deposits and
lava flows from the ACVF by Zhao (2010).

Glass data from Gaoshan volcano fall primarily in the field of
basaltic trachyandesite on a total alkali silica diagram (TAS) and
the alkali content (>6.0 wt.%) is higher than those glass shards
from Moon Lake (<6.0 wt %) (Figs. 4 and 5, Table 3). When
compared with the whole rock data from ACVF and NVF (>6.8 wt
%), glass data from Moon Lake and proximal tephra from ACVF
(<5.5 wt %) display a lower MgO content (Fig. 5). The K,0 content
of glass from the ACVF offers the most diagnostic element
composition for differentiating between the volcanic materials
from different areas.

Radiocarbon age estimates and dating procedures for the Moon
Lake sediment cores have been reported previously by Liu et al.
(2010). In this study, we have calculated a Bayesian-based age
model using the flexible age-depth modelling software Bacon V2.2
(Blaauw and Christen, 2011). Based on this age model, tephra ML
708 is dated to 14,757 to 13,896 cal yrs BP, with median and mean
ages of c. 14,200 cal yrs BP (Fig. 2).

5. Discussion
5.1. The source of the tephra in Moon Lake
Mafic explosive eruptions have been inferred to be common in

many volcanic fields in NE China, including the scoria cones, tuff
rings and maars of the Arxan-Chaihe (Nemeth et al., in review),
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Fig. 4. TAS diagram (Le Maitre et al., 1989) for comparing the glass data from Moon
Lake (blue diamonds) and Gaoshan volcano (purple circles) against the whole rock
data from Nuominhe (green triangles) and Arxan-Chaihe (red squares) volcanic fields.
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Nuominhe (Zhao, 2010), Wudalianchi (e.g. Basu et al., 1991; Hsu and
Chen, 1998; Kuritani et al., 2013; Liu, 1999; McGee et al., 2015; Zou
et al.,, 2003), Keluo (Liu, 1999), and Longgang (LGVF) volcanic fields
(e.g. Fan et al., 2000, 2002; Liu et al., 2009). The presence of olivine,
pyroxene and plagioclase phenocrysts within the Moon Lake tephra
implies that it was probably not dispersed very far from its source.
Many volcanoes within the ACVF and nearby NVF experienced
explosive eruptions during the Late Pleistocene to Holocene (Zhao,
2010; Zhao et al., 2013). These locations are therefore the most
likely source candidates of the newly identified tephra layer.
However, volcanic centres found further afield must also be ruled-
out.

In considering other possible volcanic sources in the sur-
rounding regions, attention turns to Changbaishan volcano situated
in the China—North Korea frontier. Changbaishan is a regional ash-
producing stratovolcano, which has produced numerous explosive

Table 2
Major and minor element compositions of plagioclase determined by WDS-EPMA.

eruptions of up to VEI 7 (Horn and Schmincke, 2000) during the
Late Pleistocene to Holocene. However, the eruptive products from
Changbaishan are of mainly felsic composition and most of them
have been transported to the east of the volcano (Chen et al., 2016;
Liu et al., 2015a,b; Sun et al., 2014b, 2015). The basaltic tephra layer
in Moon Lake is therefore deemed unlikely to have originated from
Changbaishan volcano.

Explosive eruptions from LGVF, Wudalianchi and Jingbohu vol-
canic fields may also be ruled out as candidates for the origin of this
basaltic tephra layer. These volcanic fields consist typically of small-
to-medium volume scoria cones, with no evidence of past highly
explosive activity (e.g. violent strombolian or sub-plinian eruption
styles). Ash from eruptions of these volcanic fields is unlikely to
have travelled more than 500 km to the ACVF, and therefore un-
likely to have accumulated in a 5 mm thick layer, as seen in Moon
Lake.

Si0, TiO, Al,03 FeO MnO MgO Ca0 Nay0 K,0 Analytical total
ML 708 54.56 0.10 27.51 0.93 0.04 0.13 10.97 4.79 0.52 99.54

54.08 0.15 27.73 0.95 0 0.12 11.22 4.69 0.54 99.48

54.10 0.19 27.35 1.09 0 0.19 11.05 4.68 0.48 99.13

54.08 0.19 26.87 1.08 0 0.12 10.87 4.63 0.49 98.33

5430 0.18 27.89 1.05 0.03 0.13 11.15 4.63 0.45 99.81
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Table 3

WDS-EPMA major and minor element compositions of glass shards for the proximal tephra from ACVF. All the data have been normalised to an anhydrous basis with original
analytical totals shown. MPI-DING glass standard ML3B-G was analysed to monitor the precision and accuracy of the glass data.

