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We have conducted the analysis of chemical species of water-insoluble sulfur compounds
in rime ice and snow and used the analysis to propose a long-range transport mechanism for
coal-burning emissions in East Asia under winter monsoon conditions. Thin films of insoluble
substances included in rime ice and snow on a 0.45 um pore size membrane filter were analyzed
by wavelength-dispersive X-ray fluorescence spectrometry with single dispersive crystal.
Using this approach, we could analyze the sulfur-containing chemical species by examining
the chemical shift of the S-Ka line. The chemical species containing sulfur were analyzed
exclusively from the Ca and S concentrations in the residues of rime ice and snow. Single-
particle analysis of the thin film on the membrane filter was performed for particles with size
below 3 um using a tabletop low-vacuum scanning electron microscopy with energy dispersive
X-ray spectroscopy instrument. Particles were classified into six categories according to their
compositions. Five major categories of spider chart distribution patterns were identified, and we
proposed that they depended on the 24-hour back trajectory, such as Huabei, China, Northeast
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China, Korea Peninsula, Heilongjiang-Russia, and Japan types. We could assign the generating
area of the air pollutants using the mole ratios of water-soluble Cd, Pb, and nss—SO4zfspecies.
These categories corresponded with the areas in China based on the isotope ratio of sulfur in
Chinese coal and the isotope ratio of Pb collected in Japan.
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Fig.2 (a)Back trajectory. (b) PM2.5 in Beijing and Tokushima City.
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Fig.3 Scanning electron microscopy (SEM) image of insoluble species on a membrane filter and a photograph of
the membrane filter 2. (a), rime 500 g at Feb. 19, 2013 (* 5000, x3000); (b) rime 500 g at Feb. 23, 2013 (* 5000,
%3000); (c) snow 498 g and (d) rime 106 g at Jan. 22, 2014 (*6000). Reprinted with permission from S. Imai et
al. * Anal. Sci., 34, accepted for publication (2018). Copyright (2018) Japan Society for Analytical Chemistry.
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Fig.4 Model of formation of rime and snow in Shikoku island.
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Fig.6 WDXRF spectrum of insoluble substance in rime at Feb. 21, 2014 ), Reprinted with permission from

S. Imai et al. : Anal. Sci., 34, accepted for publication (2018). Copyright (2018) Japan Society for Analytical
Chemistry.

[M]/ maol L
\'
>
8
[

0 100 200 o0 400

[Al] / mol L-!

Fig.7 Plots of the concentrations of various elements vs. the aluminum concentration in the insoluble fraction of
wet depositions ), @, snow ; A, rime on No.I; A, hard rime on No.1; <, rime on No.2; [, coal flys ash. Solid
line, regression curve for snow; dotted line, regression curve for rime. Reprinted with permission from S. Imai et al.:
Anal. Sci., 34, accepted for publication (2018). Copyright (2018) Japan Society for Analytical Chemistry.
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Fig.8 Wavelength Dispersive X-ray Fluorescence data for the insoluble substances in snow and rime together with
standard samples®”. (A) S-Ka spectrum: a, NaSOu; b, NaHSOq; ¢, NapSOs; d, NaHSO4; e, cystine, f, rime sample
at Feb. 21, 2014. Reprinted with permission from S. Imai et al. : Anal. Sci., 34, accepted for publication (2018).

Copyright (2018) Japan Society for Analytical Chemistry.
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Table 1 X-Ray spectral chemical shift (§) of S-Ka peak in standard sustrates.

6/eV
S (VD S av) S (D S (0) S (=11
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snow, hard rime, and rime 2%. Standar samples: S(VI),
NaxS04; S(VI), Na2SO3; S(II), NaHSO4; S(—1I),
cystine. Average, I, +S.D. Reprinted with permission
from S. Imai et al. : Anal. Sci., 34, accepted for
publication (2018). Copyright (2018) Japan Society for
Analytical Chemistry.
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FOPEIED S (VD EH B, [nonerusal-S(— Dca]™
IIBOKH OUEEY H OIEIDED SAD ZH &
Y. REIRBMRREE T TOBREIVIRE
pmol L™ ITHAE L TR L.

