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Abstract Lahars generated from the Tianchi crater lake in the Changbai Mountain area include coarse-grained lithic and fine-
grained pumice deposits. They were transported along the Erdaobaihe River and Songhua River systems from the nearest Sanhe
waterpower station being 40km away from the crater, through Fengman Dam (360km) and Jilin City (380km) to the far most
Xiaobaiqitun 450km away from the crater lake. All the way along the lahar flows left behind widespread lahar deposits in the region.
There are two explanations concerning formation of these volcanic lahar deposits. Firstly, they were formed by a sudden release of the
giant lake water caused by dam break during the Millennium Eruption (ME) which occurred about CE 946 +3 in the Changbaishan-
Tianchi volcano, and all the pyroclastic materials were transported and deposited by the same off flood event. The second is that the
lithic and pumice lahar deposits were separately formed by two episodes of transportation and deposition events after the ME. The
question with the two models is that the water was not considered, i. e. whether or not there was any water in the crater lake at that time
during the ME and how could the water accumulate. And more so, The latter scheme potentially avoided, to some extent, the sediment
source, hydrodynamic condition and the mechanism on the transition that led to frequent inter bedding of the lithic and pumice lahars,
those are, of course, important factors concerning depositional process of the lahars. We challenge the above explanations and
researched in detail the well-known examples of the so-called classic lahar successions outcropped in the Shuitian Village which is
57. 73km northwest from the Tianchi crater. We found that there are steady state of inversely back-striping relationship between the
source denudation area and the sedimentary accumulation process. That is to say, both coarse debris in diameter 32 ~500mm and fine
debris of 0. 0625 ~ 16mm, their components change in upward sequence is as follows. The fragments in the lower part of the section are
mainly pumices which are located on top in the source. Going up there is a significant increase in compositions of trachyte and basalt
which lie under the pumice deposit in the source. And the detrital components in the upper part are vein diabase and basement rhyolite
which are situated in the deeper horizon in the source part. In addition, Sedimentary structure and lithofacies associations show that the
lower and upper pumiceous lahar deposits are fine-grained, well-sorted, well stratified and horizontally bedded, indicating fluvial and

terminal fan facies formed in a relatively stable environment of downslope flow runoff. While the coarse-grained lithic lahars in the
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middle part are poorly stratified, and are diluvial event deposits that were most likely caused by sudden flooding. The frequently
occurred scour surfaces in the sequence indicate that the water current may have periodically rapid increase. From bottom to top, the
scale of the scour surfaces changes from small to large and then back to small, indicating paleo-current fluctuations of water flow
regime. In order to figure out water storage of the Tianchi crater lake, We modeled and calculated the relationship amongst
precipitation, evaporation, surface runoff, average permeability of the volcanic architecture as a whole and the water storage velocity in
the lake based on the Darcy’s Law and the principle of mass conservation. The results indicated that when the average permeability of
the volcanic architecture was higher than 6mD ( Millidarcy). Water would all leak out, and there was no water accumulation condition
in the Tianchi crater lake, even if the precipitation minus evaporation went up to 2000mm/year in the region. When the precipitation
minus evaporation was about 1500mm/year, the average permeability of the volcanic architecture needed to be below 4mD, and the
Tianchi crater could collect the present volume of water in at least 200 years. When the precipitation minus evaporation was about
1000mm/year, the average permeability of the volcanos should be below 2. SmD, and the Tianchi crater could collect the present water
volume within at least 200 years. By comparing sedimentary sequence of the lahar deposits with the calculated results above, we
proposed an alternative explanation for the formation of the lahar sequence in the Tianchi region. (1) This is a post-ME interbedding
sequence of fluvial background and diluvial event deposits. The fluvials were down flow runoff or river deposits and the event deposits
could be caused by sudden release of the Tianchi crater lake water. (2) The background sediments on the lower part may correspond to
the continuous water accumulation process in the Tianchi lake following the ME, which may last over 200 years. The upper background
sedimentation may correspond to the stable stage of the river system and landform which were gradually close to the present situation.
Taking into account of the growth age of Ao. Les lolophylla maxim ( CE 1749-1768) recorded by the old tree rings on the north and the
west slopes of the volcano. Because coniferous plants are fairly sensitive to stability of water system and geomorphology, we preferably
inferred that the stable state of the environment in Tianchi region may be no later than CE1700’ s after the ME.

