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Abstract

Change of the cryosphere, existing ice sheets and glaciers, impact heavily on earth’s
climate and environment. Decrease of snow and ice on earth surface cause surface
albedo reduction, accelerate global warming due to increase of surface absorption of
solar radiation. The impurity particles in snow and ice have attracted attention as
one of the cause accelerating snow and ice melting, because it has potential to
decrease snow surface albedo and increase snow surface absorption of solar
radiation. However, previous studies have not reached the understanding of
quantitative relationship between albedo and impurity particles in snow surface.
The information for particles existed on the past surface of ice sheet and glacier can
be obtained from ice core drilling. If the relationship of albedo and impurity
particles in snow surface becomes apparent, albedo on past snow surface can be
restored form particle mass variation held in ice cores.

This study aim to 1) clarify the quantitative relationship between albedo and
impurity particles in snow surface from simultaneous observation on snow in
Yamagata city, Japan, 2) reveal the variation of aerosol, focusing attention on
mineral particles, on the northwest Greenland ice sheet during past several
hundred years by analysis of the total concentration of metals in the SIGMA core
drilled from northwest Greenland, and 3) reconstruct albedo variation on past snow
surface by applying the relationship between albedo and particle mass in snow
surface to particle mass variation in ice core. In this study, we reconstructed albedo
variation on northwest and south Greenland ice sheet, Grigoriev ice cap, Kyrgyz
Tien Shan, and Ushkovsky ice cap, Kamchatka.

From the observation on snow in Yamagata city, Japan, we found strong
correlation between albedo and total concentration of Al in snow surface by 66% of
contribution ratio. Because the ratio of total concentration of Al and Fe is almost
constant and close to the mean crustal composition ratio of both elements, it can be
said that most of Al was supplied by mineral particles. Because there is strong
correlation between albedo and total concentration of Al in snow surface, it can be
said that albedo reduction on snow surface correlate strongly with increase of
mineral particles containing in snow.

Total concentration of Al in snow on the northwest Greenland ice sheet acquired



from SIGMA core ranged of 0.269-78.1ppb. From the result of comparing the
relationship between concentrations of Ca and Mg of non-sea-salt origin and total
concentration of Al, it was shown that mineral particles rich with Ca and Mg
contributed to increase of particle mass in snow on northwest Greenland ice sheet.
This Mineral particle was likely origin of distant arid region typified by Asia.
Mineral particles poor with Ca and Mg also contributed to the particle mass
increasing in snow on northwest Greenland ice sheet, however, those origins were
unclear. From the result of comparing total concentrations of Al between SIGMA
core data, in this study, and other ice cores data, in previous study, it was found
that mineral particle mass in snow on northwest and south Greenland ice sheet is
much smaller than Grigoriev and Ushkovsky ice cap.

By applying the relationship between albedo and mineral particle mass in snow
surface, obtained by this study, to particle mass variation in ice core, we restored
the albedo variation on past snow surface in drilling site of ice core. Reconstructed
albedo on northwest and south Greenland ice sheet showed the range above
approximately 0.7, which close to the range when impurity particles are not much
contained in snow. Reconstructed albedo on Grigoriev ice cap, which is frequently
lower than northwest and south Greenland ice sheet, ranged of approximately
0.4-0.8. It is considered that surface albedo decreasing on Grigoriev ice cap was
caused strongly by a large amount of mineral particles supplied from arid region,
because this ice cap is surrounded by vast arid region in central Asia. Reconstructed
albedo on Ushkovsky ice cap, which is roughly intermediate between northwest and
south Greenland ice sheet and Grigoriev ice cap, varied in the range of
approximately 0.4-0.9. Active volcanoes exist near by Ushkovsky ice cap in
Kamchatka, thus, it is likely that increase of particle mass and decrease of albedo in
snow surface were caused by supply of volcanic product. In the case of Greenland ice
sheet, supply of mineral particles to the ice sheet was likely relatively low because
the ice sheet is located far away from vast arid region and seems to have no
adjacent active volcanoes. Therefore, it is considered that particle mass in snow
became small and surface albedo kept relatively high range on northwest and south
Greenland ice sheet. In the future, if the variation of factors relating to snow
surface albedo other than mineral particle can also be acquired from ice core

analysis, there is a possibility to improve the accuracy of reconstructed albedo.
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1. HIBKERIE & SKEOREDL Y

KIDKIRZ L U & LI2TKBFETET Dl (FOKIE) DZ&E(kiE, HIERD KR ER
~REREEEG 25, B3, TOKBICHE 2 AVWEREIZ, BHOREE (T
ANR) BENZ LD AR LI B OKRES (80-90%) & &3 %, TKOMBIE
EKIZEBON TW e HEOWR A BN S50 IREOT VR MR T Z5 &2,
D7, FOKBE OMi/INE, HIERR I O B &2 HI0 S, HERO IR B 52 Ih#
SELEEZOND, £To, HEEHEIZ I 2K OME/NE, KER OB A &2
BIRSELAREND LD, TKELHOEKRNZH ST 52 i, #iBROKE - B
/E@U%ﬁfiﬁ@@‘éi’@%\gﬂiﬁfﬁf‘%é

— T, BKRERORRITIEIR EFITRO 0560320, Fl 21X, EFEICHET D
TKIAIOK IR O 504 7 il i (Shepherdet al., 2012) 1%, FE3EFidn LIRE O 20 722 i ERE bR (L
IR o T ENRT WV, L L, EBRICITEESE A LV b LRI DM/ - %IBT 5K
FINSEEAFIET D ENMBEIL TS (Kaser et al., 2004; Akasofu, 2010), JK{A £ 1&
ERIR R ORI L id RIRO BRI NEKERA~F ST DO TIEEL
TOKEfFEZ 5| ZFTREBMIC S FET 22 L 2R LTV D,

