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Abstract The Plinian Millennium Eruption (ME) of the Changbaishan Tianchi volcano in 946 AD generated a total tephra volume
of 100 ~ 172km’ produced by a large scale of ME- ] eruption and a small scale of ME-II eruption. This study examines the facies
variations in the pyroclastic density currents (PDCs) emplaces that were produced by the ME based on observations of the depositional
units, vertical sequences in 53 outcrops. Grain-size and composition analysis using standard dry sieving techniques and microscope
observations of thin sections in the laboratory provided detailed information for the PDCs emplacement. The ME PDCs deposits of the
Changbaishan Tianchi volcano can be divided into two facies: canyon filling PDCs facies and fan-shaped PDCs facies. The canyon
filling PDCs facies are mainly developed in the circumference area of the volcanic cone (8 ~23km from the crater and slope between
15° to 60°) which are mainly restricted by the volcanic valleys, and can further be divided into massive canyon filling and layer canyon
filling sub-facies. In contrast, fan-shaped PDCs facies are mainly distributed in the areas between 23 ~45km from the crater which
present relatively gentle slope between 5° to 15°. In this area, the fan-shaped PDCs were not restricted by the topography and generally
formed fan-shaped emplacements with a large aspect ratio. Fan-shaped PDCs can also be divided into fan head and fan body sub-facies.
The vertical stacked multiple PDCs units occurred in both layer canyon filling and fan head sub-facies, which can be attributed to the
separation and proliferation of flow units in the process of PDCs transport. According to the maximum distribution range and the
thickness of the ME PDCs, in case of another Plinian eruption like ME, the area within at least 45km from the eruption center has a
huge risk of PDCs disaster. This study is helpful to understand the spatial distribution of the PDCs emplacement in the Changbaishan
Tianchi volcano, in order to mitigate the potential disastrous consequences of a future similar volcanic eruption.

Key words Changbaishan Tianchi volcano; Millennium Eruption; Pyroclastic density currents; Facies variation; Future

volcanic disaster
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Fig.1 Location of Changbaishan Tianchi Volcano

(a) map of the Changbaishan volcanic field that shows the location of the Changbaishan Tianchi volcano. The red dots show the 53 outcrops that were
measured in this study; No. 1 ~No. 5 are the typical outcrops used in this paper; (b) overview map that shows the location of the Changbaishan
volcanic field; (c¢) topographic profile A-B (Fig. 1a) from the crater to the distal of the Changbaishan volcano. The different facies areas are indicated
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Sun et al. , 2014b)
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Fig.3 Microscopic features of the PDCs that were produced by the ME of the Changbaishan volcano

(a) gray comendite pumice lapilli in ME- [ pyroclastic deposits; (b) approximately 1-2-mm-diameter ash in ME- [ pyroclastic deposits; (c¢) less
than 0. 5-mm-diameter ash in ME- [ pyroclastic deposits; (d) black trachyte pumice lapilli in ME- I pyroclastic deposits; (e) approximately 1-2-
mm-diameter ash in ME-I pyroclastic deposits; (f) less than 0. 5-mm-diameter ash in ME-]I pyroclastic deposits. Gp-gray pumice; Bp-black
pumice; Ta-trachyandesite; T-trachyte; B-basalt; C-comendite; San-sanidine; Cpx-clinopyxene; Fe-Ti-Iron titanium oxide; l-ignimbrite
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Fig.4 Distribution of the pyroclastic deposits that were produced by the ME

This figure is based on outcrop measurements and geological research (Jin and Zhang, 1994 ; Liu and Xiang, 1997; Liu, 2000; Shan et al. , 2002

Sun et al. , 2017; Pan et al. , 2017 ; Zhang et al. , 2018) , also in Fig. 5
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Fig.5  Cross section diagram that showing the distribution of the pyroclastic facies that were produced by the ME of the

Changbaishan volcano
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Fig.6 Representative Canyon filling PDCs produced by the ME