Key words Millennium eruption of the Changbaishan-Tianchi volcano; Permeability of volcanic rocks; Mathematical simulation/

modelling of water storage in crater lake; Lithic and pumice lahar deposits; Response from source to sink
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-3 A 53-8 I 4= DU SE 5 S5-I VL 6- L VA I 5 7P T TV 5 8- £ VT 9- T VAT 5 10- =08 YA 3] 5 11-18 VT 5 12-FAVLI 5 13-kl A
AETL; 148 T 5 15-ZSEAMII . () LR 1 ~4 FoRTIER AL
Fig. 1
(a) river system and volcanic lahar outcrop ( modified after Yi et al. , 2019); (b) location of Shuitian Village and water flow directions; (c)
Chengcha River of 1800m from the outlet of Tianchi lake to Changbai Waterfall in the upstream of Erdaobaihe River

River systems and related sections near the Changbaishan Tianchi
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Pis AR P S o R A AR AL, TR AL TG U IR T
BRI ICR A, EMAE K L & 5 U0 i iz
OB AR b DRI B TS T e L AR 287 b T A2 3 (heavily
sediment-laden stream flow, 18, 1Y #8 ¥ 47 i hyperconcentrated
flow ) =it (4 22 [ PR et , 3o At AR A AR Py PR 2 72 2
BAE DRI S b, FRIU Ry =AU RRSS S A [1] 3 1) o (79 50 25
HJZ(Lipman and Mullineaux, 1981, p460 ~478) , #H 4 i
SEHE MRS, R 5K R B AR AR, LAk &
B E T8 7R (debris flow) fHAK T U8 Fi 12 i ( muddy stream
flow ) 5 [ AZH 53 55 B /K R A2 A (I KT ] 30 1A J 8 328 T
i) SRRV A U i B A B M, R T X TR U Y AR
Ao TETLSNIZ YT A R B o R v 4 U S A B 20%
£ 50% ~60% (Sigurdsson et al. , 2000) , B 4E I TTFERE
A TR S P AR BUDTRR 2 ], SR Iy o 55 43 e vk A v 452
R BT RESEHOIR (S 2 BLEE 1 BUZE PE , I E AR 3R
IR i) AR 2 B 747 2 BUFIARAR A B2 1 32 852 Rl
JEFH, FORZ M E 0 A R )2 5 R LKL )2 R) LAY
Ao BRI OBy i BT ) T B TR 5

A SCRLE R 73 AT AR KT 2mm A BRAT, /N T 2mm Sy
KUK o BRATHE— 2803 I ARLRR AT (TRIFR AR A% ) 2 ~ 16mm ; o
HLBRAT (] B P AR ) 16 ~ 64mm ; HURE R A7 (] FROHLER ) 64 ~
256mm; FRLER AT (FRIFRERR) KT 256mm, KUK E—2 70
Rk K (2~ 0.0625mm B5Y 1/16mm ) F1 & 1 2> (/N F

0.0625mm 5§ 1/16mm) . HAd/NT 16mm (175 i 550k F i A
TEEATRLEE 73 Hr, KT 16mm 0K T Py IR W58 A0 00 47t
KGR AT TR A o 2 B4R A B R T T R A
A R AE ) 5531 i E 0] 288, U7 5275 Einsele (2000) FI
Manville et al. (2009)

3 JKHRRK LA iy SRR AL

K A ORI 7 FH B3 1L R Pa 6 7 [ 57. 73km ()
KA, I8 T LK b L T4 R K LK Y L i JE
JeA U (lahar deposits ) F T # ] 3 TURR 541 1955 0 S8 5
POHLTTRY 2 o i SRR 12m, JLHTRUT SRR i & 2
7, DU A3 R RE AR (B R AE U] 3 BT o

B2 kR a TR 5 R RN T P E =B
2, ETIWBOAMRECRAR /N T 64mm {8 H 4L AR A7 FUHLED
)RR S W SR TRIII AV =3 2 ) G 2 YN = Y= M50 = i 3 G
AR B AREOR % R F 64mm [ BORLIR A 4 R
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Fig. 3 Stratigraphic sequence and Vertical changes of the lahar deposits in composition, particle size and roundness of
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(a) coarse component; (b) fine component
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Fig. 4 Photos showing lithologic features of the lahar grains and TAS diagram of pumice and ash in comparison with the ejecta from
the ME
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Fig. 7 Relationship between surface runoff and permeability after Tianchi is filled with water
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Fig. 8 Stratigraphic column of lahar deposits, showing lithofacies, paleocurrent, water and landform response

The lower left figure is stratigraphic correlation of lahar sequences overlying the ME pyroclastic flow deposits ( cited from Yi et al. , 2019, Fig 3b)
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Fig. 9 Photos of ancient tree rings in Changbaishan Tianchi

(a) Ao. Les lolophylla maxim (living in CE1749 ~2011) located at the Underground Forest scenic spot on the north slope of The Tianchi volcano,
42°5'58.99"N, 128°4'51. 79"E and 10. 49km north to the Tianchi crater lake; (b) Ao. Les lolophylla maxim (living in CE1768 ~2011) located at
the Jinjiang Grand Canyon scenic spot on the west slope of the Tianchi volcano, 41°54'33.33"N, 127°55'31. 45"E and 15. 44 southwest to the crater
lake