2. "ML LEERmT VAR

T, TR Z5 SEZTHRKEDO 1 2E LT, FRPICE 5 HWIERL - (R
R A) O¥EINZ XD EREKRDOT VR (BT AXNER) ORFRAEHIATHD

(Dumont et al., 2014; Warren and Wiscombe, 1980), @ 7 /X FOIK TiX, FHK
ORI AR ELZHENEE 5720, BFICE 2 FKEMEZINESE 5, RaFIicEEn
LRI FE DT T v VRIAE, FRKEICET - k& T2 2 &Ik > T, HKFOR
TMARL -2 BN S &5 &£ B2 BN D, WWEAL B OYLR &y o 72 R B D 281k
X, REHF B L OB RPICHE SN DR T2 s, FSm7 VX RO T E5] =
2 AREMEDN B D, BRESARENTAE O T ERRL - OB i EORE R O FOK B4 H)
~EFEF L ARRENTHEIND,

3. BFZEEHY

TR ETT AR & ARMRLA 2 FEITBIH L 728611 2k TIZWn L ik
ENTW5D (Aoki et al., 2006; Takeuchi et al., 2005), L AL, BUHIGIH A& 7220
ZEbHY FKEIZBIT LT AR EAMPKLA OFE EBIREREZHFET DHIITE-
TR, TOKIENAFAES D ANHRL 123, £ ORFRSCHIBO B E T VR F 52 55
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B - OB S X oKk a 7ok - BEEEN LI EOTH T L RES) & 18
TLCTEDLARMELEZEZOND, TITARMIETIE, 1D IWEFNOMES LickiT 271
AR AR O RIFEBL S WE O BMBEREALNCTLIZ L, 2) 7Y —r
Z v RKRALTEE CHRHI & vz SIGMA 22 7 O 4@ R MR & | [RHURIZ 3 1T 5
EREEMOEMK 2 XL LT a S VEBERLNCTSEZ L, 3) BoniE
7 VR R=F ki EOM AR E, Ka T ok r-&EZE G, WEDOFHRT LN
REBZE LT HZEEZEME L, 1T T, S EICBIT DT LR R &Rk 1
DRARAI ST 272D FE i L BN ORES LIk T 2 Him 7 /1~ FELHIS
OWTHET D, FET AN EFERRERSORE L E L, BT 217 - 72,
2 ETIE, AW CRREMANT 21T o727 U — 2 T > RKRALHE R SIGMA = 7 Ofidt
& SIGMA 22 7 8B L OEATHFE CHAE ST Dk a7 &2 V=7 A RETIZ O
THET D, SIGMA =7 O )82k LT O/ RIL, hH (2016MS) (ZX > T—#B
WHESNTVDR, AR TIEES HICT —F A2 L TRITETT- 72,



1E EET7TAXRFLEFTERBRT DB

ARETIE, AFFECTHEM LI2FEm 7 AN BN OWTHRET 2, BUEOES LIk
T BT IR K E ARG ORRER S NZT 5720 IWETTNORESE ElizBnwTT v
AR L RE SR O FRBIH A R L7z, ~ A 7 v s f#iE (Suzuki and Sensui,
1991) X o TEFRCRY Z o L. SR OFRIE L R 2 S e B BRE Ok
FREHAEFHRE) L BmT AR N2 EMEE Lz, 70, FHICE £ 0 AR 13
SHEIOMAHR OWE IR B E G X DFREMEN D 5. T D7D, i S 7o mUE o —&f
MOEEZME L, FEm7 AN RERBRET 72, 2B AEDNEIC SV T Komuro
and Suzuki (2015) TARKEAHATH D,

1. 88 - SrFiE

2010-2011 AEDAZF B IRILE I FTES 2 W R AN O S L TEI 2 566 L
Tz, BNEEIIE 67 BITH D, 7AXFHEICIZ, 7N R A—%— (SRA01-J,
Hukuseflux) ZfEMH L7z, HIE L7 EEUI T2 5 R4 O (305-2800nm)
Thod, FH~ANHTHHAHFEE KN LZARNEZHEL, TONLHFHmT LR
RO, BFEIZ2BEICHEL, 0 3 0HOFEEE T L REHICHER L,
T RREIEIEL, 13:00-14:00 ORI, 1FIEAKFERTBEHO ETIT-o 72,

AR CER IR L2 R m SH0EHT, 50ml mILEIC A, WiE TRl S 7, ABto—
o DEEZRE L, %0 ORE 2 e RREICEEM Lz, WEREICIR, 2 R OB
i (TN-100, Eutech) # M 7z, AREZORIEREIL, ISO7027 HEHLO R 7 = 1 R
MY ZIEIZEDNTWD, EHROBBESBIRE X155 7-0I12, &RHEHREHZ S
FNDRRY &~ A 7 vkl fiEiE (Suzuki and Sensui, 1991) (X - THfEL -,
SIRIRIC D E | B RFBLA I I ER BR B2 2 B BTl © ICP-AES (Seiko, SPS7000A) %
HWT Al, Fe OFHRREZWE L, FLRREIL. ZoREERK (SPEC
CertiPrep, XSTC-13) # H WM ERIEIC L W IE LT,



2. ~f 7 uFEBRSBIEICEL T
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10.