(a) representative massive canyon filling sub-facies with columnar joints produced by ME-1I ; (b) gray and black pumice lapilli and lithics in Fig. 6a;
(c) representative layer canyon filling sub-facies features several sheet-like units produced by ME-1 ; (d) close-up photo of the reverse-graded
bedding in each sheet-like unit in Fig. 6¢; (e) representative massive canyon filling sub-facies produced by ME- 1 ; (f) carbonized wood in Fig. 6e
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Fig.7 Representative vertical sequence and size distribution histograms of the canyon filling PDCs produced by the ME

(a) typical vertical sequence and frequency and componentry histograms of the massive canyon filling sub-facies that were produced during ME-1[ ;
(b) typical vertical sequence and frequency and componentry histograms of the layer canyon filling sub-facies that were produced during ME-1I ; (c)
typical vertical sequence and frequency and componentry histograms of the massive canyon filling sub-facies that were produced during ME-I. Grain
size (diameter) ; A-ash <2mm; Fl-fine lapilli 2 ~4mm; Ml-medium lapilli 4 ~ 16mm; Cl-coarse lapilli 16 ~64mm; B-block >64mm
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Fig. 8 Representative fan-shaped PDCs that were produced by ME- |

£ LFH 2020, 36(11)

(a) typical photo of the fan head subfacies with multiple coarse clastic stacking units and lenticular volcanic ash intercalation; (b) close-up photo of

the upper coarse clastic unit in Fig. 8a that shows sub-rounded pumice lapilli; (c¢) close-up photo of the middle lenticular volcanic ash intercalation ;
(d) volcanic ash layer developed at the top; (e) close-up photo of waves and hummocky cross bedding in the top volcanic ash layer in panel d; (f)

representative fan-shaped PDCs-Fan body subfacies

£2 KAWTEXEE ME- 1 F1 ME- 1 FABE& By B AL FE B i HEARAS 1
Table 2 Characteristics of the PDCs emplaces produced by the ME- [ and ME-II of ME
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Fig. 9 Typical vertical sequence and size distribution histograms of the fan shaped PDCs that were produced by ME- |

(a) typical vertical sequence and frequency and componentry histograms of the fan head sub-facies; (b) typical vertical sequence and frequency and

componentry histograms of the fan body sub-facies
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Fig. 10  Cartoon that illustrates the transportation and deposition processes, and the facies model of the ME PDCs
(a) ME-1 fan shaped PDCs facies; (B) ME-II ¢ canyon filling PDCs facies ( modified after Vazquez and Ort, 2006 ; Sulpizio et al. , 2014 )
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ARG LT IS TR e A, R KL T B 7 2 AR e
IO AR R RN 2



AR K G0 K Kb F 4 Rof & KoL AR B R AR AR AR

(4) Q2R UCR A 51 T AR RIS e SRS 1 38 bk
JEAMEA, IR R K g Aol 45km AR
A BRI UL B8 7 7 XL

References

Arce JL, Macias JL and Vazquez-Selem L. 2003. The 10. Ska Plinian
eruption of Nevado de Toluca volcano, Mexico: stratigraphy and
hazard implications. GSA, 115(2) : 230 —248

Branney MJ and Kokelaar BP. 2002. Pyroclastic density currents and the
sedimentation of ignimbrites. London: Geological Society of London,
143

Cas RAF and Wright JV. 1987. Volcanic Successions, Modermn and
Ancient; A Geological Approach to Processes, Products and
Successions. London: Allen and Publishing House & Unwin
(Publishers) Lid

Castruccio A, Clavero J and Rivera A. 2010. Comparative study of lahars
generated by the 1961 and 1971 eruptions of Calbuco and Villarrica
volcanoes, Southern Andes of Chile. Journal of Volcanology and
Geothermal Research, 190(3 -4) . 297 -311

Dostal J, Dupuy C, Zhai M and Zhi X. 1988. Geochemistry and origin of
Pliocene alkali basaltic lavas from Anhui-Jiangsu, Eastern China.
Geochemical Journal, 22(4) . 165 =176