IEEY D crust.-S(VD) B X SAD D 5 I

% 1t N EN S erustar S(VOMI™ % B K VS

[noncrustal-S(— IDM] ™™ % & E 89 U,
 erustal-S(VD]™ %
= [erustal- SC(VD) "™/ [S]™ x 100 (6)
/ Tnonerustal-S(~TD]™™%
= [noncrustat-S(—ID)]™/ [S]™™ x 100 )
W25, HEiRlEHRTY, R UEBRNKILT 5.
Fig.10 70 5 HHBARI R &R T HEMER— A T 1 >
ELTHOKRTZDOHRD SV 2R iEd 5. L%
DT IS RODEAWEA T TIRE S CalBE
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Fig.10 Plots of [M] vs. [S] in rime and snow
collected in a one-day accumulation in Table 6 in the
reference *”. (A), Ca; (B), Si; (C), Al Solid line is a
ratio of [obs M] Vs.[obs.S] in the hard rime. @, snow;
A, rime; A\, hard rime at No.1 site. O, snow at various
sites in Japan. Reprinted with permission from S.
Imai et al. : Anal. Sci., 34, accepted for publication
(2018). Copyright (2018) Japan Society for Analytical
Chemistry.

Table 2 Mole fraction in percent (%) of S(VI) and S(—II) based on the chemical shift of S-Ka and the [M] in

hard rime at No.1 site 2.
Date c/eV [Ca]
S(VD/ % S(=1D)/% S(VD/ % S(=1D/%
Dec. 24,2013 29.0 71.0 38.0 62.0
Jan. 22,2014 29.7 70.3 28.6 714
Feb. 16,2014 44.6 554 42.1 58.0
Feb. 21,2014 25.9 74.1 29.5 70.5
Average+SD 32.3+84 67.7+£8.4 34.6+£6.4 65.5£6.5
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Fig.11 Fraction of S(VI) and S(—1I) of insoluble sulfur ), Reprinted with permission from S. Imai et al. : Anal.
Sci., 34, accepted for publication (2018). Copyright (2018) Japan Society for Analytical Chemistry.

FEOMIZ—F L7z (Table 2). ZDFik%E Ca i
EREEHRT D, ZOFETEEOEREHO WL
EIZBITDEEFOA T T OIFIRESHT LB
B ETT O kR % Fig 11 lRLU .

6. ARJUBEMEREMBORE X
61 ARZ AT v ahbDREE

(SEM-EDX) 'V

ik Z ADVANTECH® X > 7L > 7 1 )b
% — (fliFL. 0.45 um) TS| 5 4 = [ SR 1
L, ABEFOGERT IAT v aDRED
MR NERIRL D — KL F T D72 DICE D E
(DIRAET SEM-EDX & (TE A L /2. KifE 3 um
LR ORIF D %17 > 7=. SEM-EDX #7113,
HIENA 77 8K E 22 51 1A SEM (D TM3000
R E 7213 TM3030 %Y (IHEEFE 15.0 kv, IR
[ 30.0 s) IZ EDX-SwiftED3000 % %35 L T \»
7z. TR DRI 5B % EDX 70 M THE M L
7= (Fig.12).
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Fe, Al, Si, Ca, Mg, Na, K Z M L 7=. Cr,
NiZEDHEPEMRE SN TEH D, —
T AN =B 0E NS BEEEOR T %
AWK THELE ART I T v a
@ R 72 FE Bk 43 D (1) Fe, Si, Al, (Ca, Mg),
(Na, K) 258k F2 7 TU—FA: QTi %
B FAKT&NTTYU—FTi; 3)Fe, Si, Al,
(A F AR HED N, K) 253U —Py 5 (4)
Fe, Si, Al, (Ca, Mg) #7157 3Y —P,: (5) Fe &
BETSLAIEAIESIiZNTFTY—Pss (6)
ENBHTEROK FTh2 FehitTahsd
1) — UPFe TZ 7 A45\F (Fig.13) T&5%. ZZ
T, 05 OMEH/NER{A KL F % ISP (inorganic
sphere particulate) &F39". % 5 FREIER T 24~48
h BfOACE DN S HEFEILIX FA & FTi VRO
AREA-A, dtsEHEIZ P 23 D AREA-B, )]
fif 51X AREA-By, BEILE -T2 7 - M
I Ps R D AREA-C, H AT UPFe WV D
AREA-D & U C 5 #1273 %8 (Fig.14) T&E/= 2
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Fig.12 SEM image and energy dispersive X-ray spectra of small inorganic spherical particles in the residues of
rime. Reprinted with permission from S. Imai et al. : Anal. Sci., 34, accepted for publication (2018). Copyright (2018)
Japan Society for Analytical Chemistry.