ABFSECHELLF O FIEC R IRILE 51T 5 7z,

RENAR 2, 77 v ROy fERE (San-ai Kagaku, Type DV-7) ~& L., & v
M7 L— b ETARREEESE D,

Oy R AR ZE N OIS B S M E RN ER B L OV 7 v bk #EBE (Kanto Chemica Co., the
Ultrapure) Z /M2 %, WNEIL, IRAEEES 0.3ml, 7 v {L/KFEEED 0.2m]l TH 5,
R R R~ A 7 a0 177 % (San-ai Kagaku, Type P-25) ~&f A9
Do

4 EDENRMET ¥ v I/ EC=— VIR THEE L, EF LU VOMEE—RTH
ARLINIE 0

Ly UEIR, X512 10 RnEvT %,

JE RS %2 HIE T 30 rMmEI+T 5,

JES 280 © RS 7 % B T,

IR ZE DARIR L FEONEEZ ik (Millipore, Direct-Q) TiE X, Wik & &b
w5,

N

SRR Ry R L— kN ETINENL | fRIR A AR E S8 5,
TR 2 BB v WS PR R 0.1m] CIRfR SE7-% ., Bk T 10ml (0.1N FYERYRIK)
W 5,



3. fBRELEBLE

1 ICETT AR R EBEOBRE R, 7R R EBEORRIL. BERE L X
EET AR RPIEL 72 B8RSz, BERSITICIT 2555 (RO — % X
100%) EERBOHBEOR S 257, TAXKFEBEDOEA . SR &> TR
LREWFGEEMEONE, 20D, fHERE AV ClEOBGEETF ML L,
TR R LWL, HEER T6%IC & o TRV EBIBIR TR b1z,

- *
0.3 y=-0.087In(x) +0.83% ¥
0.2 R?=0.76

0.0 1 1 1 1 1

0 50 100 150 200 250 300
Turbidity (NTU)

1. FEm7 VK EHEDOBFR (Komuro and Suzuki, 2015)

X 2 IZFw T AR EFR Al 2REE (t-AD) ORRERT, BEOLES L RIS
t-Al MRENWE ZIEZET AR RPN ELBRDMBEAR O, TANERE t-Al (X, *f
BEVFIZ L o THERITHEKRD 66% L 720 BRONHABRBEMRAHRO bz, t-Al &EHH
Fe 2RIE (t-Fe) ORKRAEK 31RT, EMEURICE > THOLNTFERIT 9% TH
D, t-Al & t-Fe ORELIT 0.75 TRIE—ETHDHZ EBbholz, Z OEIZ L
Fe/Al It (Taylor, 1964) T& 5 0.68 [CUTVMETH VW . Fe & Al O KERSy 7N k£ H %
R & T DMk FHETHD Z EE2RL TV, t-Al & 7L RSO BERICH
52 EmD FEE RICBIT DT AN MR TICHWR A OBMAR R L TWD L F 9
Z Rk D,
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2. Bl 7NN RNEER Al 2REOMME (Komuro and Suzuki, 2015)

t-Fe (ppm)
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3. EF Al B LV Fe 2EE OfR (Komuro and Suzuki, 2015)



28 KaT@ErEEm7r Vv NEL

1ETRINTE, HELIIBIT AT AR E t-Al OBRIE, Fm7 VX R EEHROHL
Wk BEPES BB L TVWAS Z 2R LTS, RATREKT ORI F&IZ, Z0
HUBCHRFRIZ & o TEMT 5, ZD%, HIBEROEWITH: S SR & OZEIZ &
ST, FET AR RPEERAY - ZZRANCEL T D2 RRIER B 2 bivd, KaTnbis
AR FERAIC, 1 ETHONTET AR RN LG+ EOREZEHT L2 L1280,
WEDFET NN NEBZEITTE D ARMER & D,

K= 7 R O EIREMHTIL, Ok 2 728 £ D IR 1 O FE BT % FIREIC
Do ABIETIX, 77U —2 T 2 FKRAETEHE THEAI S 4172 SIGMA =1 7 O 4 EE it &
1To72, REORI-TIX, Z® SIGMA =27 OfEFTIZ O W THET 5, JBITHFE Tld
7Y —2 5 FKRREE O Site-d M, 4% 2 KILLIRO Grigoriev K. 7 AF ¥
» 712 B0 Ushkovsky JKief T2 iV VIR HI S 30720k 27 O 423 BEfRAT OS5 R s 5 &
NTWs (afE, 2013MS; fiFA, 2014MS; #3K, 2012MS) ., AEDZFTIL, b
DKAT EHHNET AR RETRIZOWTHRET D,

1. &K 27 3 X O il Hisk o 5 2
1.1. SIGMA =7
SIGMA =7 1%, 2014 4 5 AZZ U —> 7 RKKALFEE SIGMA-D #i,5 (X 4)
THHI SNz, 2FK 222m OK=a 7 TH S (Matoba et al., 2015), PEZE FAHIE DT
7 ‘/‘\ll/ﬁiﬁ@ﬁ’iﬁﬂ ZHRE LT, MHeBsic 17 2 HETHE G R O SR D 27
IR T T A5 I B 3 2 W92 (Snow Impurity and Glacial Microbe effects on
abrupt warming in the Arctic: SIGMA) | 7 v ¥ =7 b —E & L CTHAINEhi S iz
(Aoki et al., 2014a), 7'V —> 7 > FIKIRIZ, WIEIEIZ K 210707 27 Hilk 2 E )i
T MR OREN TR I TV S I TH % (Bory et al., 2002), £72, L0 7
V=27 2 NI WHUER D S O b i ST Y (Wientjes et al., 2011) , [
PR MU DR L IR 723, 77 ) — > T o ROKIRAEEER DO F i 7 L~ I 5 LT
W HBEMER B 2 B D,

1.2. Site-d =27

Site-d =7 1%, 1989 4E 5-6 HIZ 2V — > T > KIKIKEEES Site-d it (X 4) THEHI
Sz, &R 206m ka7 THhDH (EFENEA, 1991), Site-d =7 OHRHIIE, LA
DERFAE)B L OEKBEREOMIBFHEZE T T 572D, J VT = —KR b & 208
— Vit TR S TIEMmEE Sk = 7R 5EEtm ) o—BRE L CEMIhiz, 7 —v