P AR IS 3 o S e A1 TR , Hp a) e —EoRLReE S A B
AR UTRUZA Y (P 2) o Tl ELIX AN TURR e 81 B4 o3 DAL
JE I AFRAAE 2R B BT I A A o 5, RIICAR

HERUBLAL P 3 W B8 A T2 B ) T 20 5 (&1 3) o X FhARAIE
8 U0 T A R el X AR M AR DX A 2 — S 114 (1) 0 3
HERIE AR AR A BE R IR B AR RO RE G G R . Bk
— B 0 A0 ) — U R )l PRI 8 A B AR L A B8 5 o
R B3 B[] 73 SRR R o PRI AS SCH 7K B AS K Ll g £1
TRUURRUTF 2 N G2 18 10 75 55t DURRS R AL P R I
IR BRI — B DIRUF 8] 9 E, A8 1l 1980 4F
WS4 J 2 JB 2 L A D AR L T T 5% e M ey e s = T
PSR G2 ) S5 DURR ) EL A7 T Ay B ) L= DCRR P 471
Major (2004 ) £ 3 1E 1 1980 4RI % i 2 2003 4F i WL

INGERHIEFE L 3t 30 BACHE 5 7K AR A AR AR B RUE 9
FE R AR SR TR LKL B HERR Y o 0 J il a3, L
i R A S K R o DB 23 A X BB I BR 32
BREY STy Al . WUR JG R ETR AL ks ok A T E L
T I Z MR SE, A ELZ R, ok A Tl sy 2 ks
1 A I e 22 5 Ak A A Bl , K R B R AR U
AR Z A5 2 R YA I o /D T4
KR BRI YIS 1 STHROE B/ T 5% o TR R it
K — KIS 18] 5t w] RE iz & 7 UL AF B B i B 50% .
SR S MU (/T AR — a8 3K s 1 iaE Al
W A TURR) (R B BT 300 4F )iz 1 60% ~
95% ), H R a [l R AR 1 ~3 Ji. BRI
R e AR RE R B A 1 14 i as R B TR L0, (H 20 AR



2908

TR, oS I K R R AE B P Bz Hhole 2R

5.2 R-CXEEE#R I K B A AL AR TR B 5 BT B
R

X H AR R TR K L Rk DX YR K A O]
HERIX o iz AR AT TR 0 HE 45 (2000) Wk, B, 2 2E90T
A IEFK R RIS . B8R TR WL T RE K AR TEA
(Wei et al. , 2013) A XK FHEEP/AER T, H P 6 ~9
ABoK B2 L 24ERIKE M 80. 5% (I EIZAK, 2019) ,
540, 3 Collins and Dunne (2019) X 348 K 111 1980 4EM1% K&
J5 30 AR LI 25 3, e R S Y Sk = AR S R T AR R
T G I T4 KB R 2 S5 10 3 ~ 5 4F P 260 K LD e B ) S
PR s FFTRR IS BRI I 1 o —Fh LB R K 5 | & 14 AL
JE AT (rain-induced lahars ) 75 5 # 45 J5L A= K LLBE 2 )5 9
B SR N RSN, ZJETEK R 45 R e A % B F K
RS EAEMGAG R, 238 W /D ; 17 H X 58 S v
KGR BTA T T8 IR A &k b, i IR 5
BRI, R AT R D R (U IR b 3 /N T 5%)
(Sigurdsson et al. , 2000, p602) ., KHFHAIE FH AT KT
2m R TR LR B DUARZ , ZKT-0R i 58 /2 LR 0 B85 R g
WZERE , BUBYELE R L AR ER A RS, f b R e
GRRLINT 5% s Ay LAITE 0 F o FRATH MR T4 K
Mt 2 J L B AR RR K 5 1 & 1 A G P A i AR (1B 8)
FETPRICRT LR, 3X A2 72 AT RE XTI T K iy BROK G 72,
I FRAT BEAS D T 200 48, A8 15 A2 v 32 SR LA i sl 3 55
PN E I FUURR, I 1) o K X 32 X AL T- B B 5
Ml i AR I _EAE 2 ~ Sm AbHE] L — 5 vkl i, 1 ELAR
BB WAS K, F7m /K i i B 22 IR RS i a3, F 3m 4k
PR P R U2, e BT 3 ~Sm bR e s
PR A R U2 B2 A PR A T 2 R B A
PRFR A i o5 L il 1) B30 o X L R BUK S BRI A5 5, 36
ATTREEAN 2 Bt e R BU K 1 A2 B2 T, H
e R T KL A TS R Yl A T ML 322 /N B Mt K S TR
VERIRBBIC 5 o ME/K W] RESR A K s BRI /K 5 Y il kA 11
(FEE AR IX N %I FHE) , 0 m] e MR b 1 S7K FHA
5 3B P 57. 73km iz #AR T 5 A0 TE R i 4
PSS T X Sk g (52 b, Kb I K T F K i A
K AT B R L 1800m K i sfe ki A JLAL il 18 A8 742
ZAE (UL Te v 4 ANLLRALE) |, #n] BETE I i Bl 5 {H X
O AR SCRIF A [, PRI AN i — 20 18 ) o U oK
) ) T B B A G I AR R S S B A I DR ¥4
AN LA FH I R A8 B 2 A TG a4, T Sm i
IR R el T, 2 b oy B8 2 JBE 3 B R Y A2 2R T 50em
B E R ASR A IR, S ~ 8. 5Sm Hl-E 55 2k 2 e
PA IR S -4 ok 2R & 1 R 2R A TR )21
B EZRFH), T R, IERT . B3 R FRE BRI
PRy R T SS A4 T2 POHLARFR) R AL, X — B M AL g L