@) FEit O, ® JtFEFE O. () E\El_l;:é\ ®) BA
GIBEEEEN) O ) mpvecEme 00

%0
0

Fig.13 Hexagonal diagram models of distribution of inorganic small spherical particles in winter wet depositions
collected at the summit of Mt. Kajigamori (St.1) and aerosol in Tokushima City, J apanlo’ D Cited with backtrajectry
Hexagonal chart pattern: (A) Huabei chart, (B) Dongbei chart, (B2) Korea Peninsula chart, (C) Heilongjiang-
Primorsk - Russia chart, (D) Japan urban chart.
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Fig.14 Locations of the regions of origin of atmospheric aerosols containing inorganic small spherical particles
reported in previous works'?. Categories: A, Hebei, China; B, south area of North East China; B>, Korea Peninsula;
C, north area of North East China and Maritime Province in Russia; D, Japan. Reprinted with permission from S.
Imai et al.: Bunseki Kagaku, 67,95 (2018). Copyright (2018) Japan Society for Analytical Chemistry.

EMG, FBEMBZHEE CTE2TFEELTHEY
Th5.

62 Pb-Cd 7Oy bk BEEE
HEICHIT 2 ARBBEICK S Pb & Cd DI
HENS, Pb/Cd DERIIZILFES 40, LA
50, B 94, TEHHE 195, BEILA 31 LS
INTND., AREEREIE (LfEE 12685,
#Fedb (el - JEEC - K 1.5 8 b 2, 54 0.63
Bk, HhE 028N, BEILA 037/ b
>, JLEEE027 N TH B, BEBIUDO Y
T A O T Y 0 )V O Pb/Cd HiZ 15 5
K40 ThH O ARHEEITHE L1E N>, E
50128 k>, HADEST O Pb/Cd Hid 30
~40 THO, AXRBEEITIEE>THD. L
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D BERFTITE < TPb/Cd=99 12 L&, fEinHh
HT3~18HH 5.

TUE O IEIC B D 8OK & RF R (—50
B, BXY, BARBRWOERRTOS
Bt Pb-Cd 7Oy b (Fig.15) 217> 7/=. ISP
I D < AREA 0T IR 72 AHBEBE 4R 23 b o
7z. ZZT, AREA-C ZIRES b EITHT
% Pb & Cd O [a] i B A5 7 I B fELIBE T D i 1)
NICKD<. AREA-CD S ELDIRAT 25
B, 2EMHTTHDZENRRTHDLEEZS
N5, RAGEFOP, CdiEED 7Oy MZ
BT WEFERRD S FEAEMB DR E T 5.
Pb/Cd HIC K BIREE ISPDL —% —F v+ — h
XD RAFEDORBENELZRGEEH DM, KT
DEMDENOFETH 5.
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(a) one-day event
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Fig.15 (a), (b) Plots of [Pb] vs. [Cd ] of rime (A) and snow (O) samples collected on Mt. Kajigamori 3, (a) data
of the same day collection of rime and snow. Si: Dec. 24, 2013 ; So: Feb. 19, 2012. (b) all data in 2014 y. ~2008
y. Linel: [Pb]=32.56 + [Cd]—1.0 1(r2109008); Line 2: [Pb]= 15.15 + [Cd] —0.874 (r2:0.9676). Reprinted with
permission from S. Imai et al.: Bunseki Kagaku, 66, 95, (2017). Copyright (2018) Japan Society for Analytical
Chemistry. (c) Plots of Pb and Cd shown in Table 1 in the reference 3%), Categories: A, AREA-C; A, AREA-D.
Correlation curve: Line a for A of AREA-C, Line b for A of AREA-D. Regression line obtained in remote area:
Line 1, AREA-A; Line 2, AREA-B; Line-3, AREA-B;. Reprinted with permission from S. Imai et al. : Bunseki
Kagaku, 67, 95 (2018). Copyright (2018) Japan Society for Analytical Chemistry.

