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Tephra layers intercalated in the Yashio GS-YS-2 core

The Kanto Plain of central Japan is widely underlain by the Pleistocene Shimosa Group. The
photograph shows the Middle Pleistocene tephra layers intercalated in the 94-m-long GS-YS-2 core
recovered from Yashio, Saitama Prefecture, central Kanto Plain. YS2-1 and YS2-2 tephras are
correlated with TE-5a and TE-5b, respectively. YS2-3, YS2-4, and YS2-6 tephras can be identified as
A,Pm or AsPm of the Omachi APm series. YS2-7 is possibly correlated with BT72. Of them, TE-5a,
known as a widespread tephra indicating MIS 11, is useful as a marker tephra to understand basin
morphology beneath the Kanto Plain. See Sakata et al. (2011) in this issue for details.

(Photograph and Caption by Kentaro Sakata)
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Kentaro Sakata, Tsutomu Nakazawa and Hiroomi Nakazato (2011) Depositional cycles and tephrochro-
nology of the Pleistocene Shimosa Group in the GS-YS-2 core, Yashio, Saitama Prefecture, central Japan.
Bull. Geol. Surv. Japan, vol. 62 (9/10), p. 329-345, 8 figs, 4 tables.

Abstract: Sedimentary facies and tephrochronology of the Pleistocene Shimosa Group in the GS-YS-2
core recovered from Yashio, Saitama Prefecture, central Japan are examined. Our detailed examination
reveals that the depth range of 37.02-94.40 m which corresponds to the Shimosa Group is divided into
10 lithofacies units, A to J. Of them, Units G and J are composed mainly of humic mud interpreted as
marsh facies. Units A, D, E, and H are characterized by bioturbated sandy mud and/or muddy sands
indicating bay facies, and Units B, F, and I consist of well-sorted sands interpreted as shoreface to beach
facies. We recognize four depositional cycles corresponding to the formations in the standard division of
the Shimosa Group. Each of them comprises the marsh, bay, and shoreface to beach facies in ascending
order. Consequently, the examined interval in the core section is divided into four formations; they are
Formation I (Units A and B), Formation II (Units C, D, E, and F), Formation III (Units G, H, and I), and
Formation IV (Unit J).

The core section intercalates some tephra layers. The lowermost tephra layer in the core section is A, Pm
(TE-5a) of the Omachi APm series, known as a marker tephra indicating MIS 11. It is intercalated in
Formation II. A tephra layer which is similar to BT-72 considered to have falled at MIS 10, is recognized
in the lowermost part of Formation III. Therefore, Formations I to IV are correlative with the Kasamori
Formation of the Kazusa Group, the Jizodo Formation, the Yabu Formation, and the Kamiizumi Formation
of the Shimosa Group, respectively.

The correlation between the GS-YS-2 and the other cores in the central Kanto Plain makes it clear that
each formation of the Shimosa Group becomes thicker and represents deeper distribution northeastward
from the GS-YS-2 drill site. These characteristics are distinctive particularly in the lower formations.
These indicate that the area northeast of the GS-YS-2 drill site was continuously subsiding during the
deposition of the Shimosa Group.

Keywords: Yashio, central Kanto Plain, Middle Pleistocene, Shimosa Group, sedimentary facies,
tephrochronology.
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Fig.1  Maps showing drilling sites. (a) : Drilling site of GS-YS-2 core examined in this study and those of reference sediment

cores. (b) : Detailed map around drilling site of GS-YS-2 core. Base map from Digital Japan Web System by Geospatial

Information Authority of Japan.
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Unit division Facies Depth |kormation
TP+1.662m (environment) (m)
. Alternating beds of sand and mud,
Elevation Depth UnitJ intercalating peat beds 37"?1264 v
m m (marsh) Some sand beds reverse-grading
El Upward-coarsening sand
30— Upper:
Heavy mineral concentrated,
Unit| middle- to coarse-grained sand
B ni _ 41.04-
beachto | | Middle: 57.11
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-50 — .
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i beach to ) Middle: 79.25
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60 — - (bay) - .
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9] .
+= f—
i £ 80 — UnitD | Upward-fining, bioturbated 83.77-
8 80 — (bay) sandy mud with basal pebbly sand, 88.75
c containing shell fragments
£ T Unit C 789.00-
70 - ) (lag) Pebble (core disturbed) 8939
e - A= € Y52-1,Y52-2
] Unit B Upward-coarsening, 89.39-
(shoreface) parallel to low-angled cross stratified 91.12
sand, containing shell fragments 1
-90 — X
80 - Unit A Upward-coarsening, biourbated, 91.12-
(bay) massive mud and sandy mud 94.40
- LEGEND
peat or peaty Mollusca Cross-stratification
mud .
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Fig.3  Columnar section of GS-YS-2 core.
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150 nm O ¥ — A%I¢ 200 FEA L THIE L 2. lig o
WD 728, 2DO0%MTHELZT7DDT 7 J D4
82> 5 BB O AR A& BRI K DR, FofF
@D AHHEE FHOMESIZHIEL 72 (B 1%).
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GS-YS-2 a 73 flide £ 94.40 m TH 32, wRD &
912 37.02 m DIFRIFHPE: R R O R & & 2 5
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Table 1 Difference of measurement result for some standard tephras between measuring method 1 and 2.

Tephra Oxide composition of glass shards (wt%) Measuring
Si0, TiO, ALO; FeO® MnO MgO CaO Na,0 K,0 | Total | method
AT | 7825 012 1235 123 005 021 113 335 332 100.00 @
7826 015 1222 125 006 013 113 340  3.41 | 100.00 @
Ha_a() 1692 025 1204 147 006 035 161 380 260 | 10000 @
7682 040 1280 154 040 031 162 372  2.69 | 100.00 @
Haea(2)| 1813 030 1246 134 006 030 133 340 269 | 10000 @
7792 034 1220 137 005 027 139  3.62  2.84 | 100.00 @
vpi 7782 005 1243 082 002 018 079 307 484 10000 @
7809 011 1187 092 006 006 083 279 526 | 100.00 @
chp |7137 016 1304 088 005 020 095 352 384 100.00 @
7658 022 1305 088 007 016 097 392  4.15| 100.00 O]
Kng |1786 026 1198 123 002 027 131 290 417 10000 @
7782 029 1174 131 003 019 125 294 443 | 100.00 O]
ke703 L1162 028 1564 281 011 095 391 405 063 10000 @
7090 042 1563 304 017  0.84 425 414  0.62 | 100.00 @
a 0895 0728 0910 0912 0529 1023 0897 0734 0909 | .y @4y
b 8292 0001 1340 0056 0010 0064 0.109 0868 0.115

FeO™: total Fe as FeO
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part of Unit F. 7: Middle part of Unit F. 8: Upper part of Unit F. 9: Unit G. 10: Unit H. 11: Lower part of Unit I. 12:
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YR - BBk & TRER - FRI D~ JDR D RE & D
HEMS k5. BHIZTROI=y b2 5 Wi Z51L
T 5. WIS ETEANE O S, W 39.96—39.83
m (23R 28 BT IS IR R R ISR A Wi —
FA Vv oREPBER IS, £-%% 38.17—37.19 m
P& B0k, WEIREO RIZRETH 5. KL=y
b O AT IZHER B R & B 2 S AR S RE T
3.
5. 77 oMEEE

A7 TIE GS-YS-2a 775 10 DT 77 % il
ETZENTEL. DIMICTI LD, PHERE, kE
&, ORiE, RREORL T, JEHTER A & ORtEUE AR A
g 5. JRITROLBIT AN DA n, R
OEEEy, KiWH 7 20858 n DL LTORT. &
B&ET 7 7 0ANGRUFAODOIEITIRO 2 75
2RSS, KlH 7 ZADBITEDO L Z b 5T L3
62, #7770 T7ERIIFETHIRNT. /77
T ORLHEAENRMASE 2 RICE LD kB YS2-1,
YS2-7 WS DT 7 Fi2onTE, KA T ZFEE LT
WB 72D EITROUEIETE L h - 7.