SiO, TiO, Al;03 FeO MnO MgO Cao Na,O K0 P,0s Analytical total

Gaoshan glass 49.99 2.45 16.07 10.25 0.13 433 9.41 4.28 2.38 0.69 97.97
49.47 2.62 15.99 10.58 0.18 4.29 9.09 4.65 244 0.68 98.33
49.45 2.53 15.99 10.66 0.17 4.39 9.14 4,54 243 0.70 97.13
50.42 2.52 15.96 10.32 0.10 423 9.31 4.17 234 0.62 96.60
49.76 2.49 15.88 10.61 0.20 4.32 941 4.44 2.36 0.53 98.25
49.36 2.51 15.96 10.43 0.23 4.24 9.53 4.53 242 0.78 98.36
50.01 2.52 15.79 10.53 0.17 4.20 9.37 435 243 0.63 98.35
49.56 2.56 15.75 10.67 0.22 4.25 9.34 4.51 2.42 0.71 98.69
50.38 2.50 16.00 10.08 0.20 434 9.23 437 2.28 0.61 97.71
50.05 2.40 15.74 10.46 0.20 435 9.39 4.36 237 0.68 97.52
49.87 2.45 15.87 10.41 0.17 435 943 4.23 2.53 0.69 97.63
49.38 2.56 15.79 10.83 0.18 4.38 947 4.40 2.39 0.61 98.13
49.80 2.48 15.86 10.30 0.17 4.26 9.49 4.40 2.51 0.72 98.38
49.83 242 15.81 1043 0.13 4.26 9.50 4.46 233 0.83 98.44
49.71 2.50 15.87 10.53 0.16 431 9.36 434 2.51 0.72 97.87
49.93 2.52 15.95 10.17 0.13 430 9.36 445 2.46 0.72 99.14
49.79 243 16.00 10.55 0.14 4.45 9.37 417 242 0.68 98.67
49.65 2.62 16.00 10.62 0.12 431 9.34 4.32 2.40 0.63 98.43
49.94 2.48 15.99 10.37 0.17 4.17 9.35 4.52 2.37 0.62 97.97
49.58 2.46 15.81 10.96 0.20 418 9.13 448 2.50 0.71 97.55
49.76 2.43 15.37 10.49 0.17 4.61 9.88 4.29 2.39 0.60 97.60
49.77 2.56 15.71 10.49 0.15 4.61 9.70 4.11 2.32 0.58 97.70
49.64 2.46 15.89 10.54 0.16 432 9.64 4.20 2.36 0.78 97.52
49.45 2.58 15.77 10.43 0.18 4.49 9.50 4.42 2.49 0.69 98.12
49.36 2.47 15.83 10.66 0.15 437 9.74 4.28 233 0.81 97.86
49.25 2.50 15.72 10.62 0.20 442 9.90 438 242 0.58 98.23
49.45 2.51 15.78 10.77 0.17 454 9.52 4.42 237 0.48 98.18
49.31 2.63 15.68 10.65 0.18 4.46 9.69 439 2.31 0.70 98.85
49.31 2.66 15.83 10.49 0.13 449 9.70 4.25 2.37 0.78 98.25

ML3B-G(n = 15)

Average 51.83 2.06 13.55 10.92 0.16 6.32 10.34 241 039 0.23

25D 0.38 0.10 0.23 0.22 0.06 0.22 0.24 0.13 0.06 0.11

Preferred value 51.40 2.13 13.60 10.90 0.17 6.59 10.50 2.40 0.39 0.23

Uncertainty (95%) 0.60 0.09 0.20 0.10 0.01 0.08 0.10 0.06 0.00 0.03

Evidence for explosive eruptions that generated extensive
tephra sheets can also be found around the Baikal rift (Ivanov et al.,
2011), but volcanic sources in that region are characterised by a
higher alkali content than the ACVF volcanic. Volcanoes from the
Baikal rift are also considered too far away (more than 1000 km) to
have transported and deposited ash as a visible layer in Moon Lake.

Prior to this study, only whole rock analyses were available from
the ACVF and NVF fields. There are offsets in composition between
whole rock (WR) and in situ analysis on glass shards due to the
inclusion of minerals and lithic fragments in the WR analyses. The
fractionation of phenocrysts phases incorporates those elements
compatible to them, in turn depleting the melt composition, of
which glass shards are representative. This factor limits the accu-
racy of tephra correlations (Németh et al., 2012; Tomlinson et al.,
2012) based upon different types of compositional analyses. The
volcanic rocks from ACVF and NVF are of basaltic composition, and
fractionation of mafic minerals increases the K;O content of their
glasses (Figs. 4 and 5). NVF rocks are potassic (Fan et al., 2015) and
have a higher K,0 content than the glasses in Moon Lake tephra ML
708, which cannot be supported by the fractionation of mafic
minerals. In contrast, the glass compositions of Moon Lake ML 708
tephra, have a relatively higher KO content than WR samples from
the ACVF, which might be explained by such fractionation pro-
cesses. Therefore, TAS and Harker diagrams imply that the glass
compositions of Moon Lake tephra are better correlated to WR
compositions from the ACVF, than to WR compositions of NVF.