Fierstein J and Hildreth W. 1992. The plinian eruptions of 1912 at
Novarupta, Katmai National Park, Alaska. Bulletin of Volcanology,
54(8): 646 —684

Fierstein J and Wilson CJN. 2005.
compositionally defined eruptive packages in the 1912 valley of ten

Assembling an ignimbrite:

thousand smokes ignimbrite, Alaska. Geological Society of America
Bulletin, 117(7 -8) : 1094 - 1107

Guo ZF, Liu JQ, Sui SZ, Liu Q, He HY and Ni YY. 2002. The mass
estimation of volatile emission during 1199 - 1200 AD eruption of
Baitoushan volcano and its significance. Science in China ( Series
D), 45(6): 530

Hetland EA, Wu FT and Song JL. 2004. Crustal structure in the
Changbaishan volcanic area, China, determined by modeling
receiver functions. Tectonophysics, 386(3 -4) . 157 =175

Horn S and Schmincke HU. 2000. Volatile emission during the eruption
of Baitoushan Volcano ( China/North Korea) ca. 969 AD. Bulletin
of Volcanology, 61(8): 537 =555

Houghton BF, Wilson CJN, Fierstein J and Hildreth W. 2004. Complex
proximal deposition during the Plinian eruptions of 1912 at
Novarupta, Alaska. Bulletin of Volcanology, 66(2): 95 —133

Jin BL and Zhang XY. 1994. Researching Volcanic Geology in Mount
Changbai. Yanbian; Northeast Korea Nationality Education Press, 1
—223 (in Chinese)

Kern AK, Kovar-Eder J, Stachura-Suchoples K, Wang WM and Wang P.
2016. Radiometric dating re-evaluating the paleoenvironment and
paleoclimate around the Plio-Pleistocene boundary in NE China
( Changbai Mountains ). Review of Palaeobotany and Palynology,
224 ; 134 - 145

Li N, Fan QC, Sun Q and Zhang WL. 2004. Magma evolution of
Changbaishan Tianchi volcano: Evidence from the main phenocrystal
minerals. Acta Petrologica Sinica, 20(3); 575 — 582 (in Chinese
with English abstract)

Li N, Fan QC, Sun Q and Pan XD. 2008. The implication of melt
inclusion for the millennium eruption of Changbaishan Tianchi
volcano. Acta Petrologica Sinica, 24 (11 ). 2604 - 2614 ( in
Chinese with English abstract)

Liu JQ and Wang SS. 1984. Age of Changbaishan volcano and Tianchi
Lake. Chinese Science Bulletin, 29(2) : 229 -232

Liu JQ. 1987. Study on geochronology of the Cenozoic volcanic rocks in
Northeast China. Acta Petrologica Sinica, 32 (4): 21 - 31 (in
Chinese with English abstract)

Liu JQ, Chen SS, Guo ZF, Guo WF, He HY, You HT, Kim HM, Sung
GH and Kim H. 2015. Geological background and geodynamic
mechanism of Mt. Changbai volcanoes on the China-Korea border.

3361

Lithos, 236 -237. 46 -73

Liu RX, Li JT, Wei HQ, Xu DM and Zheng XS. 1992. Volcano at
Tianchi Lake, Changbaishan Mt. a modern volcano with potential
danger of eruption. Acta Geophysica Sinica, 35(5) : 661 —665 (in
Chinese with English abstract)

Liu X and Xiang TY. 1997. Cenozoic Volcanoes and Pyroclastic Deposits
in Northeast China: Resources and Hazards. Changchun: Jilin
University Publishing House, 1 =161 (in Chinese)

Liu X, Sui WG and Wang XK. 2000. Lahar deposition of 1000 a B. P.
Eruption at Changbaishan volcano and their hazards. Journal of
Changchun Science and Technology University, 30(1) : 14 =17 (in
Chinese with English abstract)

Liu X. 2006. Sequence and distribution of the pyroclastic deposits of the
greatest eruption of Changbaishan volcano during the period of
history. Journal of Jilin University ( Earth Science Edition) , 36(3) :
314 -318 (in Chinese with English abstract)