51 YS2-1 5775

I 86.50—86.24 m IZHAET 2 JH)E 26 cm DIKEE
OMKiH T 2ET 75 Th5. BRIZIEWLO2DH
FIROEENG R RSN S, AREUED BRI TR
86.49—86.46 m 7 5 1 ik (YS2-S1) #FRHLL 7=
YS2-S1 &#t - ki KLz 5 2 L HE/R»E 5B, K
(7 5 ZDOBIREHFEINR L <, ROTwERAHE G
ZIUEINE D o, JEITE (n) 13 1.499—1.501 (1.499,
AL E — FfE, BUFREIL).

52 YS2-2777

RIE 86.20—86.18 m IZHAET B JF)E 2 cm DJKIHED
BHET 77 CTh b, KiFITPRBD~HREDY 4 X, X
IR DfEHED 5 1R (YS2-S2) A EREXL 7-.
YS2-S2 :#t : HIMNIANAL L <, icEOR S
WA, ik A . AR OEITE (ny) 13 1.666—1.672

(1.668). #UMEADIENT#E (v) 131.703—1.708 (1.704
—1.706).

53 YS23575

TIE 71.225—71.215 m (ZHAE S B REE 1 cm OIHE
OWHET 77 Th 5. REEITHR~ RS A X,
PR fFUE» & 1308 (YS2-S3) A $RELL 7=.
YS2-S3 ##t : BRI EIEMORIZADENE DD AN
f, Rk, BERE ST, 72, BAROAES
WHFICH S N7z, ANAOIEITE (n,) 13 1.686—1.698
(1.694). BAMEADIESTH (y) TEFAE 211.707—1.715
(1.712) OHPFIZIE 2 & DD, HEF 43 1.729—1.733
CEWEERT RO OGNS,

54 YS2-4575

R 71.14—71.12 m (IZPAET 28 2 cm OIRHED
BHET 7 7. NSRRI A4 X, 1IEh o giE)
513k (YS2-S4) Z4RELL 7.

Y S2-S4 ¥« ARIIZEHIM O RIZAH B DD AN
f, #Uikn, BRERAEE I NS, £, BRRoG
WHRPEFICH SN S., AKAGOETE () 1% 1.690—
1.698 (1.693—1.695). RIMEADIEHHE (y) 1% 1.733
—1.737 (1.735).

55 YS255777%

W 71.09—71.04 m IZHAET /55 cm DIREED

BOET 7 7. KRRy 4 X, HERRRGE & U TR
AOFZEE AR 5N S, M (B 71.09—71.07 m)
75 138 (YS2-S5) Z#FFELL 7-.
YS2-S5 &#t : ERAICEIMII D A AahA, F7
Wia, MERSEENS. /2, BIROGENFEEIC
Aohiz. AKRADEHE () 121.669—1.676. 5
WA SRR D 7= OWE T E 5h o 7.

56 YS26577

RIE 69.33—68.79 m IZHAET 2 JE)E 54 cm DEE
OWRAET 7 7. NiEFHPRWY 4 X BE 69.33—
69.20 m & %¥ 68.97—68.79 m ITITFATHERA R 6N B,
TE (R 69.25—69.20 m) A5 1308 (YS2-S6) %
FRHLL 7=,
YS2-S6 At : AWM EIYIIAA ARG, B
Wi, BERNROGNLZ. HRROAENHEEICETh
3. ANRAOEITE (n,) 131.687—1.696 (1.693). #}
FREGORITE (y) 13 1.731—1.736 (1.734).

57 YS2-7777Z

RI¥ 63.26—63.24 m IZHAET 5 JF)E 2 cm DJKHEGED
WK A2 28777 Thbd. IZIEPROREHEN?S 1 FF
(YS2-S7) % ERELL 7-.
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Fig.5 Histograms of refractive indices of hornblende and orthopyroxene crystal grains contained in tephra layers.

YS2-S7 B#t - MK D KILA 7 26 %55, HIEWIIE 58 YS287772

I o7z KA 7 ZOKRITRAER,  Hp R ¥ 63.21—63.16 m (ZHKAET /5 5 em DIKEED
%<, WATEHEMARSNS. JETE () 13 1.504 BHET 7 7. KRS~ R 4 X M (R
—1.506 (1.505—1.506). J¥63.21—63.19m) 25 150K (YS2-S8) A#RHNL 7-.
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Fig.6 Histograms of refractive indices of volcanic glass

shards contained in tephra layers.
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69.00 m

YS2-6

YS2-1

71.50 m 69.50 m

BIX &7 75 DEH

68.50 m

69.00 m

YS2-88 ##t - HIMI RIS, WRNA 2 5. #
FRADH#E (v) 13 1.698—1.706 (1.704).

59 YS29575

%% 51.43—51.36 m IZHAET B REIE 7 cm DIKEEAD
BHET 7 7. NSRRI~ MR 4 2. B3 (3
J§ 51.38—51.36 m) 72°6 1Akt (YS2-S9) #FRHLL 7=.
YS2-S9 ¥« &ARMICEHGMO RISV, ARG
MR ORTEOSBIER X N2 £z, BRI A%
NPHFIZEEN D, AKNGORIITE (n,) 13 1.677—1.681
(1.677—1.678). FIFMG XM E O - DHIE T E &
"oz,

510 YS2-10775

H% 50.50—50.44 m IZHAET B HE)E 6 cm DIKEAEAD
BWOET 7 7. NEITEEDR ~ MBS 4 X ¢ k7
MRALd 5. T (B 50.50—50.48 m) 75 1 kKt
(YS2-S10) Z4RHLL 7=.
YS2-S10 K # - EHM I ARG & Mg RO R A,
ek &, ANAGOEIT#E (h,) 13 1.676—1.682
(1.678). FUHHEA IARME D 72 DHE LT,

6. BE

6.1 HEREERSS L HERRY 1 )L
2=y b A RIS VIR A S 5D, Y
BEELAH < 21 T3 2 L b WA T b 5 ITREME A4S
<, WHBTH ST LMD, PR AKEOHENFERH
BT SN2 2 L AR E NS, koTazy b