Acta Petrologica Sinica %54k 2020, 36(9)

WIRUT S . 5K LA TR S R LR, X H iy
RELRE A S T 98 3 TR (mudflow deposits ) 11 45 24 1 3k J2 71
ZHURE B9 UTRLE A 24 F 8 W 45 3 DT AR (hyperconcentrated
flow deposits) ( Lipman and Mullineaux, 1981) , PRI
JOLRA TR UTRZ 10 & B AL A A 16 R FEE S Yi e
al. (2019 ZI&113) BRI fRRE Iy 58, BV, — WP kK 04 e
Yz 14 15 85 7K - TR A AR HROIR L IAE 1R , Sk 78 dme b A TS AL
T, RRAORLE Bl o 7E S AT AL AR, Sk A
=T B RIS S AR W M B 35 28T 2L T B LS R
IR NIRRT . 5 RIMBUKAEIGE R L, FeA PR
— Bt TR R o R B K 5 A A T R 5 30
IR B TURR , Fo& AR I )R 7E T4 Kk 2 J5 270 200
LU Eo 1 ET 9 ~ 12m, 44 B — 58 8 14 ) _F AR 40 19 1E L
FPR Rl B Z L, KRB ER F , ERURA AR
BRI AT AR R A S B TR o I 23 BT A R R 1)
IR I AR AU | AR 2 T T I AR A Y T ], FRATTHE
FU R AR AR R B T A SRR - RAR R TTRUZ

5.3 KR MIEEMEEHEREL

A 3 o PR L Rt L b X R R T
FR S AR R 5 A X R I A A B TR S AR
7 (500 ~800m) , £ It 7 i1 i YR 3T AAHT (800 ~ 1100m ) ,
FEREF AR (1100 ~ 1800m ) |, 4% il Ay (1800 ~2000m ) , 1Ly
HbE AT (2000 ~2700m) , X LT AR B EAERK A
WL XIS AE Y X R T E A AR R, B AL I B AR 5%
PFEER AR R R A RS A s BE I AR B A
I T 25 (L M A/ A LR B A 2 A AR
5 (AREIR%F, 2019),

XS Vi A A S A A 0 I S T R ek Ll b AR
FEE R E M FE A AR . PR AR L R L BT T
S A RS E T, Hp AR 3 A G )RR T
FEA AR s, AR 2 koLl R T HE AR D 3R )2 A
1T BE I TR AR R A 3 I Bk S T, e E &
Wi 21 - 3T B A5 A . 4 25 R B L B T i WAz Fn U ARk
bR 0 AR TR 32 K R B, U5 A R AR Ll s 2k
A AR A FAR R A, =3 Z RS R R L T
—ER L, WK R SRR B B BRI SR R
I RAF (2002 ) 38 53 1 1 LU b3 MR AR [ I 21 B bR 5 32 22
WIFR AR B SR TRFT , 1 LS ABORRS i) I 2L A bR 5 B SR K R 56
REY), BRI R VE IR LD AR — A B A i)
W LLAAAAR) 32 434 T B I X TE4R 500 ~ 110m 1
ZIE) ST R 22 S 27 B S, HEK R A B 4 (2005)
AR E i IR R AR S RGN, AR T 5A g 5
FERE W B V) 2R WA IR Tl 43 Ry 5 s 1L R SR AR
T fe L R D e S LR A2 T