T > ROKIRFEER L, ROKPRALPEES &[RRI AEEER O X PH 722 Hihle 7> & O FEMRL -G
WPREIND, —J7, 77V =T 2 FKIRALEER & DM 7275705, PO T 7 /L
NICHBZ 522 REELE LN D,

1.3. Grigoriev 27

Grigoriev = 7 1%.2007 4 9 A ZH 7 7 O F/0X 2 KUK Grigoriev K L (X
4) THHIS Nz, 2K 8Tm ©)K=a 7 Th s (Fujitaetal, 2011), FRT7 T X, #
7T E T Lo & LT IR R 7R i e I 03 R (A 22 ML T do 0 | Hiz 5 el A b i
LT BRI Grigoriev K E DB 7 LR FE F~FH L CW=AREMENE 2 5
N5,

1.4. Ushkovsky =7

Ushkovsky = 71X, 1998 4F 6 H 2 A F x v 71 °f- 5 Ushkovsky kLD ILUTE VT
7 %7 9 Ushkovsky /Kt | (X 4) THEHI S 72, 2K 212m Ok =27 Th 5 (Shiraiwa
et al, 2001), a7, BAKR—Y 7O ERELZE LT H-DIZ, T L—)L -
FR—>rr7uy=r b (HA,2010) O—B &L UTHAI SN2, 7 5F v > I ¥EEIE,
Ushkovsky KILZIF U & LICIEKIUBSHAFET 2H-ILTH Y . KIUEKIZ L - T
Bt & vz kg H oy, Ushkovsky JKid EDOEHE 7 /X R~ 8% 5 2 72 Al REMED
Ezxbhd,
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2. SIGMA =7 O3 ¥ Rk

AWFFETIE, SIGMA =27 O 113-175m OFiFE A 5 50-100cm 281V H &4
7o, JBE bem OREHAMEH] Lz, 3Bt D H Lid, SIGMA = 7 #gd 5 dic, i)
FY U TELO NV FNTIT o7z, WEHIEE 84 fiTH D, G110 I L7cslBHE, 18
HIZE v o 70 b [ESTARHUAFZE T &£ Cnstint L, FAFZEITRIR=E 7 U — v b — A2 TR
BRI bmm % FRE Uic, REFREZOBEHE, (WERF £ Tk L7251 B 2R S
B, ~A 7 aiklgsyfElE (Suzuki and Sensui, 1991) (2 K 0 BRI 2 245 L
Too G3fR%E DOFBHAHK NS | ICP ol KO EESITIEIC K D @B 2L %
HE LTz, AFZETIE, 2 TOREBNLHELZTIT-72 Al, Fe, Ca, Na, Mg @3t 5 it
FOf R Lz, —#ikEHZ>& Ba, Sr. Mn, Pb, Cd. Cu. Zn H#IE L7273,
HE L2 iR S D 7Tz sh L ARWFGETITEH L 722 o 7oy e R ORERIEIC X, 1
TER P ERER R 7 BT @ ICP-AES (Seiko, SPS7000A) & [ESZAGHARFFEHT
FTE @ ICP-MS (Hewlett-Packard, HP4500) #fEH L7z, K oRiEE X, ZooEiEYE
A% (SPEC CertiPrep, XSTC-13) # AW/ EMRILEIZ LV IRE LT,
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3. SIGMA = 7 D fRHT#5 F
3.1. FRWRE

AH9ECTix. Dansgaard and Johnsen (1969) (Z X2 FED/EEET /L (D-J 75 /L)
Z T SIGMA =2 7 OFREZHEE L7, KIRIE Z 2000m ice.eq. . ‘F-HIFJEIE % 0.273m
ice.eq.E XEL T, EREOERZHE LT, TOREE., SIGMA = 71348 TH 800
FRTE T2 I N=L TR AR LB ORI (118-175m) OFIZ, #9 340-600
R (P 1660-1410 4EHH) Th o Z enFlsnk (M5), ZOFEMIT, BBLE
/IR (PEJE 1800-1300 4EEH) D HFEITHY§ 2,

900
800

w £ v o N
© © © © O
o O O o o

ice core age (year)

200
100

0 50 100 150 200 250
depth (m)

5. SIGMA = 7 DR & D BEf%
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3.2. t-Al ERE &)

KATMNOWMEDOEBRT VN RE2EITT D702, SR FEOHFIE S 725 t-Al
DEREEGHZGDLERDH D, K612, SIGMA 27 oG bNE7 U —2 T 2 RKE
EFEEHICHB T HER t-Al OFREBZ 7T, 7V =072 RKKRIEHRHO t-Al 1%
0.269-78.1ppb D& CAEY L, FHMEIL 11.1ppb & 7257, 7 U —2 T > RKKRALH
BT D t-Al 1, 1500-1530 FEIT RIS EmWIREZ R L TWDH 2, Zllsho
I CIERME L D SIERWT =2 132 < ERITE WIRENBN 2Bm 2R LTz,

t-Al (ppb)

1650 1600 1550 1500 1450 1400
year (AD)