51.00 m

63.00 m 50.00 m

63.50 m 51.50 m

Fig.7  Core photographs of examined tephra layers.
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a7z

ARBNERECHML2E L5615,

2= b B3R ~HRiblE» 520, AFICELA
EHbZ e oipiiE L HEETE 5. WEORFEREI
W& D, IR, b - @W%*@'fﬂ%, TESE, B
AN, R (A, fRUR) ICX4TE S (Walker and
Plint, 1992; Galloway and Hobday, 1996 &£ &). 2=
I B O 91.12—90.76 m I3 RifX & U T MR b~
WK 4 2 CTh D, THEIMEDORHE (Clifton, 2006)

=T 5. WEIZHED 5N PATEEN, (KAFRIESEH
BNV EY 7RG B NE AT = = LIREI G (Walker
and Plint, 1992) DRV H 5. DD Zehb62=y
b BiE MEBAMECHERE L 2= RETER B W B LA 5N B,
F 72— MRS N A MERER Y O A2 RERS M EEHERE
Y1, WRHERIDRET S Z AL NI L5 (Walker
and Plint, 1992 ; Galloway and Hobday, 1996 %% &),
A=y MIBWTE, AKTERIMEAERDO LTI
H LTz EERSMEHERY, AnEHERY s &A% ORE
2K D RATL T2 aTEEEA .

2=y b CIIEEHRM» O 85720, THRLEX—L
NADEWERETOHRPE A 5NDH, 27 OFEH
FZLWOFFIEAHTH S, K=y NI LERE
CEDRIMLTWSEeEL6N%2=y [ BE#Kibd s
WEHERIO 2= b D LOBIMET I 25, I
Z 6 K WHERFICIER E N 7 SR TH 5 5.

2= b DEERICEAE G A EMERLE 2 To
5o EELONS. EBRSEELZ L
ORI EORED D R VBB TR I h 722 L2
MRAD. Ko TARL=y MIPRBEIE THERE L 72 & JE
EEND. TEICE NS HRORERPII T MO =y
b C 25 OWFELE S ISHM T 5 WREE L & 5.

2=y ERERCBEE G T &2 bilgkkE e
Abhb. eMEGLI LD HIREEDHED DN
BB T ORI HEE T & 528, &fke LT EAICH
Kift4 % Z & o3 L TS HEEMEL S 5.

Whinrbhs2=y FFEHFEEL I L5
EigEHEE S NS, 2=y b TERIZH < PATEERE 27
‘%'ﬂ‘% FATH D B MR w ~ iR 2 52 5. 2
= F B EFBRIS, ZhEETEHIMEORHE 87
% (Clifton, 2006). £7-2=vy biFICH 6N EA
g EaliE EAMEOFR S TH B (Clifton, 1981). F
77, W 66.15—66.05 m il W\WTEIgETE 2 4EMA
Macaronichnus segregatis \Z i OHEREIN R IZ /L
5N 5 (K, 1972 RE, 1994 % &). DEkoZen»
AR =y MITEINE~ WA O R & N g i
RLE 2 ons. 7272 LHHE R O CiliE B4 o
NEEERIZRIE S 2 Z & 205, R » & R & M7= EiR
FEERBUZANEICI L 72 PR BRI T3 a <, & LABHE
DORHFE ONPESIZ E TP RAT S Z & TEREN
T2 IR 25 B IREE D #5d O MR D W REME A E .

B3 THREROHRY A 7 LT 7usa gy — (REIED)

2=y b GIITRREPET S Z L, —EBIUeR g2k
F5Z & oM OIER THERE L 72 &Tﬁﬁf x5,
J& 63.69—63.55 m 12 & 41 5 F IR i ~ 0D g 13/
FRAEE 25 s DO HEREI D VI REVED b 5 .

2=y b HIZEIbLAZ&A, EMEELZZTTnw5 Z
ENSMREEEZ oNS. ek, WEIED 503
BER R END Z & kD, R AKIMOMEENTER 2
KEBE TR EN 2 LB EETES. Ko ThRL=y
MINEBBIE THM L2 EA 615,

2=y MIRBORCWREL» 5 5%, HE57.11—
48.75 m IFMAIR I~ MRS & 0 2D, TESHEO R
&—#93% (Clifton, 2006). 2= b FEICH SN
PATTERNE T EIMEORIETH 2 Ty 2 HKE L IE
277 = = VIRFISE P (Walker and Plint, 1992) ®w]
BEMED D 5. )% 48.10—44.81 m IZR 5415 10—60 cm
IR ER SRR A ~ v % & A 5 HRIAE & % D IR
T & Ak ESHEORE TS 5 (Clifton, 1981).
F 72, W 44.44—44.00 m TIRIFEORE T H 5 @i
HIPOEEN R 55 (Harms et al., 1975). LLED
Z bR =y METEINE~EEAD R %
INTHERIE B A 6N 5b. 2=y F FOXHICNERI
DOWEIRFIL T & =T HetE 2 &,

2=y b JIIRIAREA» 650, —ERICIRRER WS
L= voRE (AR, 1982) MR L2 e n
SWINONEIEOHERE M EEZ A 6N 5.

DhaZlwse, dfkiL72100212=y D55,
2=y b ARHEBH, 2=y s B FHME 229y
FCUET U, 2=y b D RO EIZHNEMHE, 2=y
b EF MR, 2= b G, 2=
M HIZAEE, =9 t TIEFEsMNE~mEME, 2=
FJIROEFRHEEERT 2 2R TE S,

6.2 HEUAVIERERS

iR OHERAR AT 2 5 GS-YS-2 T 7 DY 94.40—
37.02 m OXENCIE, FRLE DI OTeRE, NEKD
TE NG, FROWE, S & ZHERY 4 2 LB 6 h
5., ZOXD RHERY A 2 I T B B EREED
THETIZERD 6N, ThEThH 1 O KIELEE)
ARG L TR SN2 E2 6h T\ 5 (185 - T
1989). 7= FEREEHZ, Z0XS kUMY 4 2 L% 1
gL L TRFEX XN T WD (185 - =i 1984).
ZFZTGS-YS-2 A 7I2HWT & BRSO T ikt L
[AARIZ T OHERED 1 27L& 1 R LA, BEX D%
AATz. ZORER, 2= FA~B, 2=y FC~F, 2=y
FG~I, 2= P JDADODHTEY A4 2L &R 7=
ZDHB2=y b A~B, 2=y b JIFHRY 1 v L &
LTIEARREETH S0, Ui A 2 L08R EICK
DRALZZDEEZ 7. ZOXD EHERY A 7 L D—
HRANIFERO TR T EICEY 5 b (G-
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R A

WERE, 1984 ; fEAE - VTHE, 1989). ZL TIN5 DOHERE
Ao LETMED I RE TR, NkE VE& L.