SEFAE K11 1980 4FE & 5 3 2003 4F WL ¥ kg 7w , LA
J L JE HERR N 0 LA, LRt i B R AZK R



EHEBE. KO LREKLTHRERFLAYE K LR GRS IER L R-ICvhE % £ 2909

Wi (Major and Mark, 2006) , K& F5 0 5 WM 25 50847 1,
Collins and Dunne (2019) {38 T %7616 K 1l 1980 4F 0% & )5
30 ZAFR A W A2 UL (sheetwash ) 5531 b 22 8] fr) Bip 7]
AL R 38 0 DA Sy B 2l i35 0% 49y 30970 4 3 ok 1R
TRk 2 3 e AR R, I B b B A AR AR I T
G o SRTWLIN 45 5 0 WX A — i b 550 8 TR € A2 A e 34
3[R AWK o 4 A2 AL T AT B S5 A A 06 3R o IR A i 7K a1
s g R T ) % R 49 R R S AR Ak s B T L, KR
HOZRDUBRYGE RIS B0GE  E S R i B ARA AP F
BLASRE R i R0 550 05 88 D ek 3 A 2 ) SRR A W
PRI, AR A% P58 2B Uk, BRiTHS i XR
e R K SR A 25 R G BIMR] OC 2R A RN AT 1 BB
#(Zhu et al. , 2014) . TER 35 M BTRLAE B A | A 4k 0 45
LA IR SR DX, K LR S SRR 5 R A S 2
FEAE W] 1 B [EMR A5 & (Costello er al. , 2009) o KEILER
M S TAF R A AR LK (Pan et al. , 2017 ) J5t AR I % 2k
L J i ( pyroclastic flow ) # 12 15 A 52 W58 & i #uJE 5 il
(Zhao et al. , 2013 ) o AR K ILYEA AR IZ DU FHIE f B i
FEEER IR, JALPR A R TR EZ oy b 550 [ R, [ I 25 2
WA (Yi et al. | 2019) o B4 B H LR 30 KR AR AR 58
IR RS, AR SR %) 0 BRI OC R
(Kim et al. , 2019) . AR A DX 7 24 b, 550 82 5k 1) 455 1 1 4t J3e
s (Anafgk Ay &, 19945 EBEIRSE, 2020) , 1A
BRI, 1 1L SRt BRI DX A 2 L 1 i HEFR A LK R L AR R
R LR N 1% — BEAFTE AL R o X — I A
AR A I BRE A 5T 25 R ) SCFF (Kovar-Eder and Sun,
2009; Kern et al. , 2016) , A SCYERMAR K A FEEME T
FEAF, AT 18 8 MERR W AR BE | 1 45 ) ) 3
FHLE , BIFFEH0E FITTUR I S 8 0 1) A I B JHE 5 Rl 8
AR E W 56 AR 3 ARG AN 7] 2 B U ARy A 1] ) 41 i
S TS P 1 A A ARRAE , HE I SR s R . TS AN
BRA PARIAT IR AT T I A BT 45 3 5 B A K R
IR FRAE w5 TR E AR (| 8) o Kb
PO B AR TR R AR AR A TT 1700 A 24, X
VLW 270 5 2476 1700 AR R4 1K 1573 ~ 1320m X 45
TGRS IR A A, TR HEDI 3t 550 R K 32 N2 AR e
H(E9) o

6 &g

(1) TARRIGEAR LI, P8 K 1l 2R it s DX A 2l K g
AU T BT ML S S R e A U R A T S 3 o e A R
PIRREAY K A S EC S T RP A1 i DU )2 755
T L AR B O A DA IR, R R e B AT IR
PR

(2) AR DK LA R DU P S AE W] S R P IR P X
DUBRHERRIX 1 Sl i e & o BV, B e R b (i

TR I ) BRI A AR < 0 A R B4 A TR
g AR A L RAE W 2 (ER XN FREAEZ
), BB SEE FIERTRSCS % DUBUT 51 o 1 b
SRRSO R R B R IE AR

(3) R UK Z& AR ALK S R BT 45 2R R
R K ALATUAE 3438 45 25 T 6mD (2235 T9) B, R A
FEAEBUK IR , st B3 4 /K HE s 2 & it 8 35 2000mm/y , 7K
W TR YK EWZE LR/ T 1500mm/y B, K
Tt A L PAROT Y7835 RN T 4mD, Kith A A RETE 200 422
PIEETHEN A 1 K B o 224 K b B /K Bk 2 &% i/ F 1000mm
B, Rt A LA 198 38 3R T 2N T 2. 5mD, K3 A T RETE
200 4FZ N AR T LA 7K B

(4) FETFW-ACXT TR ATHRE AR K AL & VTR )
14 55—l R A B o X TE B T 47 KB R 22 ) 1) LA s T
PR A 32 08 S UUB S UK 80 8 & MR TR
HEHFS, AT M E 2 EELINE SR
R AR R A e O S B R B LR TR, X T RS K
R K Z G MBI . A SLTURL AT X R TR
W TAE RS & 25 RS BUK I A&, i 8] B BB AR 2> T 200
A5 T P T S TURR U)Xt i AR X 1) 7K 28 R b 50 8 47 A
PR3 i e W S L H O SR IURCIR YT 08