Luan P, Xu JD, Pan B, Yu HM and Zhao B. 2009. Preliminary study on
geomorphic characteristics of eruptive products of Tianchi Volcano,
Changbai Mountains. Journal of Seismological Research, 32(2) ;183
—187 (iin Chinese with English abstract)

Li BS, Li CJ and Han CG. 2005. Study on volcanic landforms in
Changbai Mountain.  Journal of Yanbian University ( Natural
Science) , 31(4) :303 =307 (in Chinese with English abstract)

Machida H and Arai F. 1983. Extensive ash falls in and around the Sea
of Japan from large Late Quaternary eruptions. Journal of
Volcanology and Geothermal Research, 18(1 —4) . 151 - 164

Machida H, Moriwaki H and Zhao DC. 1990. The recent major eruption
of Changbai volcano and its environmental effects. Geographical
Reports of Tokyo Metropolitan University, 1 —20

Manville V, Németh K and Kano K. 2009. Source to sink: A review of
three decades of progress in the understanding of volcaniclastic
processes, deposits, and hazards. Sedimentary Geology, 220 (3 -
4). 136 - 161

Pan B, de Silva SL, Xu JD, Chen ZQ, Miggins DP and Wei HQ. 2017.
The VEI-7 Millennium eruption, Changbaishan-Tianchi volcano,
China/DPRK; New field, petrological, and chemical constraints on
stratigraphy, volcanology, and magma dynamics.
Volcanology and Geothermal Research, 343, 45 —-59

Quane SL and Russell JK. 2005. Ranking welding intensity in pyroclastic
deposits. Bulletin of Volcanology, 67(2) : 129 - 143

Shan XJ, Ye H and Chen GM. 2002. Revealing distribution of modern
eruption of Changbaishan mountain Tianchi volcano by ERS-2 SAR
image. Quaternary Sciences, 22(2): 123 =130 (in Chinese with
English abstract)

Shi LB, Chen XD, Yang QF, Wei HQ and Lin CY. 2005.

Petrochemistry of pumices of various colors produced by the eruption

Journal of

of Changbaishan Tianchi volcano at 1000 years ago. Seismology and
Geology, 27(1): 73 =82 (in Chinese with English abstract)

Stone R. 2010. Is China’ s riskiest volcano stirring or merely biding its
time? Science, 329 (5991 ) ; 498 —499

Stone R. 2011. Vigil at North Korea’ s Mount Doom. Science, 334
(6056) : 584 —588

Sui JL, Fan QC, Liu JQ and Guo ZF. 2007. Mantle heterogeneity
beneath Changbaishan volcanic province: Evidence from geochemical
study on trace elements and isotopes. Acta Petrologica Sinica, 23
(6): 1512 = 1520 (in Chinese with English abstract)

Sulpizio R, Bonasia R, Dellino P, Mele D. Di Vito MA and La Volpe L.
2010. The Pomici di Avellino eruption of Somma-Vesuvius (3.9 ka
BP). Part I ; sedimentology and physical volcanology of pyroclastic
density current deposits. Bulletin of Volcanology, 72(5) : 559 -577

Sulpizio R, Dellino P, Doronzo D and Sarocchi D. 2014. Pyroclastic
density currents: state of the art and perspectives. Journal of
Volcanology and Geothermal Research, 283 36 — 65

Sun CQ, Plunkett G, Liu JQ, Zhao HL, Sigl M, McConnell JR, Pilcher
JR, Vinther B, Steffensen JP and Hall V. 2014a. Ash from
Changbaishan millennium eruption recorded in Greenland ice:
Implications for determining the eruption’ s timing and impact.
Geophysical Research Letters, 41(2): 694 —701

Sun CQ, You HT, Liu JQ, Li X, Gao JL and Chen SS. 2014b.
Distribution, geochemistry and age of the Millennium eruptives of
Changbaishan volcano, Northeast China: A review. Frontiers of