6.3 T7TDOREENE
6.3.1 TE-5 & YS2-1 RV YS2-2

rhHASE IS U 7= TE-5 7 7 Z 13hiEm s » 5 B
FOFBHC 2 TOAL /4 5 (I - #iJF, 2003). Z
DT 7 FIFMKOKINKREG & 72 D B & 7213 iz b %
R OEL2 5 20, miERREERBRALRRAL S Z
LR oTWS (HINEA, 1991 AiE, 2000). A
ReKIKRG X TE-5a, BAkIE TE-5b EMFHEHTED,
TE-5a I3 RBHLR % #577 & 3 2 KB A, Pm Exttbxh b
(HTHD - 8, 2003). %72, TE-53 T HREETIZ M
HRBIZHAES 5 J4 77 5 (T64G - @i, 1984) 1Zxtlb
XT3 (KEIE», 1978 ; HTH - #HiFF, 2003). &
RS U 7= GS-YS-2 a2 7 ISHAfE§ % YS2-1 I3
B % & ok 2 2807 7 57T, KlH 7 ZDEHT
# (n) 13 1.499—1.501 (1.499) O#iPAARd. WH -
WiH, (2003) (& TE-5a Dkil1# 7 ZDHTE () %
1.498—1.500 & LCH D, YS2-1 Dfi & 1FIF—3¥ 3.
FIZKH] A\Pm % &8 KN APm 7 7 7 B BERR IS
sOZ Mo Ty (TH - ¥, 2003), YS2-1
DF e —HT 5. ZOZLH,5 YS2-113 TE-5a (2%t
ahs, £72, YS2-1D 4 em EfiicHeEh s YS2-2
PR~ RS A ZOROET 77 Th D, ARG
DIEHTHE (n,) X 1.666—1.672 (1.668), FHKEA DN
Pr#E (y) 13 1.703—1.708 (1.704—1.706) T&H 5. W]
M - #rFF, (2003) 13 TE-5b OAPIADIHTE () %

2011 4 H62%& 3 9/10 %5

1.667—1.672, RAEAOEITHE (y) % 1.703—1.708
ELTHED, YS2-2 DM IEEF-K LTS, £1-4AF
73N TE-Sa l2xfb ¥z YS2-1 D Fich B Z & »
5, YS2-2 iF TE-5b lZxfbb & 5 ATREME DS .

72, GS-YS-2 37 &[E—Hbi THEl & 7z GS-
YS-3 27 Tld, W 86.77—86.53 m I HELRIZE D
KAt o 2Bk T 7 7 B EAE L, YS2-1 & kRIS
TE-Sa lZfflbxhTnd (hi - hH, 2007). 207
7 7 OKILH 7 ADEHFE (n) 1 1.498—1.500 (1.499)
Thh 6K, H2EK), FRASEHKIE FeO A 0.8%,
Si0, 1 77.9%, K,0 7%4.9% #/m"¢ (F3%K). HRE
TTAAVICEODRHAE R Z L, FiE» (2009)
1I2& D TE-Salcxflb X7z GS-KS-1 T 7IicffEd %
KS-Tla 7 7 7 DR LM E & Bl h—3T 25
ZENS Y TE-ba L DT IEX N 5.

¥ TE-5a DRIKEHEIZDOWTIE, BTH-#HHF (2003)
13 MIS 11 #%H & 2\ & MIS 11-10 BTN MY %
KUK THHE U 7228, HhiEiEA (2009) iF Kameo et al.
(2006) OFERFENAILHERE OXIZHD %, BIKRE
e MIS 11 DY — 7 & L7,

6.3.2 KXHT A,Pm, A,Pm & YS2-3, YS2-4, YS2-6

TRE LR 2R & 45 KN APm 7 7 7 #fid i~k
BHICATTamLTHED (A - FII, 1990), Htm
THRME L THERRGICECHEREDO L OMN LN
ZenEnEFons (WH - HF, 2003). 72K
APm 7 7 S FHE FHiAH 65 APPm~APm &I h Th
D, T2 APm (TE-5a) (ZEHEE TOIAWGAA
HhTws (ITH - i, 2003). AT 75 5L 72

B3E BRETL7H 7 28T 7 7 DERSLERK

Table 3 Chemical composition of glass shards in examined tephra layers.

Oxide composition of glass shards (wt%) Measuring
Tephra Reference
Si0, Ti0, ALO; FeO* MnO MgO CaO Na,0 K,0 | Total | method
TE-5a 77.91 0.03 1232 0.81 0.02 0.13 0.83 3.04 492 | 100.00 ® _
(GS-YS-3)
0.23 0.04 0.12 0.09 0.03 0.06 0.05 0.12 0.21 n=20
77.84 004 1228 0.82 0.03 0.13 0.85 2.87 5.13 |1 100.00 Nakazawa et al
KS-T1a @ (2009)
0.23 0.04 0.10 0.07 0.06 0.05 0.04 0.20 0.37 n=15
Ys2-7 76.86 035 1240 1.56 0.05 0.31 1.69 3.59 3.18 | 100.00 ) _
0.20 0.07 0.09 0.09 0.05 0.04 0.07 0.16 0.17 n=19
YS2-7 77.08 0.26 12.63 1.47 0.04 0.38 1.63 3.51 3.01 | 100.00 ® _
(correction value) (equivalent)
0.17 0.05 0.09 0.08 0.02 0.05 0.06 0.12 0.16 n=1
BT72 77.28 025 12.70 1.31 0.02 0.34 1.44 3.54 3.12 |1 100.00 @ _
0.27 0.06 0.09 0.07 0.03 0.05 0.07 0.09 0.08 n=20
77.26 024 1268 1.33 0.02 0.37 1.36 3.79 2.94 |1 100.00 Nakazato et af
OgA @ (2005)
0.29 0.06 0.07 0.06 0.03 0.06 0.05 0.16 0.07 n=20

upper row: average, lower row: standard deviation, FeO™ total Fe as FeO
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Y S2-3 iRt R ~ KR DS 4 X, YS2-4, YS2-6
Bk A ZOBREETF 75 Chb. 3DODF T I
2 TTHIA, RUila, BRERRCARERR SN S.

YS2-3 ARG DT () 13 1.686—1.698 (1.694),

FOPOREA DRI (¢) 1% 1.707—1.715(1.712) & 1* 1.729
—1.733 Tdh 5. YS2-4 OAPIADIES T (n,) & 1.690
—1.698 (1.693—1.695), RAMEADEH T () 13 1.733
—1.737 (1.735) TH» 5. —Ji, YS2-6 DFAKADIENT
# (n,) 12 1.687—1.696 (1.693), KM DJEHT= ()
13 1.731—1.736 (1.734) <& %. W[ - #JH (2003)
DT A Pm~A;Pm O ARG K OFOFHA OJF TR i%
ZNZFN 1.687—1.695, 1.729—1.736 DHEPHIZIZ 1),
YS2-3 DFIARERERNT, 32077 —7@1@&‘%@1@@
AT 5. YS2-3 OFHFMODENTE (v) 4%
3HBH, 1.729—1.733 LW S AR SN 5. JLBO)
ZEnb, FHESITYS2-3, YS2-4, YS2-6 DKT T T
NAPm~APm OWFhrixflbTcE b LEZ - M
M- #FF (2003) & TE-5a % A,Pm {2, #AK (2003)
WEHUEE RO EAIZH 28O Ybl 2 APmIZRtbL
72, ZOMIIZETS L & TE-Saloxttbdh b YS2-1 &
BICHERSY 4 2 VICIB L, 7D, YS2-1 O FRiICHfEd
% YS2-3, YS2-4 KU YS2-6 1F A,Pm & %\ ik A,Pm
IStb S B AREE A E 2 55, YS2-3, YS2-4 KU
YS2-6 I3mlgHicieEh, T 7 7 ISR S 0
bNbZ NG, DPRPETHBEHLZZENELLN
5. &oTZhoD7T7F7FAPmHENEAPmDE
HBOENPOELDEREE TAR DT 7 TOAHENES b B.
6.3.3 BT72 & YS2-7