(5) THERIE &K AR K s X AT RE 40 7K & IR
SR AW PR AT R o TR IE R T AT 2 SR
A RV B AR AT S VDA R A2 A AR (2
JG 1749 ~ 1768 ) Xt Lb 2 At , 4 L AR UTFRBA 8 8 T A iy B
[ VA7 %N B/ T AN i k5% I 8

gt ROAIHLEE 44 AR A R 0 A B A 4
MBI R LA & [0 52 A Wi L P — & 5 1E 3L
IR AR Y o S S LR ek 3Rl A 8 T R X3 £
VR 2 4 HEH , [F) I LA 8O PRIE 1 A 1 A B, FE b 2 i
RIR . TEX SRR AEE RO 2 1A 2 5 1A
FEE R RN AR RURIASOIL S 15 DY I A, Ca 224l —
7E B ) B

References

Cheong AC, Jeong YJ, Jo HJ and Sohn YK. 2019. Recurrent Quaternary
magma generation at Baekdusan ( Changbaishan) volcano: New
zircon U-Th ages and Hf isotopic constraints from the Millennium
Eruption. Gondwana Research, 68 13 -21

Collins BD and Dunne T. 2019. Thirty years of tephra erosion following
the 1980 eruption of Mount St. Helens. Earth Surface Processes and
Landforms, 44 (14) . 2780 —2793

Costello EK, Halloy SRP, Reed SC, Sowell P and Schmidt SK. 2009.
Fumarole-supported islands of biodiversity within a hyperarid, high-
elevation landscape on Socompa Volcano, Puna de Atacama, Andes.
Applied and Environmental Microbiology, 75(3) : 735 - 747

Dai LM, Sun WZ, Deng HB and Xiao YH. 2002. Age structure of main
tree species in community of Tilia broadleaf Korean pine forest on
northern slope of Changbai Mountains. Scientia Silvae Sinica, 38



2910

(3): 73 =77 (in Chinese with English abstract)

Einsele G. 2000. Sedimentary Basins: Evolution, Facies, and Sediment
Budget. 2" edition. Berlin; Springer, 1 —792

Gao ZT, Hu ZZ, Jha B, Yang S, Zhu JS, Shen BZ and Zhang RJ.
2014. Variability and predictability of Northeast China climate
during 1948 —2012. Climate Dynamics, 43(3 —4) . 787 -804

Heap MJ, Kennedy BM, Farquharson JI, Ashworth J, Mayer K, Letham-
Brake M, Reuschle T, Gilg HA, Scheu B, Lavallée Y, Siratovich
P, Cole J, Jolly AD, Baud P and Dingwell DB. 2017. A
multidisciplinary approach to quantify the permeability of the
Whakaari/ White Island volcanic hydrothermal system ( Taupo
Volcanic Zone, New Zealand ) .
Geothermal Research, 332. 88 - 108

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

Kern AK, Kovar-Eder J, Stachura-Suchoples K, Wang WM and Wang
PJ. 2016. Radiometric dating re-evaluating the paleoenvironment

Journal of Volcanology and

and paleoclimate around the Plio-Pleistocene boundary in NE China
( Changbai Mountains ) . Review of Palaeobotany and Palynology,
224, 134 - 145

Kim JW, Kim SY and Choi BK. 2019. Alpine vegetation on the Paekdu-
San ( Changbaishan) summit of the Northeast China. Journal of Plant
Biology, 62(6) : 436 —450

Kovar-Eder J and Sun G. 2009. The Neogene flora from Badaogou of
Changbai, NE China: Most similar living relatives of selected taxa
and relations to the European record. Review of Palaeobotany and
Palynology, 158(1 -2).1-13

Li N, Li JG, Wang DY and Zhang SN. 2018.

characteristics and

The variation

correlation  analysis of temperature and
precipitation in the Chibei area of Changbai Mountain. Agriculture &
Technology, 38(5) : 131 =133 (in Chinese)

Lin L and Wang YL. 2019. Comprehensive study on Tianchi water
resources in Changbai Mountain. Jilin Geology, 38 (1): 60 — 66,
101 (in Chinese with English abstract)

Lipman PW and Mullineaux DR. 1981. The 1980 eruptions of Mount St.
Helens, Washington. Washington: United States Department of the
Interior, Geological Survey, 1 —844

Liu JQ. 1999. Volcanos in China. Beijing: Science Press, 1 =219 (in
Chinese)

Liu RX and Li N. 2000. Review on volcano resources. Bulletin of
Mineralogy Petrology and Geochemistry, 19 (3): 172 = 174 (in
Chinese with English abstract)