3362

Earth Science, 8(2): 216 -230

Sun CQ, Liu JQ, You HT and Nemeth K. 2017. Tephrostratigraphy of
Changbaishan volcano, Northeast China, since the Mid-Holocene.
Quaternary Science Reviews, 177 104 - 119

Tang YC, Obayashi M, Niu FL, Grand SP, Chen YJ, Kawakatsu H,
Tanaka S, Ning J and Ni JF. 2014. Changbaishan volcanism in
Northeast China linked to subduction-induced mantle upwelling.
Nature Geoscience, 7(6) : 470 —475

Vazquez JA and Ort MH. 2006. Facies variation of eruption units
produced by the passage of single pyroclastic surge currents, Hopi
Buttes volcanic field, USA. Journal of Volcanology and Geothermal
Research, 154(3 -4) . 222 -236

Wang PJ and Chen SM. 2015. Cretaceous volcanic reservoirs and their
exploration in the Songliao Basin, Northeast China. AAPG Bulletin,
99(3): 499 -523

Wei HQ, Li CM, Jin BL, Jin JY and Gao L. 2005. The Tianchi
formation cone eruptive agmatic evolutionary series of the
Changbaishan and stratigraphic division. Jilin Geology, 24 (1) 22
—27 (iin Chinese with English abstract)

Wei HQ, Liu GM and Gill J. 2013. Review of eruptive activity at Tianchi
volcano, Changbaishan, Northeast China: implications for possible
future eruptions. Bulletin of Volcanology, 75(4) . 706

White JDL and Houghton BF. 2006. Primary volcaniclastic rocks.
Geology, 34(8) . 677 —680

Xu JD, Liu GM, Wu JP, Ming YH, Wang QL, Cui DX, Shangguan ZG,
Pan B, Lin XD and Liu JQ. 2012. Recent unrest of Changbaishan
volcano, Northeast China: A precursor of a future eruption?
Geophysical Research Letters, 39: 116305

Xu JD, Pan B, Liu TZ, Hajdas I, Zhao B, Yu HM, Liu RX and Zhao
P. 2013. Climatic impact of the Millennium eruption of
Changbaishan volcano in China: New insights from high-precision
radiocarbon wiggle-match dating. Geophysical Research Letters, 40
54 -59

Yang LK, Wang F, Feng HL, Wu L and Shi WB. 2014. “°Ar/* Ar
geochronology of Holocene volcanic activity at Changbaishan Tianchi
volcano, Northeast China. Quaternary Geochronology, 21: 106 —
114

Yang QF and Bo JS. 2007. Status quo and prospects for research on
Tainchi volcano in Changbai Mountain. Journal of Natural Disasters,
16(6) : 133 =139 (in Chinese with English abstract)

Yang QF, Shi LB, Zhang Y, Chen B and Chen XD. 2007. Grain-size
characteristics of the millennium pyroclastic flow deposits of Tianchi
volcano and their geological implications. Seismology and Geology,
29(3) . 480 —491 (in Chinese with English abstract)

Yi J, Wang PJ, Shan XL, Wang HF, Sun S and Chen HC. 2019. Lahar
deposits generated after the Millennium eruption of the Changbaishan
Tianchi volcano in the Erdaobaihe River system, China. Journal of
Volcanology and Geothermal Research, 380: 1 —18

Yin JH, Zheng YG and Liu YX. 2005. The radiocarbon age of carbinized
wood in Tianchi volcano, Changbaishang Mountain and its
implication. Seismology and Geology, 27(1) : 83 —88 (in Chinese
with English abstract)

Yin JH, Jull AJT, Burr GS and Zheng YG. 2012. A wiggle-match age for
the millennium eruption of Tianchi volcano at Changbaishan,
Northeastern China. Quaternary Science Reviews, 47 150 — 159

Yu HM, Xu JD, Luan P, Zhao B and Pan B. 2013. Probabilistic
assessment of tephra fallout hazard at Changbaishan volcano,
Northeast China. Natural Hazards, 69(3) : 1369 — 1388