Y S2-7 13 R~ rh IR D KL 5 22 & SR B
BT 7 7 L oxtbr i e h s, TE-S © BTk
¥ 5 ADBHHE (n) 25 1.504—1.506 (3T % /RTIEET

7Z7E LT, BB 7O BT2 (&I - HNA,

1991) b F 65 h 5. BT72 13 ABRER 2 7 D K1-175 (%
JIEA>, 2000), HEEWHREFLTT 77 (0O - RS,
2008) Az, FOFEMIE 349 ka (MIS 10)
LEhTn3 (RiGIZA,, 2004).

BT72 O Kl # 5 235N - A (1991) 12k D 1.498
—1.504 (1.502—1.504), Satoguchi et al. (2008) 2
&1 1.498—1.505 (1.502—1.505) WX hTH D,
BT72 125tk & 5 RORIE K FRIT O Kl kilk OgA
o kiliF 5 213 1.502—1.505 (1.503—1.504) THH (+h
HUEA, 2005), YS2-71dZh6 KRR @mOEITE%E
AT KA 7 ZOFERGCFMBEIZONWTAS L, 5F
1 ROMIERENZ K 0 RAFOME S ICHiIEL 72 YS2-7 ©
Mk, BT72 U OgA IZxfL, FeO & CaO CTlo
PLEEOEZERT OO K P ERT GB3%K).
ZD&H1Z, BT72 & YS2-7 13 K IR &R § 43,

JEHT I L OFER G EFRIC B L Wi s e & 57
W, TITERNILOTMEEMAEMT2ICEED 5.

B3 THREROHRY A 7 LT 7usa gy — (REIED)

6.4 HEXNHWOTHBE O

IEDoxL=y F DICHET S YS2-1, YS2-2 1 E T
RS RO J4 (TE-S) 77 Ficxbdh s, ko
T, T THREROR FERICHY 3 2 Mk 25t
ENB. WD, MEIITEO LN O A 2L Tdh 3
2N PRIk TE S, ZOBI=y G
AL 5 YS2-7 % MIS10 Of5tEF 7 5 T& % BT72
ISR L2 LT FIFIZ A, TRERNVEICIZfEE S
TIFIPAEL 0D, TRIZIREO PS5 2 &
25 FiERETR LIBOFHREHYEEEZE L ohd. T4
HBH GS-YS-2 237 Tldx=y It B-CHEAWERLED
R - TRETESRICHY T2 E A 605, FVE
MO ENICE T 5 Z &6 PR ERB I
Eha.

65 EEOIAT7EDOHERVTZhSLOSHEIN B
EEE

WIZGS-YS-2 a7 &iEiBinoar Loxttb#4r5. K
WFZE ¢ b R IR A BT ERIT FORIR S TR I ERE L 7=
GS-SB-127 (1K ILNEA, 2009) K OW K
BRI AR THYIERENL 72 GS-KS-127 (1K
HRYIE A, 2009 5 i - HE, 2011) & oOxtE1T -
= (5 8X). GS-YS-2 a7 T, MEwiE (1) |
7% 89.39—63.98 m (11 -87.73—-62.32 m) , & (11 /)
IR 63.98—41.04 m (2 -62.32—-39.38 m), i
J& (VR 3% 41.04—37.02 m (I -39.38—-35.36
m) IS0 AT 5. GS-KS-1 Tl s k13 e 134.12
—85.60 m (1= -128.79—-80.3 m) 12704 % (rhi#
EA, 2009). F 72 #EIEEER 85.6—65.6 m (&K
-80.3—-60.2 m), ESFEIIHEER 65.6—52.6 m (B
-60.2—-47.3 m) (255 (hiE - H, 2011). —J,
GS-SB-1 2 7 I3BEX A THbN T EnE DD, W
J¥ 164.875—135.33 m (1% & -153.139—-123.59 m) I
W5 B iR & e R ORI L, IS
118.375—105.60 m ({5 -106.639—-93.86 m) ¥/,
I HE OIS, TR 75.45—72.00 m (1 -63.71—
-60.26 m) OUFERRE I E RGO I & B ThE
PEAURIE X TWD (IUEMEA,, 2009). B EDOZ &n
5 GS-KS-1 27 KU GS-SB-1 27D FaEHD &R
J81& GS-YS-2 a7 Dz & D &S ISR A
WZ EDR gD

F 72U, B, BT REM S E B A Bah e
57:8 3 KD 7 OHKRKEIENR, GS-YS-22 7D
= b CHIE (s B g L), 2=  F 5
I (s R R ), 2= v F HIEE (8N
EIRIGHER), 2= b TR (B REIEE) 12
M B4 HUE & L, K2 710810 35 Mmi%E % L
L7z (B8N, W4, ZOME, KIEUEEOEE
20, Ul b, BTSN, PRIEYEIEE BRI
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# 44 GS-YS-2,GS-KS-1 KU GS-SB-1 O &HUEMODIER (T. P. +)

Table 4 Elevation (T. P. +) of major unit boundaries in each core.

GS-SB-1 Differenf;e of GS-KS—1 Differen(lze of GS-YS-2
elevation elevation
Base of
Yabu | Unier | T94.86m 19.86m ~75.00m 19.55m ~55.45m
Fm | Baceof | _10276m | 2246m ~80.30m 20.07m ~60.23m
Base of
Jizodo | Unit F -126.96m 22.14m -104.82m 27.23m -77.59m
Fm | Baceof | _14496m | 2620m | -11867m | 3094m -87.73m

TRELEBZEDBPLE MBS, ZTDZLiEH5EL
& & M R KON R T S IR P LAk 1 < Bl L
TWZ &Y. DA 5722 sl % ik L
vl RS SR DA = e L ) s N E 0 SR A |
BAM (0 14.0 km) &b B - EHR (89 22.6 km)
DN NBIMEFOREE IR E NI PRI S. L
AU, FEERITITEEA - ST o & S UE T O R S 2 13
-BABOZEREREN» L AN L, By - EE &
D & G - A R O AMEF) EAA K E N & AHEE X
3.