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

Liu X, Sui WG and Wang XK. 2000. Lahar deposits of 1000a B. P.
eruption at Changbaishan volcano and their hazards. Journal of
Changchun University of Science and Technology, 30(1); 14 - 17
(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):
182 - 187 (in Chinese)

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)

Major JJ. 2004. Posteruption suspended sediment transport at Mount St.
Helens : Decadal-scale relationships with landscape adjustments and
river  discharges.  Journal of Geophysical ~Research, 109
(F1): F01002

Major JJ and Mark LE. 2006. Peak flow responses to landscape
disturbances caused by the cataclysmic 1980 eruption of Mount St.
Helens, Washington. GSA Bulletin, 118(7 -8) : 938 —958

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

ELFI| 2020, 36(9)

Acta Petrologica Sinica

Manville V, Segschneider B, Newton E, White JDL, Houghton BF and
Wilson CJN. 2009. Environmental impact of the 1.8ka Taupo
eruption, New Zealand: Landscape responses to a large-scale
explosive rhyolite eruption. Sedimentary Geology, 220(3 —4) . 318
-336

Nie BF, Liu YS and Peng N. 2009. The characteristics of lahar deposits
at Tianchi volcano. Journal of Capital Normal University ( Natural
Science Edition), 30(1): 70 =75 (in Chinese)

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. Journal of
Volcanology and Geothermal Research, 343 45 - 59

Qian C, Cui TR, Jiang B, Li LC, Chen HJ, Qin T, Tang Z, Si QL and
Lu L. 2014. A study on the characteristics of Late Cenozoic volcanic
terrain in Changbaishan mountain and its geological application.
Quaternary Sciences, 34(2) : 312 =324 (in Chinese)

Qiu SW, Li FH and Sui XL. 1981. Periglacial topography of Changbai
Mountain. Journal of Glaciology and Geocryology, (1) :26 =31 (in
Chinese)

Qiu SW. 1990. A study on the paleo-glacial and periglacial landforms in
Changbai Mountains. Quaternary Sciences, (2): 137 - 145 (in
Chinese)

Ramos FC, Heizler MT, Buettner JE, Gill JB, Wei HQ, Dimond CA and
Scott SR. 2016. U-series and ** Ar/* Ar ages of Holocene volcanic
rocks at Changbaishan volcano, China. Geology, 44(7) . 511 =514

Scott KM. 1988. Origins, behavior, and sedimentology of lahars and
lahar-runout flows in the Toutle-Cowlitz River system: Lahars and
lahar-runout flows in the Toutle-Cowlitz River system, Mount St.
Helens, Washington. United States Government
Printing Office, 1 —74

Sigurdsson H, Houghton BF, McNutt SR, Rymer H and Stix J. 2000.
Encyclopedia of Volcanoes. San Diego: Academic Press, 1 —1417

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

Tai ZJ, Meng GL, Shi GQ, Feng XC and Guo YS. 2019. Study on the
vertical distribution pattern of flora in Changbai Mountain region.
Agriculture & Technology, 39(7) . 74 =75 (in Chinese)

Wan Y, Xu JD, Lin XD and Pan B. 2011. Analysis to the lahars extent
in Changbai Mountains by numerical simulation. Journal of Jilin
University ( Earth Science Edition), 41 (5): 1638 - 1645 (in
Chinese with English abstract)

Wang N, Li SZ, Hu RJ, Xu YC and Wang XD. 2020. Geomorphology of
the underwater caldera of the Changbaishan Tianchi volcano using 3D
virtual visualization. Geological Journal, 55(7) : 5186 —-5196

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

Wang PJ, He KL, Yi J, Wang HF, Sun S and Chen HC. 2018.
Volcanostratigraphy ,

Washington :

volcanic  architecture and  reservoir  of
intermediate-mafic volcanic rocks: A comparison between buried
Cretaceous volcanoes in the Songliao Basin and the modern volcanoes
in Changbai Mountain. Geophysical Prospecting for Petroleum, 57
(5): 775 =787 (in 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

Wei J, Deng HB and Wu G. 2005. Storage of alpine tundra ecosystem in
Changbai Mountains. Chinese Journal of Ecology, 24(12) : 1380 —
1383 (in Chinese with English abstract)

Xu JD, Pan B, Liu TZ, Hajdas I, Zhao B, Yu HM, Liu RX and Zhao
P. 2013.