ISP 25 DIFEIL AREA-A TH o /=4, Pb/ 70w b Figl6 (a) IZHB W TEBILFE HEREGE
Cd HLTIZ AREA-B, £ > 2FFITIE, O B (@) OBAITKRD 7 [AlwE AR & R IR
FHROWMICB W TEIILORMARE ZE S Z#HIHTHS. 1FLAEORBHIFRHER AP
WA CR®O 7= &£ &, 72 hBiIZ AREA-B, 48h  WNIZ & % 2 Dec. 27, 2010 ; Dec. 8, 2008 ; Jan.1,
ATIC AREA-A ST <, 24 hillE TSR 2009 ;5 Jan.10, 2009 1ZEFREL O 15 (Pb U v F),
i, T U CHAM E222 M U7z HEEIL4A  Feb. 11, 2013 (F1 Py) ; Feb. 23, 2013 (F1P2) T
FIEIC & 5 EIELRIEA/N > TAREA-B, 5 (nss-S04> U v F) TdH o 7=. Fig.16 (b) 1T
REMMALZAERTH . BROBEHDS BULTEDKO =D OMBIBIRIZIT .

AFHH2SATEET dH 5. nmeph ¢ [Pb]
=1.60 + [nss-SO4> ]+0.138,
6.3 M(Cd, Pb) —kiAEME SO HHRIRHE 7 1 = 0.8843 ®)
Fig.1613, [Pb]—[nss-SO4> ] & [Cd]—[nss-SO4” ] "Meph rich: [Pb]
O7Ov hERLUE. FEHO [Pb]-[nss-S04” ] =0.926 - [nss-SO4> ] — 0.624,
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Fig.16 Plots of [Pb] vs. [nss-SO4° ] and [Cd] vs. [nss-SO4” ] in rime and snow >”.

(), (c) O snow: 2014, 2013, 2012; <> 2011, 2010, x2009, +2008 , @ same day sampling of rime and snow. (b)
A rime: 1. Jan. 22, 2014; 2. Feb. 9, 2012; 3. Jan. 23, 2013; 4. Feb. 16, 2012; 5. Feb. 29, 2012; 6. Dec. 28, 2013; 7.
Feb. 16, 2014; (d) A rime: 1. Jan. 5,2014 ; 2. Jan. 22, 2014; 3. Jan. 23, 2013; 4. Feb. 9, 2012 5. Jan. 29, 2012;
6. Feb. 16, 2013; 7. Mar. 14, 2013; 8. Dec. 28, 2013. (a), (c): line 1, regression line (solid) of same day sampling
group (?) with standard error (dotted). (b), (d): line 1 and line 2 for regression line (solid) of the sample with
standard error (dotted). Reprinted with permission from S. Imai et al.: Bunseki Kagaku, 66, 95 (2017). Copyright
(2018) Japan Society for Analytical Chemistry.