L Z AT, PEO (1997) 13, EEEMOMK L EN S
BUE O BIHOE 2 EB) O O A BIRAEHERIZ 5 5 & L
TW5, F7z, ik (2008) #EHERILHEICHWTT
KRB TR Y kg D 3 AR T RE A & IRk O HVE S A B & »1C
LT3, S0 GS-YS-2 2 7 OfEHI13 I8 (1997)
R2F4E (2008) 5 AVR L 72 TR O M AR R O R & L
THS DR EFNNTH 5. Tabb/ilE G
JLER IR, B ERIEAR R ERER L RS & TR
JEHE S RO RIEAVNE L, ViR O D bl e LT
RS 6h, B ERACHE & E RS O Rk < bk
FNMENASEDICHY 252605,

7. ¥&D

B R IR O TR SR B W THEfE L 728 — )
VD GS-YS-2 AT ICDOWTRIM A IS 217y, HERY
BRBE L HERE Y 4 2 NAZOWTELR L. 72, a 712k
{957 7 T2V TERHETY, BT 7 7 & oxt
aERA., BISEBEO 27 O AR L2 %
BUTDOEH12F0E5N 5.

1) GS-YS-2 ZGHIC &k D THi2AH A~J D10 D2=y
MIZO, HERGBREEAZR L. 2= 9 b ARNE
fH, 2= F BIZMEIME, 2= F C 37 7 4R,
2=y b D KO EGNEHE 2=v b FIETFHE
~WEM, 2= b GIZWEFEM, 2=y F HiEWN

B, 2= b TIE FNE~HERME, 2= F JiE
YO IR & IR & vz,

2) 1M OWARAEZEN & > TER S W 2HiFr 4 2L
FlREELCKa7%E1IE (2=y bA, B), I
J§ (z=v +C, D, E, F), g (== +G, H I,
NVE (2=v bJ) D4ODOREIZXSrL 7.

3) GS-YS-2 2 712id YS2-1~10 D 10 BDF 7 5 H3$k
f£4%. ZD5 5 YS2-11x TE-5a, YS2-2 1% TE-5b
IRl X h B, 72, YS2-3, YS2-4, YS2-6 13Kk
W] APm 7 7 5 #D A,Pm & %M A;Pm, YS2-7 i
BT72 T& 3 nlGEMEn & 5.

4) FilT 7 2SR, TR TR RE T e g 12
Mlbaha, EMEEREO MO TR ERRETEY
TR Y g, Mg o Lo N3 #EkE, Mo -
MOV FRE IR E 5.

5) GS-YS-2 a7 #¥kkna7 (& GS-SB-1 27X
VS GS-KS-1 2 7) LU =R, FREHO
&G DA ALV IS W BRREINICEL B B 2
EN g o Tzs UH - BTRETCIEA 4 < L & HE R g
B O HER I 2 3L P 5 ke 1 S LT /e
LEZOND, FEEEORRIME A 2 kiR T g
L7245, U - B BB - BN & 0 & faish i
BRENT EDND 57

B RS KR RAS RS2 1L BT72 OB & 2
ffenzz22 02 a7l - A OPIAOEREE, PERF
AR GEES MK R O R MRS (4, 4
W B R AT BB ELE) sk 0 iTbhi. 77 701k
FOMIHRASH B E IZ L > Tirbhz, K=Y v
7 Laidh R A S thic L D Fii Sz, HYHEE
ZEOM L FK GOEERITZERM) RUERiE ok
P AIG BB RUTZEEM) 22 53 &FRA4 WML T2n
NAEREE T A Y P RTEW . PR £ 12 L #tLH
L3,
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IR and XANES spectroscopic studies of humic acids reacting with
Cr(IIT) and Cr(VI)

Atsuyuki Ohta"*, Hiroyuki Kagiz, Hiroshi Tsuno’, Masaharu Nomura®,

Takashi Okai' and Norio Yanagisawa’

Atsuyuki Ohta, Hiroyuki Kagi, Hiroshi Tsuno, Masaharu Nomura, Takashi Okai and Norio Yanagisawa
(2011) IR and XANES spectroscopic studies of humic acids reacting with Cr(I1I) and Cr(VI) Bull. Geol.
Surv. Japan, vol. 62 (9/10), p. 347-355, 6 figs, 1 table.

Abstract: To elucidate processes of Cr(VI) reduction by humic acids in soils, humic acids reacting with
Cr(VI) were characterized using IR and X-ray absorption near edge structure (XANES) spectroscopy. It
is expected that oxidation of humic acid by Cr(VI) gives rise to the formation of aldehyde, ketone, and
carboxyl species. However, no significant increase of IR-bands assignable to these functional groups has
been reported. Instead, IR absorption spectra of humic acid oxidized by Cr(VI) show similar features to
those of humic acid reacting with Cr(III). Consequently, the types and proportions of functional groups of
HA substances did not differ significantly among experimental conditions. The IR spectra of humic acid
reacting with Cr(IIT) and Cr(VI) show increased intensity of IR bands at 3400 cm ', 1608 cm ', and 1384
cm’', with decreased intensity of peaks at 1707 cm™' and 1236-1250 cm™'. Those changes suggest the ex-
istence of bonding structures of two kinds: hydrated Cr forming an outer-sphere complex with humic acid,
and Cr forming an inner-sphere complex with the carboxylate ligand of humic acid.

The Cr-K edge XANES spectra of humic acid reacting with Cr(VI) suggest that Cr(IIl), reduced from
Cr(VI), binds with humic acid. No systematic difference of XANES spectra was found with increased
amounts of Cr(VI) in experimental solutions. These features are consistent with IR absorption spectra.
The fractions of two kinds of binding forms suggested by IR spectra were determined from linear com-
bination fitting using XANES spectra of reference compounds: 50% hydrated Cr(III) adsorbed onto HA
electrostatically and the remainder of Cr(III) binding to carboxylic acid of HA. However, with increasing
pH of experimental solutions, some Cr precipitates as Cr(OH);*nH,O in the solid phase. The pH level or
Cr concentration must be reduced to prevent production of a Cr(OH),*nH,O precipitate.

Keywords: hexavalent chrome, humic acid, FT-IR, XANES, oxidation state, speciation analysis