Changbaishan volcano in China; New insights from high-precision

Climatic impact of the Millennium eruption of

radiocarbon wiggle-match dating. Geophysical Research Letters, 40
(1):54-59
Xu SQ, Liang HH, Fu S and Hu YX. 2018. Variation characteristics of

evaporation in Jilin Province from 1951 to 2015. Journal of



EHBE. KRG LREKLTFERFTLYE KLR B RITAFIER L R-ICA B X% £ 2911

Meteorology and Environment, 34(3): 71 =77 (in Chinese)

Yang QF, Yuan XJ, Wu CZ, Pan XD and Zhang Y. 2018. The
multibeam sounding exploration of the Tianchi caldera lakebed
topography at the China-North Korea border. Acta Petrologica
Sinica, 34(1): 185 - 193 (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

Zhang N, Yu ZL and Zhao SD. 2001. Simulation of spatial distribution of
vegetable transpiration in Changbai Mountain. Resources Science,
23(6): 91 =96 (in Chinese with English abstract)

Zhang W, Niu YB, Yan L, Cui ZJ, Li CC and Mu KH. 2008. Late
Pleistocene glaciation of the Changbai Mountains in northeastern
China. Chinese Science Bulletin, 53(17) : 2672 —2684

Zhao B, Xu JD and Lin CY. 2013. Study of distal pyroclastic-flow
stratum from Tianchi volcano in 1215( £15) eruption: Pyroclastic-
flow over water. Acta Geologica Sinica, 87(1): 73 —81

Zhu XJ, Yu GR, Wang QF, Hu ZM, Han SJ, Yan JH, Wang YF and
Zhao L. 2014. Seasonal dynamics of water use efficiency of typical

forest and grassland ecosystems in China. Journal of Forest

Research, 19(1): 70 -76

Bt o 325 2 S0k

RAOR, MEH, WL, B L. 2002, K A LGB 2Tk
MEEE EERFI YRS ETE . MR, 38(3): 73 =77

SAAtE, kA A . 1994, KLkl FRIgE . GE . AR dbERE R %
HHE LR, 1-223

ARf, AFHE, TRE, HIBWE. 2018, K Hlitdb X Sk 5 ok As
ACHRIE S A 20T . gl SHR , 38(5) : 131 -133

MR, FEHk. 2019, KE LR K ERLEAPEIE . 3 M, 38
(1): 60-66, 101

XIEEME . 1999, R Joil . dbmt: Bl2Emaat, 1-219

XUAEH, 2555, 2000, JKILBEIRRTE . 7 9°A A ek ik 2= iz, 19
(3): 172 - 174

XURE, MKIG . 1997, # E ARG M DK A Akl i e e 3E R 4
PR S RE . KE: SARREBRRE, 1-161

XIHE, FadiE, EBRE. 2000, K E kil 1000 4F i kol e iR
BHRE . KEPHERS, 30(1): 14 -17

ZEMS, VREEAR, WL, FLOME, B . 2009, KR KL R )
I MSRARIE R AE BT . HhARAIFSY, 32(2) : 182 - 187

BV, 25, ShAGIE . 2005, K il Jnl HE AR R HG T i g 2%
RITFSE . JEHREEAAR (A ARBIERR) , 31(4) : 303 -307

B, XK, B44E . 2009. K il Kt Al P 47 3 2 A HRAE K
HIE ARZIISE . o #BI I K2 3 ( AR BHE ), 30(1)
70 =75

B, BRE, ek, M, BReZE, R, EIR, Ak, b .
2014, K P UL IX BT A R Ll SR T A5 0T 9 e L 5 g A
EILFST, 34(2) : 312 -324

B, ERAE, FEF2L. 1981 KELvkgHa . wkINg+, (1)
26 -31

I 1990, K vk IKEHIRAOATSE . LTS, (2):
137 - 145

ARARIR, EASTER, LR, WFHEA, HHOW. 2019, KE XY
X R I EMHE BT . Rl 53R, 39(7): 74 =75

T, VFEA, MIRA, Wik, 2011, JEFHUERILE K 1 1L Ktk
R AT T SR AL B AT B B . 35 MoK 2 (R B2
JZ), 41(5): 1638 — 1645

FEER, MIUe, ROk, EIEE, A, FRIGH . 2018, PIEMES R
SOl BER AR WA T F B o K L S AR k
WX EEWEFE . AR, 57(5) : 775 =787
A, ARLLEE, . 2005, Kl RIEAE S R G RRRGEE . 4
e, 24(12) : 1380 - 1383

BBy, Rk, (50, $A8kEE. 2018, 19512015 4F i R 78 kit
ALK . R EEEE2AN, 34(3) : 71 =77

WiErE, BRI, B, BRIV, KR . 2018, HRlihBE R k
LU T A R TR 22 0 AR . A 2=, 34(1) ;185 -193

A, FHRE, IR . 2001 K IR B I B s 1A AR T AR AT Y
Bl . BEERLY, 23(6): 91 -96

WKL, ot B, XA, ENI, B, 2008, HHEK AL
Hu R B VK N PR . Blagildf, 53(15) ; 1825 - 1834