6. SIGMA =7 O t-Al FAVES) (B3I 1 E)
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3.3. t-Al & t-Fe O B4%

SIGMA = 7 QAR IR BELEAEFLE T 2 723D SRWpRL -k D AL 720F Tid/e < |
ABNEBENZ X o Tl S 72 AL DS t-ALICH G5 L TWADAIEEE S B 2 b ivd, AIFZET
HFoNT t-Al IR A HRTH D Z L ZMEND D 72DIT, t-Al & t-Fe O BLR A Lk
L7z, X 712 SIGMA =27 H® t-Al & t-Fe OB ZRT, t-Al & t-Fe [3% 5K 94%
(2 K o TIHF RO ERA 2 AH BRI 3580 H a7z, t-Al & t-Fe ORFELL (Fe/Al k)
1059 TBEBXLZ -ETHY, FHHH Fe/Al Lt (Taylor, 1964) @ 0.68 |ZLLikyiT
WEZ R LTz, 07, Al & Fe ORI ITHIZ R E 2 IR & 3 2R FI2 K- T
ftfrshic B2 65,

50
45
40
35

2 30
o

y = 0.59x + 0.59
R2=0.94

0 20 40 60 80
t-Al (ppb)

7. SIGMA =27 @ t-Al & t-Fe DA%
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3.4. nssCa B X WM nssMg & t-Al ©Edf%

EHCEEN LI FENEL LT L & ZDOJRKDN E D W\ o T BREEEER DAk
oD RD IOV, SRR OREIRIZ BT 2 IHE MBS LEIT 2 5, SR+ D &8
FRUC BT DT 2D . £ OHARTRICET 2 REGOND WRRELRH D, 7V — T
¥ RIKRACTEE A~ S T HERL - O @ B A T~ 2 72912, Ca & Mg DI
EEPRIR A (nssCa, nssMg) & t-Al OFfRZ i L=, SIGMA = 7 TIXZERMIT 5=
FENBINDMERMN R O Z &b, t-Al DSEWEE S ARV T — & &2 5517, R
\ZF 1T D fd A 2 bl L7z,

nssCa & nssMg (%, Al A& THIRREIR ORI+ OGS EEL, LLFD
AMBHEM LT,

[ssNa]=[t-Na]- (Na/Al)crust x[t-Al]
[nssCa]=[t-Ca]-(Ca/Na)sea x[ssNa]
[nssMg]=[t-Mg]-(Mg/Na)sea x[ssNa]

t-All : Al 2EE

t-Nal,[ssNa] : Na 2R & i Na 2%
t-Cal,[nssCal] : Ca 2R & IR Ca IR
t-Mgl,[nssMg] : Mg 2R & IR IR Mg iR B
(Na/ADcrust : ¥ Na/Al e (Taylor, 1964)
(Ca/Na)sea : E¥ifi/k Ca/Na bt (%1%, 1983)
(Mg/Na)sea : ‘F-#)#F/Kk Mg/Na bt (F45137>, 1983)

[
[
[
[

nssCa 3 X N nssMg & t-Al DEIRZ K 8-9 ICFNF Rt EERIC X Db D&
WA ST 70 t-Al 28 ERIE A oSk (IR EER) L PSS, oot ([
) 12T T ERENOREE CREIR O 21T o 72,

nssCa & t-Al OBMRIE, WPROBERIZH O T, H5% (R2x100%) 40% & 23%
(&R THEHMRIEOHEZRD 5 Z L3RR (K 8), IRIREIKIZ B 1T % [ E#R
DX IT 1.5 TH Y, Pk Ca/Al l (Taylor, 1964) TH 5 0.50 LV % 3 kX
WEZ R LTz, ZAUE, KR EEIR Tid Ca/Al bt K& WIEMRL - O 4573 nssCa & t-Al
OHEINZIRLS HE5E L TWAZ LA R LTWS, —F., SEEROMXIX 0.36 T, FY
HiEY Ca/Al HeoD 0.72 (DM & 72 5 7=, EIEEEECIE. CalAl H73/h X WEMIRL 7 o fit
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WIZE - T, nssCa & Al ML TCWVWAZ EEZ/RL TS,

nssMg & t-Al OBIfRIZ, &5 R PMMEIREIR Tl 48%, @mEEKTIE 69% L7220 »
THOFE T HEMRREOHBEZRO L Z L0tk (K 9), KREBRICK T 5
JREMOMZ 13 0.46 TH D | FHHE Mg/Al t (Taylor, 1964) T % 0.28 & b
L& K16 HEDHEAR LT, SREBRICHIT A EIE0.21 L0, FEHIE Mg/Al
o 0.75 oz R Uiz, Zhuid, RREB T Mg/Al LD R E WERKL 123, Hii
JES TIE Mg/Al BE D/ SWEEIRL -3, nssMg & t-Al O ZNZiE< a5 L T
WHZEERLTWVD,

70
60 .
* y = 0.36X + 21
20 Rz = 0.23
3
240 .
© o
@ 30
[72)
c o %‘ - . . *
v © (R
=1.5x+6.0 L i
Y Re 2 0.40 ¢ R
20 40 60 80 100

t-Al (ppb)

8. nssCa & t-Al DEIf%R
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N
(¢}

20 y=0.21x+2.9
R2 = 0.69
Py L 2
3
515
O
=
& 10 .
[
5| 2ol wws o I ik
£ 3
= 0.46x - 0.070
%y R2 = 0.48 © FIRE
0 ko3
0 20 40 60 80 100

t-Al (ppb)

9. nssMg & t-Al O REf%

nssCa, nssMg B LU t-Fe & t-Al ORI O | KRR & SiRE CIX, fih s
TSR OB N BRI D Z Lo (K 8-9), HFIC CalAl HlT K& 727808
HY | Mg/ALLEIZ b ZEN R b Tz, ARREEIZ IR T 2 FHhhi F-EOINCm F5 LT
WBDIE, FFIZ CaX° Mg ICEB DRI - CTh oo, —MIC, w2 )i & 3 28k
MR T1E Ca o Mg ICETL 2 EMMBILT WD, ZAuid, #zdil CIIpk s X v 2%
RN 0D, ARERBEMIZLY CaX° Mg OREEN LEF~EMET 57-0T
b5 (W5l,1972) . 7V —r T RKR~MEG S D8k & LT, fmijEIl &