1. Introduction acid (FA), is important for alleviating environmental

problems because the pollutant Cr(VI) can be readily

Cr(VI), with high oxidizing capability, causes skin
inflammation and tumors in humans and is linked with
carcinogenesis. In stark contrast, Cr(III) is an essen-
tial element for living organisms and is both less toxic
and less soluble than Cr(VI). The reduction—oxidation
process of Cr in natural water and soil environments
has therefore been of great scientific interest. Espe-
cially, the reduction of Cr(VI) by organic materials in
soil environments, such as humic acid (HA) and fulvic

reduced to Cr(IIl) in field systems (Kozuh et al., 2000;
Wittbrodt and Palmer, 1996). Studies of reduction of
Cr(VI) in soils have mainly targeted their reduction
kinetics and have particularly addressed the presence
of Cr(VI) (Kozuh et al., 2000; Wittbrodt and Palmer,
1995, 1997). However, little information is available
in relation to the chemical state of Cr after Cr(VI) is
reacted with soil. Fukushima et al. (1995) compared IR
spectra of the HA and Cr(IIT)-HA complex. They con-
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cluded that Cr(III) binds with carboxyl groups of HA.
Nevertheless, it remains unclear how Cr(VI) influences
the complex formation of Cr(III/VI) and HA. Tokunaga
et al. (2003), Tsuno et al. (2006) and Kappen et al. (2008)
applied X-ray absorption near edge structure (XANES)
spectroscopy to observe differences of Cr speciation in
Cr(VI)-contaminated soils. They also specifically ex-
amined detection of the presence or absence of Cr(VI)
because soil systems are too complex for speciation
studies of Cr. The complex formation of HA oxidized
by Cr(VI) and Cr(III) might differ from that of un-
damaged HA and Cr(III). In addition, Cr(III) that is
reduced from Cr(VI) might form oxide and hydroxide
precipitates without complexation with HA. To provide
answers to these questions, we examine the changes of
functional group of HA oxidized by Cr(VI) using IR
absorption spectroscopy and elucidate the speciation of
Cr(VI) reduced by HA using XANES spectroscopy.

2. Materials and experimental methods

2.1 Experiments

Two kinds of HA, purchased respectively from Wako
Pure Chemical Industries Ltd. and Aldrich Chemical
Co. Inc., were selected for use as reducing agents. The
Wako HA had been extracted from peat soils in Hok-
kaido (Fukushima et al., 1995), but the place of extrac-
tion of Aldrich HA, originally in Na-salt form, was
unknown.

Humic acid reactants with Cr(VI) and Cr(IIl) were
examined using FT-IR spectroscopy. First, 250 mg
of Wako HA was dissolved in 500 ml MilliQ (MQ)
water for measuring IR absorption spectra. An aliquot
of 50 ml of Wako HA stock solution (0.5 mg/ml) was
placed in a 200 ml glass conical flask. The K,Cr,0, and
Cr(NO,),°9H,0 were used, respectively, as reactants for
Cr(VI) and Cr(III). Solutions of 2.5 ml and 25 ml of 0.5
mg/ml Cr(VI), 120 mg of K,Cr,0, reagent, and 10 ml
of 1 mg/ml Cr(IIl) nitrate solution were also placed in
the vessels. A 0.17 mg/ml HA solution without Cr(IIl/
VI) was also prepared as a blank. After the pH in ex-
perimental solution was adjusted at pH=2 using H,SO,
and NaOH, solutions were diluted to 150 ml using MQ
water.

For the measurement of XANES spectra, 50 mg of
Wako HA and Aldrich HA were dissolved respectively
in 500 ml MQ water with 5 ml of 1 mol/l NaOH. Then
50 ml of HA stock solutions (0.1 mg/ml) was placed
in a 60 ml PFA vessel; 2.5 ml of 0.5 mg/ml, 5 mg/ml
and 50 mg/ml Cr(VI) solutions and 2.5 ml of 10 mg/
ml of Cr(IIT) solution were also added to the PFA ves-
sels. The pH in the experimental solution was adjusted
to pH=2 for Cr(VI) experimental systems to accelerate
Cr(VI) reduction using H,SO, and NaOH. The pH of
Cr(IIT) experimental systems was adjusted to 4, 6, and
8 to achieve adsorption efficiency. Solutions were di-

luted to 55 ml using MQ water. The 0.1 mg/ml humic
acid solutions without Cr(IIl/VI) were also prepared as
a blank.

Reactant vessels were covered with aluminum foil
to shield light-transmittance. The reactant vessels were
shaken at 40 rpm using a turn—overturn mechanical
shaker during 15 days for measurement of IR spectra
and during 7 days for XANES analysis. After the reac-
tion, a few drops of 2 mol/l H,SO, were added to the
experimental solution to precipitate HA. Cr(III) was
not dissolved from HA in this process because Cr-HA
bonding is expected to exhibit substitution inertness
(Ohashi et al., 2005). A few minutes later, the solution
was centrifuged at 3,000 rpm for 15 min. The precipi-
tate was filtered using a 0.1 pm PTFE membrane filter
and dried under vacuum at room temperature. The
sample materials were placed on a filter and were kept
in a refrigerator before IR and XANES measurements.

2.2 Determination of Cr(VI) concentration in solu-
tion

A spectrophotometer (Model 6C; Hirama Rika Ken-
kyujo Ltd.) with 1 cm glass-flowing-cell was used
for determining Cr(VI) concentration in solution. The
Cr(VI) concentration was determined from absorbance
at 540 nm derived from Cr(VI)-diphenylcarbazide
complex. Table 1 shows the Cr(VI) concentrations re-
maining in solution and the respective initial concentra-
tions. We confirmed that the Cr(III) was not oxidized to
Cr(VI) by humic acids in the experimental condition at
pH=2-8.

2.3 IR absorption spectra of Wako HA reacted with
chromium

A Fourier transform infrared spectrometer (Magna
550; Nicolet Biomedical Inc.) with a DTGS detector
was used for the measurement of IR absorption spectra.
The resolution was 4 cm'; the scan number was 64.
The KBr pellet method was adopted for spectral mea-
surements. Pellets were prepared from approximately
1 mg of HA scratched from a membrane filter and 200
mg KBr.

2.4 XANES spectra of K-edge chromium reacted
with Wako HA and Aldrich HA

The Cr K-edge XANES spectra were recorded in
fluorescence mode at the BL-12C of the Photon Fac-
tory in the Institute of Material Structure Science, High
Energy Accelerator Research Organization. A Si(111)
double-crystal monochromator was used to produce a
monochromatic X-ray beam. The monochromator was
calibrated at the sharp pre-edge peak of Cr(VI) at 5,989
eV using K,Cr,0, powder in the transmission mode.
Fluorescence X-rays (Cr Ka: 5.4 keV) were measured
using a 19 element pure- Ge solid-state detector (No-

— 348 —



XANES spectroscopic studies of humic acids reacting with Cr(III) and Cr(VI) Ohta et al.

Table 1 Reduction rate of Cr(VI) with Humic substances

Humic substances for FT-IR analysis

Sample no. Wako HA

Cr concentration pH

Cr(VI) reduction rate

1 0.17mg/ml - 2.0 nd.
2 0.17 mg/ml Cr(IIl): 67 ug/ml 2.0 nd”
3 0.17 mg/ml Cr(VI): 8.3 ug/ml 2.0 21%
4 0.17 mg/ml Cr(VI): 83 pg/ml 2.0 8%
5 0.17 mg/ml Cr(VI): 800 ug/ml 2.0 7%

Humic substances for XANES analysis

Sample no. Wako HA

Cr concconcentratior pH

Cr(VI) reduction rate

1 0.09 mg/ml Cr(VD:23 pg/ml 2.0 100%
2 0.09 mg/ml Cr(VD):23 pg/ml 2.0 30%
3 0.09 mg/ml Cr(VD): 230 pg/ml 2.0 15%
4 0.09 mg/ml Cr(III): 45 pg/ml 4.0 nd”
5 0.09 mg/ml Cr(III): 45 pg/ml 6.0 nd”
6 0.09 mg/ml Cr(Ill): 45 ug/ml 8.0 nd.”