Zhang ML, Guo ZF, Liu JQ, Liu GM, Zhang LH, Lei M, Zhao WB, Ma
L, Sepe V and Ventura G. 2018. The intraplate Changbaishan
volcanic field ( China/North Korea) ;
magma genesis, geodynamic significance, recent dynamics and
potential hazards. Earth Science Reviews, 187, 19 —52

Zhao B, Xu JD and Yu HM. 2010. Grain-size characteristics of
phyroclasts in Changbaishan Mountain area. Seismology and
Geology, 32(2) : 233 —243 (in Chinese with English abstract)

Zhao DP and Liu L. 2010. Deep structure and origin of active volcanoes
in China. Geoscience Frontiers, 1(1): 31 -44

A review on eruptive history,

£ LFH 2020, 36(11)

Acta Petrologica Sinica

Zou HB, Fan QC, Zhang HF and Schmitt AK. 2014. U-series zircon age
constraints on the plumbing system and magma residence times of the
Changbai volcano, China/North Korea border. Lithos, 200 - 201 :
169 — 180

Bt o 305 % S0k

At A K. 1994, FHARE K 1 LAt L & 0 K b
L. AL . AL RARHE R, 1-223

258, SR, Pk, TkSCE. 2004 K LR KA SR A ——
>k A BT IEYE. A 2ER, 20(03) ¢ 575 -582

Zes, BRI, PR, SRIEAR. 2008 A BRI LK b L
TAERBER TG RE L. AAsiR, 24(11) 2604 -2614

XUFERL, EMSIL. 1982, KAl 5 R I AR, Bl m iR
(21): 1312 - 1315

XUFERL 1987, v E A BT A AR KO LA AR AR 2R 5. A 2
ﬂi, 3(4).21-31

XUAHT, AEakgs, B IR, VEARHE, FRFES. 1992, K iliRhk
mA~r“,E\_«’*m*ﬁf” W& AR L. HBER P R 4R, 35
(5): 661 -665

XUFE, 1K TC. 1997, wEZR 6 HE X7 A AR S Ll F K B3 S B
WIS IE. KEF: HHRAEHAR, 1-161

XUFE, FE4EE, T4 2000, 1 1k il 1000 4F R K L8 iR
B, KBFERER2EEM, 30(1): 14 -17

XUFE. 2006, K AL B KR & K LB 92T 5 5
fii. KL (HERBIERR) , 36(3) : 313 =318

OEMS, VPELAR, VRUE, FLOME, X 2009. KLk LR )
IE MR AT S, HURERFSE, 32(2) : 182 - 187

BV, 25455, s 2005, K ik g A R R i o g S A
5. FEH RS (ARBREMR) , 31(4) : 303 =307

g, nhk, BREDE. 2002, Fif] ERS-2 SAR IZM%%%%*E%%%
TR LU R AL A RS & ) 23 1) 43 A FRAE. 55 DU 28 5

(2): 123 -130

H 258, BRFE, BiEAE, BRI, ML B, 2005, K Kbkl
TAE R R AR B A 1A A AL RE. MR T, 27 (1) -
73 -82

FEEESr, SRR, X5 M, SRIEAF. 2007. A kol b Ay —

s W TC R M TR 2 ML BRI 22 F 5. A A 2R, 23(6) :
1512 - 1520

BUGS, A%, &0k, B, =2, 2005 KK kil
HEWE R E AL R G S )2 R0 5. MR, 24(1) ;22 -27

igtE, Wstil. 2007, K EILRM KL IR SRS, Rk
2R 16(06) ; 133 139

iEAE, 22, KR, BRE, PREFEE. 2007, il K ko T4R
KM KL T8 T MERR R J3E R 1L 5 L 5 A . AR b i, 29
(3): 480 —491

Fre e, FRERI, XIEE. 2005, ALK KOl AL AR C 4548
MILE . B, 27(1): 83 -88

W, VEEEAR, UM, 2010, < p b DXk LR T R RE RRAE AF SR
T, 32(2) : 233 —243