THESND, 7 V7 ORBEHIKZ RS T 5P+ OFER IS ML TND

(Bory et al., 2003), 4t7 7 U B O Y T WE L IGIROBM & L THEIT TV H 08,
TOT LT L L EOFHGENRVASINEEZ LN TS (Lupker et al., 2010),
201D, 7V =T 2 FARRALPE I B D KRR OR -+ BALE L, EICT VT 0
RE R HIIE s D WL ST IR DR ER B KR EN TV LB b,

ElR TR 1T 2 F PR RO IR G5 L TWzdid, Ca & Mg IZZ LWk
Whi+CTholz (K 89), 71— T FKKRILEEIZI W TH PR &N ZHAIC
REL 2D EEFIF, CaX Mg IZZ LWIER.F OGN FE5 LTt B2 b6h
D, CaXoMgIZZ LT &, WMo HEE L RN R 5720, 7VTHITLD
& LT G OREEHUR A IR TIX R0 ot Lty L L, RFREOR R G £
DOEJFEEZH G T D LT TERNST,
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4. KA T D t-Al LB

AWFFETHE BTz SIGMA =7 O t-Al s3ffi &, SEATHE TS STV Dok =
TOFENEHELZLDEFR 1IZRT, SIGMA =7 @ t-Al (X, Site-d = 7 OFff & Lh#k
BN o Tz, ZAUE, 7V — 2T 2 ROKIRALPEES & R 2 tiPRAY 2B TV 5 — 5 T
Lkl EICIERE RENENZ L AR LTS, SIGMA =27 & Sited =27 0 t-Al
IZ. Ushkovsky = 7= Grigoriev 27 £ b _T 2-3 #f/hSWMEZERLTZ, 2, 7
U—2F v RKRIETEER &m0 F k8723, Ushkovsky JKiEEX> Grigoriev /K &
HARTHEFITNSNZ EEZRLTND,

1. %ka 7T o t-Al oA (REE O HALIX ppb)
t-Al CE¥E)

SIGMA =7 0.269-78.1 (11.1)
Site-d =7 1.38-50.5 (22.0)

Ushkovsky =7 68.9-8340 (1190)
Grigoriev =1 7 85.4-33000 (4110)
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5. EEMT7 NV FEBIOE T
5.1. ERIT5ET VK

AHFFETIE FEES RIZBIT D 7 R R &Gk & OBRZ Kk 2 7 Rl & D FERZE
B~ T 5 2 LIk o T IHHEIC R IT 2 Fm 7T AR FOFEREG ZE T LI, 7
SV RIETEI I AR OBRFE R DF LN FE@ 7 VX R EFH t-Al DR (K 2)
EHEH L, 0T AXELFIORT,

o = —0.0831In[t-Al]-0.65

a BT NANE
[t-Al]l : T Al 2% (ppm)

SIGMA =7 ® t-Al 1%, i (2016MS) 38 L OAMIE TH LN MEEZ LM L7z,

Site-d =27 & Grigoriev =7, Ushkovsky =7 @ t-Al 1%, I (2013MS) & fifA
(2014MS) ., &K (2012MS) IZL > THE SN TV HHEMEE ZNENHEH LT,
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5.2. HLT VR FOBRZEFHE

EH T AN RIE, ERICEENDEPR T OREBELEZRZ T DN, T, FEOY
HR G, KRBR (BEOFE) 2130 L LESHEREUAAOHERICE > THE
DOLAREERH D (A, 2018MS; FK, 2010), D7, Fii 7 /L RIXEF O
WKL FEDIINZ L > TRED —FIRME TR, LRROERICER L7EH HREDOAR
feEM: GRZE) b oL B2 DD, SR T LSO BERN T R R~ RIE TR
FHOFIRL T BN E ORI EFXINCRE L 2D L EBEX BN DT AWFFETIEE
TCT IV RNE DAERHED HE25% DFRELE b O L RE L1z, T ORRE DY M4 ML
T5HED, BIEORESE FICBIF2BRm 7 A ROERE L FAFECL>TELNETE
TIED A 3 Z 8o 7z, 10 (2, /hE (2014MS) IZ X > TN OMES &
BHIENT-TZ@T7 A RFOEAMEE Al OHEH L7 VX RE i LR %
AT, BTN TR SNIZFEHT X RiE, Al SET ST /UEO#FFHIC A
T7ry &N, Thid, AFRETHRE LZEEREABB L ZZ YR L0 THDH 2
LERL TS,

0.0 1.0 2.0 3.0 4.0 5.0
t-Al (ppm)

10. /= (2014MS) IC L2 FHE T AR E t-Al OBf% (B5), tAl b Exc L=
TR ROl 2 EZf, LR E FIRZ B TENTIUR LT,
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5.3. %f&ﬁ?@?ﬁi?ﬂ/& e