The main phenocrysts reported in volcanic rocks from the ACVF
are olivine and pyroxene, with additional plagioclase (Zhao, 2007).
Usually, the tiny plagioclase crystals can be found as microcrysts
within the glass shards (Fig. 3), which implies that they were

formed not long before ejected synchronously with the volcanic
eruption. Therefore, the presence of plagioclase microcrysts may
also be used as an additional line of evidence to locate the source of
ML 708. The chemical composition of plagioclase assemblages can
also be used to correlate tephra/cryptotephra layers (Jouannic et al.,
2015). The plagioclase compositions in ML 708 illustrate a labra-
dorite member (Fig. 6), which is in line with the labradorite phe-
nocryts reported in both lava and tephra from ACVF (Zhao, 2010).
Taking into account the geochemical and mineral compositions, the
tephra layer at Moon Lake is almost certainly derived from a local
volcanic source within the ACVF.

Additionally, analysed glass compositions of proximal tephra
from Gaoshan volcano in the ACVF do show some differences from
the composition of Moon Lake tephra ML 708. In particular, the K;0
content of the glasses is distinct (Fig. 5). This implies that there is
some variability in glass compositions within the ACVF, as would be
expected from a volcanic field containing numerous volcanic edi-
fices. Future investigation into the variability of melt compositions,
based on detailed proximal and distal tephra sequences will give a
better insight into magma evolution and petrogenesis in this
region.

The volcanic rocks in the ACVF cover an area equivalent to c.
100 km? and comprises more than 30 individual volcanoes, all of
which have poorly constrained eruption histories (Fan et al., 2011,
Fig. 1). Yanshan and Gaoshan are the youngest known volcanoes.
Evidence from dating of the volcanic and sedimentary sequences
indicates eruptions took place in the Holocene. Radiocarbon dating
of charcoal fragments buried in the pyroclastic deposits derived
from Yanshan volcano yielded an age of 2000 cal yrs BP (Bai et al.,
2005). Geomorphological studies reveal an absence of Holocene
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sediments overlying the pyroclastic sheets and lava flows around
Yanshan (Bai et al., 2005; Németh et al., in review; Zhao et al.,
2008); also indicative of the relative young age of the eruption.
Proximal Gaoshan tephra has glass compositions more enriched in
total alkalis than the Moon Lake tephra, prohibiting a direct cor-
relation of ML 708 to the sampled material.

Volcanoes Woniupaozi and Wusulangzi (Fig. 1) were charac-
terised by phreatomagmatic eruptions during the Pleistocene dated
to c. 0.45—0.25 Ma (Fan et al., 2011), and therefore also cannot be
the source of the ML 708 tephra. Xiaodonggou, Shihaopendi,
Sifangshan and Zigongshan volcanoes (Fig. 1) may have had erup-
tions during the Holocene, but not during the Late Pleistocene;
while those “highland volcanoes” near to Wusulangzi and the
caldera of Arxan may have erupted during the mid-Pleistocene (Fan
et al.,, 2011; Liu et al,, 2015a; Zhao et al., 2008; Zhao, 2010). Tuo-
fengling and other “highland volcanoes” with extensive pyroclastic
sheets could also be candidates for the ML 708 tephra, as they are
located only ~15 km away from Moon Lake. However, a field section
at the base of Tuofengling reveals a pyroclastic succession that is
covered by a lava flow dated by K-Ar dating to 0.34 + 0.03 Ma (Chen,
2010), again excluding this centre as the source of the Moon Lake
tephra.

Volcanic rocks in the broader ACVF area were produced in the
same geological context. Without having extensive proximal tephra
compositional data for each volcano, a direct correlation of the ML
708 cannot be made confidently to any one of the potential sources.
Volcanic glass chemistry data and the general thickness/volume of
the ML 708 however, enable us to suggest that it must have origi-
nated from an eruption of a nearby volcanic centre, probably not
further than 50 km away from Moon Lake (Fig. 1). In order to verify
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the source of the Moon Lake tephra, future studies should perform
detailed geochronological and geochemical studies of proximal
tephra sequences from the many potentially young (post-Pleisto-
cene) volcanoes of the ACVF.