¥ =0.9099 ©) PRSI PH NS> Bl L 7= AR 72 =D O FHRIBAfR AN

OHIBIRIRAE 5 7=, Bk O EIR IR D 27
) — 7% "™pp (line 1), "™Pbe.ricn (line 2) & EF%
U7=. BPKIZ, M HEROE XD nss-SO47~ Uy

FTHO, FUEEOBIKTS nss-S0 1 v
FIZH BT I — T Uine2) DEFEMLEL . FEOD

[Cd]—[nss-SO4* ] 7TV I Fig.16 () TlL, [AIH
EREGRRE (D) 12 31T 2 [l 1B #65 0D R e 3 % i ]
MEELETH BN CAY v F & nss-S042 U
Fikk N H 5. BDKO Fig.16 (d) TiE, =i
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WL~
meCd 1 [Cd] = 0.0488 + [nss-SO4> ]+0.0517,

’=0.9376 (10)
MeCds-rich: [Cd] = 0.0202+ [nss-SO4> ]+0.0574,
*=0.8718 (11)

DHIBEREETH 572, BEKTIE "™ Cd, "™ Cdssich
EER LU= FHEIGLEHC BT 2 I O ER
E DM S nss-S04° U v F12 7 )b — 7 (line
2) DIFENHIETH 5. BIKIE, T XD nss-
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S0 UvFTHY, [FUREOEDKIZBNT
b nss-S047 U v FICRD VI — T HNEIET S
ZENHID THn T

7. BHLYIC

AMICPBNTEABE A=K DTENS
DRGIG R E O KA X (2B L T WDXRF
M5 G RIRBEA AT DIEKEEA A b EY
DALFTERER ATk, B X SEM-EDX BXL U
GFAAS/ICP-MS %512 & 0 Ak D HEE O Fik
MRHE N,

(1) A F D DILFRER 4R

BOKREDWEBICHWEZATL T 1))
4 — L OO ITFE T %2 WDXRF [T X % FP
FEIRE D EEE T — RIZBIT 5 S-Ka D1k
2T b, BIY, mAoMET—-RIIBITS
SKa#tDItFL 7 hZEHNWHEZETAIFTD
L FIREER T FIRETH 2 Z E Wb o 7z
F/z, BOK EFREHIBRE S N 2 2\ EEY D
CalRZ L SIRENSRBEOSEHEITHX @),
B) TWHEDWTILERE TN AIRET H o /2.
BRENE N EDSRIBEY > TV THIER
BRI TN TE 5.

(2) SEM-EDX [C & BREBDORE

BUOKRFICE N5 EE/ NIRRT, EITh
7 TAT v kT ORI A L HEIC P E O
KIJFEEaaE D S OB O KRB R g
FIETEDZENDOMN D= HRDORRDHT
BOL—¥—F v — b\ =25 HEE, dt
HES, WIfEEE, BEILA-O 7R
AARICHDETE, D, ZNs0h>-dY—1Z
A D FRLAR B K OB RIALAAR LT D Uy 72 itk
Kop&—8 U KOFEEMZEFRERELT
HET&EB L —P—Elor.
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(3) Cd-Pb, Cd-SO4, Pb-SO4 DFERKLE
FAFRBRBEIC K > TREHIT Cd, Pb, BXLU
FAbiis N L' S NS, 25 ORER
PRBER DAL AF 9 2 2 & 2R LU TR
JEEL EFAIR & DB Z 2. FINIR 1T %
B E LR W=D B K OFENTEAE, &
HTHoD. KNFEBOHRSTELEREDOK
BB FE LM IER L ——Tdh 5.
LLED X S ITHEDN S DA RRBEFEHY O &
PEEERIE OB/, FAEICDOWT X #5
KB X OFAERRETH D Z ENbM o

&
AHFEDO—HBIL, B AR SR A E
WiBhE [FBIIE (C) ] (26340084) DXARIZL D
BRINEZEEMEL, ZTICHEEZRLET
JSAC Anal. Sci. (Fig.3, 6, 7, 8, 9, 10, 11) B & U
H A 73 Bk 22 2 50 A Ak 258 (Fig.12, 14, 15-1,
15-2, 16) IZBWTIIHBOFF#E 2157,
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