B 1112, AR TH L SIGMA =27 & | AT CTHE STV 5 Siterd =27
B X WY Ushkovsky = 7. Grigoriev = 7 @ t-Al ERZEHE ) S T L 72K Hlk o 7 1
NEEZ RS, 7V —0F 2 RKRILETHOE LT LR R, %< OF — & THIRHE A
1 2H2 o REm L, ADKIRFEE CHRBROR RN R bz, Zhld, 74X FEL
WAER L7235 BATH 0 77U — T ROKIROALTEE & M ilid I ok 1 &I
FIhSWedTh D, I, TET7 VRO ERIT0.95 BETHL D (UMA,
1999), EERDOT /N R L LTHRY S L56PHIL 0.95 LTOETHD EEXBND,
7Y =T 2 FKRALIE S K OREEOE T T VX R, BB XL 0.7 LLEO#HIPH 2 7=
LTWo, FHE7 /LN RH0.7-0.9 OHPHIT, SHICAMPIKFRHED FEN TR
WEEOHEPH (FA, 2010) Wiz, FPRFEBEFIT/DNESWEEIZE T 527
NRELTH, BBIXERYR#HHEZRL TS EEZ BND, Grigoriev K DIE T
TR RIL, BELZ 0.4-0.8 O&iH CELE) L 7=, Grigoriev /Kt TiX 2005-2007 412
B TT AR REHIMTONTEBY, FE7 AN ERBEBEZ 0.5-0.9 O TEH L
T2 ERME SN TWS (Fujitaet al., 2011), FREVAETH D OO, KiFJETHE
It X7z Grigoriev JKiED 7 /L RN L, [RIVKIE _EOBLHMEIZ FLE T WEFE 2 R L
TW %, Ushkovsky JKigDE LT /X KL 0.4-0.9 FLEOFFH TEE L=, WT o
BB WTH, Ex ST AR RICEBAZ2ZEMEEITR SN Rd- 7z,

Grigoriev KEDETT VX RiE, 7V —> 7 > RKERILET IS LM L0 HK<
Ushkovsky /K & bR THRWEIFHZRT 2 & 0% (1 11), 24k, Grigoriev K
EEDOFFRLAFEPIEFICRE S (PR AL DT AR FOETAELS I & Z 4T
W Z AR LTWD, BATHE B iRT U7 O S KBTI O il 2 i &
T AR A DOHAEE TR ZIT A Z E N BN T3S (Zhao et al., 2011; Kreutz and
Sholkovitz, 2000) , ¥ 7. fiFAK (2014MS) Tix. Grigoriev 2 7 D& BTN 5 |
Grigoriev K \ZHEHS S U DR 7 O RIR S F D Ok ch 5 = & 2 AL TV
5o HRT OTIINLE T 5 Grigoriev KL, SR 1 DAL 72 AR C & D vzl ik
PRI IR S AFAET 272 G SN DHWRL 73 % < . FPRCFEOBINIAE S T
TAXEFOERTFRBLGIEEZ SN EBEABINLD,

Ushkovsky KigEDE LT VXKL, 77U —2 T RKRIEEEL L OMEES &
Grigoriev JKE O F IR 72 &5 2~ 335601320 > 7= (K 11) ., Ushkovsky JKiE i
Grigoriev JGEIZIRWTEHR FEA K E <, STROLWK A Fil 7 /L RO T %
FIEEZILTWELEZ LD, LT ¥ v I EBIEZEOEKIINFET M TH
V. ATV TS, Ushkovsky =2 7 23 KILEH OB L B 2T TNDH L
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restored albedo

DE I TS (Matoba et al.,, 2014) , Shiraiwa et al. (2001) Ti¥, 2K 211m
? Ushkovsky = 7 H1Z5 828 DK IUIKES R HNTZ 2 L2 HE L TWDH, 2D,
PEE OIE KL S ARG Sz KIE A3 . Ushkovsky JKiif 10> 55 ok & 2 H9N S
. TARNET 2SI LEEERZOND,

1.4 i FF
. i L ort < g ({9
il {1 i SO
1.2 | x Sl (T ST s (1l
In S Rog o SR 20
. Lot r e A e &
: Rtk b -/t - 1~ 11 - SR R x ===~ ,fioXo-(p e e e & -
0.8 |
0.6
04 O/ ) — T v RKRALTEES
x 7 — T v NIRRT
0.2 o Ushkovsky 7K ji
a Grigoriev K i
0.0
2000 1900 1800 1700 1600 1500 1400

year(AD)

11. KT HET LA IO TFm 7 V- REH), FEBRITSHIROE T 7 LR
OERE L, BOBBIZT VKN 095 DT A v EZRERT,

7N =T 2 KR SIS T DE T T X R OLBHFE I, [FIK R & [FRLE
Td Y | Grigoriev /KieEX> Ushkovsky KD Z v L VU & @V EiH A2~ LTV 5 (K 11),
SIGMA =7 O & @M Ofs R (X 8-9) 1. 77 ORIz IR & 9 535
K173, Grigoriev K & [FEE. 77U —2 T v RKKRALTEENIZ R 1T 5 FHki O RN
ANEHEHELTWERREEZRLTWD, L, 71U —2 72 RKERIEEEHIL, Grigoriev
KEE D SEFPRABEP/NS LS ZOEIBT NANFERT~HE D ZEL G52 TR
£ z2%, 7V —rT7y KRR B X OB O E R &2, Grigoriev Kk
X Ushkovsky KL D &/ S WL & LT, SRR O BEZE 7o kTR & 72 2 Hildkis &
OB R FEREN B Z DL D, 7V —r T2 RKRIF, 77407 7V I 7p EITHEE
T 5 IR K2R ik &3 < B TR 0 . Ushkovsky JKiEfIE EdTfHICTE LS 47
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B, DT G S D IR XD < 7Y =0T 2 ROKIRAEPE T
BROMEHMOETRFENHEV RE RO RNhoTEEZLND,

8-9 T/ L7z SIGMA =7 OB MT ORI R, 77V — 2T & FIRIRICHERG S
NDIRL TN T VT X L & LTiE T O RLgE MU 720 Tl e W alsgfE 2 s LT
WD, AFFETHRONTZZ Y — 2T > FKIRAEPEE R L OO ki, £ ok
RN EZTHHIZLTH, FEHTARIAREREZEELGZ TV RVWEIIZRZ D,
LU BEBOEKIENT, HREITAFET 2 TOKD @R - HET D52 itk > T, K
IR SN TV ERENBHT R EE b > TWD, 7V =0T A TREEOE
KRR ED X, FKIZE o TRSATW e HRmATEH L, 77U —r 7 FiEfFhkic
FERL T OHEFETR 2T L K HBLT 2 W REMERN D, £ D72, WMERPRIZE W T, 7
V=27 v FEEOZKERNSEZE I CHETL Z LR HUEX, 77U — T o FRIR~ G S
NIRRT NI 2L D REMEITE A 61D,
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5.4. 5 DREE