5.2. Chronological implications

Traditional geochronological dating methods, such as Ar-Ar, K-
Ar, U/Pb and radiocarbon-dating, may be challenging for many Late
Pleistocene to Holocene volcanic rocks, from which it is often
difficult to extract suitable mineral or organic samples. However,
tephra layers recorded in lake or peat sediments may be indirectly
dated by dating of the organic or inorganic materials commonly
interbedded with the primary tephra layers (Molloy et al., 2009;
Shane et al., 2013).

Within the ACVF, only a few Late Pleistocene to Holocene
eruptions have been dated. Liu (1987), Chen (2010) and Fan et al.
(2011) defined a number of Late Pleistocene effusive volcanic
eruptions by K-Ar method, and as mentioned above, Bai et al.
(2005) identified a Holocene explosive eruption of Yanshan by
radiocarbon dating of on charcoal fragments within pyroclastic
deposits (Fig. 1). Others have argued based on geomorphological
and volcanic evidence, that during this period, there were also
eruptions of Gaoshan, Yanshan, Shihaopendi and Xiaodonggou
volcanoes (Liu, 1988, 2000), however, no direct geochronological
evidence has been provided. Tephra ML 708 recorded in Moon Lake
provides a new, precise age estimate, of ca. 14, 200 cal yrs BP, for a
Late Pleistocene explosive eruption. Our findings imply that there
were probably other as yet unnoticed and undated explosive
eruptions, and suggests that tracing tephra or cryptotephra layers
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Fig. 7. Zonation of the Moon Lake sediment record based upon the pollen and charcoal records from Wu and Liu (2012, 2013). The black line at 708 cm marks the position of the
tephra layer. Pollen and charcoal records suggest that the start of Late Glacial was around the boundary between 3b and 3a. Pollen and charcoal are plotted as 10* grains per gram.
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may be an effective means to establish past volcanic activities.
Identifying and distinguishing tephra and cryptotephra layers
across the widely available lake and peat sediments in this region,
will undoubtedly resolve many of the problems surrounding dating
the Late Pleistocene to Holocene eruptions of the ACVF.

During the Late Pleistocene there were also extensive explosive
eruptions in NVF, as evidenced by the presence of thick pyroclastic
outcrops and larger areas of pyroclastic sheets traced across this
area (Zhao, 2010; Zhao et al., 2013). Our results have shown that the
NVF was not the source of the visible Late Pleistocene tephra layer
in Moon Lake, suggesting that NVF eruptions may only have had
significant impacts locally. Future cryptotephra studies in the sed-
iments from the NVF will also be important in establishing a
detailed regional Late Pleistocene to Holocene volcanic history. The
sediments of Sifangshan Lake in NVF, for example, extend to c. 15 ka
BP (Liu et al., 2015b), which identify an ideal archive to begin
searching for more volcanic events.

The Late Glacial was a climatically-sensitive period charac-
terised by increasing temperatures, overprinted by unusual and
rapid climatic fluctuations. Comparing and linking these climatic
events with good chronological precision is therefore very impor-
tant to better understand the mechanisms of climate change
(Ammann et al., 2013; Lowe, 2001; Rasmussen et al., 2014). Tephra
or/and cryptotephra layers have been widely used to link records of
Late Glacial climatic events in Europe (Davies et al., 2004; Lane
et al., 2013a; Lowe, 2001; Matthews et al., 2011). The ML 708
tephra coincides with the beginning of the Late Glacial, or
Greenland Interstadial-1 (GI-1) (Rasmussen et al., 2014), as iden-
tified from palynological studies of the Moon Lake record by Wu
and Liu (2012, 2013) and shown in Fig. 7. Tephra ML 708 can
therefore be used as a significant marker bed to link rapid climatic
events during Late Glacial within ACVFE.

6. Conclusions

This study reports, for the first time, the occurrence of a tephra
layer recorded in lake sediments of the ACVF. The tephra layer and
consequently the eruption have been dated to ca. 14,200 cal yrs BP,
which implies that it represents a previously unknown Late Pleis-
tocene explosive eruption in the ACVF. The compositions of glass
shards and plagioclase show similar compositions to the local
volcanic products of ACVF, whilst being distinct from the NVF
products. Although both the ACVF and NVF share a similar
geological background (Bai et al., 2012), glass compositions and
documented whole rock data also suggest that the magma sources
for these two fields should be different (e.g. Zhao, 2010). This tephra
layer provides a first tephrochronological marker layer in the ACVF
yielding a 14,200 cal yrs BP time horizon offering the potential to
study sedimentary responses to the rapid climatic events during
the Late Glacial across the ACVF. Our findings imply that there are
likely other laterally extensive tephra/cryptotephra layers pre-
served in the various sedimentary records across the ACVF. Further
research into these tephra layers will consequently contribute to a
more detailed reconstruction of past volcanic activity in the region.
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