AR TR L7z SIGMA =2 7 3B OEMRILIEE 1660-1410 FEHTH D72, B
X% 1900 LI DOHAR % 71 3—F % Grigoriev = 7 <° Ushkovsky =27 & (34ENE
72 B 7205 72,1900 LI & 71 3 —9 5 SIGMA =2 7 O 7 — % 135 5 i, Grigoriev
B L O Ushkovsky =7 & [A] CAEREHIPH CE LT AR REL KT 2 2 L8RS, *
7=, SIGMA a7 O&ET —4 %4325 Z LA RUE, FHHERES (900-1300 4E)
DDV Bk (1300-1800 4EEH) . & L CHEE TOMMICBIT L7V —r T v
RAKEACTER D T /R REBL, 7'V — 2 T v REDO KRSk & 70 T & 5 etk
Hb,

T 7 AN R, FPRLFEOZBICR KFET D25, FHRAEN/NS WA IR
WRL - LI D BRI L D EPHEXTNCKRE L 2D LB X bID, T ORI e iiE
DEFEWNL, EPRFENPOGELINTEEFEH T VRN RNOMBELZ RIS TAHERKDO LI DL L
TEZLND, BEOHEEMELEEICHT 2B MO, ka7 hicyiimsE s L
TRIFSN TV DS LivZeny, K7 OMBRATRE R & &b 5 2 L ki, 18
TLT VS KRG OMAED A fRIETE D WRMENREB X b D, £, FR 7L RN%
T S8 2 MR 1, SRR OftIc, NBEEORFRF2ELEZX LD, A
NS E) O350 < 72 H IR F 72 1 3FEROGEIL K2 T P OREBR RS BET 50
BRH D0 H Liven, FERRICIX, Fi 7 X K & BES 2 ATREM: Y & 2 il 335 O fif
P b abt, L EMART A RNETLEZ HIETLERS D,
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EL®

v IWBTNORES RIZBIT 58NS FEE 66%ICL 5T, BHET AR EEH
t-Al IZBEWARBIREFR 3388 BT, t-Al & t-Fe ORAMED G Al X EIZHRL -
RKiZEeEBEZOND, TOD, BE LIZBIT 27 AR MU TSI OIS
CBEBRLTND EE D 2 ENHKRD,

v SIGMA =7 b= Y —r 7 RAEILEE O t-Al 1%, 0.269-78.1ppb ®
H#PHCABE L, FHIEIL 11.1ppb & 72572, Fe/Al lhiX 0.59 THEEBLZE—ETH
0| FEEIHEE Fe/Al LRI HRiGHEVZ & v B Al & Fe O RKE 3 X8R -1
s SN EEZEZx 6N 5,

v o 7 =T RKEIEEE O t-Al X, 1500-1530 AEE T EHRICEWVIEE 2R L
T2, TNUANAOHIB CTIEEHE LY bIRWT — 2 N < ERIITE WIREN
Bns@EmzEmxRLTz,

v SIGMA =7 #H1® nssCa B L M nssMg & t-Al OGRS, 7Y —2 T > KKK
PR8I 2 F PR EOHMIZ, Ca ° Mg IZE IR D& 5B R Bz,
ZOEWR L, BEOLL TV THIFILD E LmE Ok S EZRE L E 2
b5,

v 7 U =r Ty FRRAEEERICE T 2 F PR BEOINCIE, Ca X Mg iZZ LR
WhiFoOFEGE b ROoNTN, TORBFIZIT-Z ) Lieholz,

vV 7 U —=r 7y FKRIEEEOSHRF&EIX, 7Y —2 T v RKIKRME &<,
Ushkovsky JKiE=<° Grigoriev Kt & [b5 & 2-3 Hi/hSWMEEZ R LT, 7 U —>
7 > FOKRAEPEHSd KO HBIE, Mool & IR TEHE PR &2 EF I/ hEn
LT,

Vo 7Y T KRS L ORI IET A RIE BB EZ 0.7 L0 b
Wz R L, SRR TS E Y &N TOARNEEORMEISE - 72,

v Grigoriev K EOE LT LR RNIL, BEELZ 0.4-0.8 OFFHTEH L TLY, 7
U—2Z 0 RKRLEE LB OZN L0 BIERWEIHAZ RT 2 N L o7, H
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DO A I & T DR FIC LY . FPRFEOHME B 7 /L KD
TR @BSIEREZSNTZEBZBND,

Ushkovsky KiE EDOEITT VR RIE, 7V —0 T 2 RKIRALPE I L OFEE &
Grigoriev KEDF M RFH 2 RT Z ENEL . EEFEMITBBE L% 0.4-09 %
U7 EHICAHET DI KL 2R & Lo kg o ftsic L . Sk +
BEOMIMIHE) TET AR FOER TN EREIShZEEZXLOND,

HEBRHLE TR K 1L & o 7 B A BRI B3 AR TV B T2, 7Y —
5o ROKERALTE I £ OTIE 0T fR T RN & <, [AHRO B 7 4 FAE

WHImWEIRICHERF ST e B b D,

EBOKATIRITIND . FET AR LB 5 IR A LIS O ESR O L E) H 15
L2 EMTENIX, KV EMIZT AN REE L TEDRRIERS D,
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