Sample no. Aldrich HA

Cr concentration pH

Cr(VI) reduction rate

1 0.09 mg/ml Cr(VD:2.3 pg/ml 2.0 100%
2 0.09 mg/ml Cr(VD):23 pg/ml 2.0 100%
3 0.09 mg/ml Cr(VD): 230 pg/ml 2.0 31%
4 0.09 mg/ml Cr(III): 45 ug/ml 4.0 nd”
5 0.09 mg/ml Cr(II): 45 pg/ml 6.0 nd”
6 0.09 mg/ml Cr(Ill): 45 ug/ml 8.0 nd.”

n.d.”: not determined

mura, 1998). Detuning was performed by reducing the
incident flux to 70 %. The XANES spectra of all sam-
ples were measured under atmospheric pressure and at
room temperature. Interference in Cr K-edge XANES
spectra resulting from the blank in a PTFE membrane
filter and HA not reacting with Cr(IIl) and Cr(VI) was
negligible. For comparison, chromium compounds
of several kinds (K,Cr,0,, Cr,0;, Cr(NO;);*9H,0,
Cr(OH),*nH,0, and Cr(CH,COOQ),) were also measured
in fluorescence mode.

3. Results and Discussion

3.1 FT-IR spectra of Wako HA reacted with Cr(III/
VI)

Figure 1 presents IR absorption spectra of Wako HA
reacted with and without Cr(III/VI) in the region of
4000400 cm™'. The broad peak at 3400 cm ™' and the
band at 2920 cm™' are assigned respectively to H-bond-
ed O-H stretch and aliphatic C—H stretching (Senesi et
al., 1986; Stevenson, 1994). Four prominent IR bands

are found in Wako HA in the 1800-1200 cm™' region,
where COOH stretch, COO ™ asymmetric, and sym-
metric stretch bands are clearly visible. The absorption
at 1707 cm ' is caused by C=0 stretching of COOH
groups; the peak at 1608 cm ' is attributed to C=C
vibrations of aromatic rings and/or carboxylate COO~
asymmetric stretching; 1384 cm™' is explained by OH
deformation, C-O stretching of phenolic OH, CH
deformation of CH, and CH; groups and carboxylate
COO symmetric stretching); the band at 12361250
cm ' is assigned for carboxylic -C—O stretching or —-C—
O-H deformation (Fukushima et al., 1995; Stevenson,
1994). Absorption at 1107 cm ™' is attributable to OH
deformation or C-O stretching of phenolic and alcohol-
ic OH groups (Senesi ef al., 1986). The band at 1035
cm ' is attributed to C—O stretching of polysaccharides
(Senesi et al., 1986).

Matsubara and Nakayama (1992) and Shinozuka et
al. (2002) reported that HA oxidation by permanganic
acid potassium (KMnO,), ozone, and hydrogen perox-
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Fig. 1 IR absorption spectra of Wako HA reacted with and without Cr(III/VI). For all spectra, the relative percentage of transmittance
is shown against the wavenumber (reciprocal centimeters). Numbers in brackets are sample numbers presented in Table 1.

Spectra are shifted upward and downward for clarity.

ide (H,0,) gives rise to formation of aldehyde, ketone,
and carboxyl species and to dissociations of aliphatic
species and C=C bonding of aromatic species. These
reactions strengthen the IR bands at 2920 cm '(aliphatic
C—H stretching), 1720 cm™" (ketone and carboxyl spe-
cies), and 1400 cm ™' (OH deformation of phenolic OH)
and weaken the IR band at 1600 cm™' (C=C vibrations
of aromatic rings) (Shinozuka et al., 2002). Figure
2 portrays the relation of absorption ratios of 1707
cm /1608 cm ', and 1707 cm /3400 cm ' and 1608
cm /3400 cm™' to concentrations of Cr(IV) reduced by
HA in experimental solutions. The 1707 cm /1608 cm'
and 1707 cm'/3400 cm™' ratios should increase and the
1608 cm /3400 cm ' ratio should decrease concomi-
tantly with increasingly reduced Cr(IV) because the IR
band at 3400 cm™' is irrelevant to a reduction—oxidation
reaction. Actually, all ratios decrease concomitantly
with increasingly reduced Cr(IV) (Fig. 2). The result

is inconsistent with the fact that a considerable amount
of Cr(VI) was reduced (Table 1). A likely explanation
is that the Cr(VI) oxidized low-molecular-weight HAs
thoroughly to H,O and CO, because Cr(VI) (K,Cr,0,)
is highly oxidative. Alternatively, Cr(VI) concentration
might be too low to produce notable changes in the IR
spectra of HA.

Figure 1 shows that the IR bands of 3400 cm ' and
1608 cm ' became slightly intense and that the band at
1384 cm™' broadened and increased its intensity with
increasing initial Cr(VI) concentrations in experimental
solutions. The peak at 1707 cm™' became weak and the
band at 1236 cm™' shifted to 1250 cm™'. Its intensity
became weaker with increased Cr(VI) concentration.
These changes of IR spectra are consistent with the
changes caused by HA-Cr(III) complex formation
(Fukushima ef al., 1995). Fukushima et al. (1995)
explained that the inner-sphere complex formation of
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Fig. 2 Relation of IR absorption ratios of 1707 cm™'/1608 cm™", and 1707 cm™'/3400 cm™" and 1608 cm™'/3400 cm ™ to concentrations

of Cr(IV) reduced by HA in experimental solutions.

Cr(IIT) and -COO" strengthens the band at 1608 cm™'
and broadens the band at 1384 cm'; weakened two
peaks at 1707 cm ' and 1230 cm ' are explained by the
dissociation of —COOH, resulting in the increase of —
COO' species. In contrast, the increased intensity of IR
band at 3400 cm ™' might result from precipitation of Cr
hydroxide. However, the experimental pH (2.0) was too
low for the formation of Cr hydroxide (e.g., Richard
and Bourg, 1991). Moreover, Figure 1 shows no intense
IR band at 540 cm ' that results from the Cr-O lattice
vibration of Cr hydroxide (Amonette and Rai, 1990).
Senesi et al. (1986) assigned the strong absorption at
3410 cm' for Cu absorbed on HA samples as outer-
sphere complex formation. That inference was sup-
ported also by their ESR data. Therefore, the increased
intensity of IR band at 3400 cm ' is explained by the
presence of hydrated Cr forming an outer-sphere com-
plex with HA. Nevertheless, it is difficult to determine
the fraction of two kinds of binding forms using the IR
spectra. The problem is discussed in the following sec-
tion.

3.2 XANES spectra of K-edge Cr(III/VI) reacted
with humic acid

Figure 3 portrays Cr K-edge XANES spectra of sev-
eral chromium compounds, HA reacting with Cr(VI)
and Cr(IIT). The XANES spectra of K,Cr,0, have

a sharp pre-edge peak at 5988 eV and a broad peak
around 6030 eV. The main peaks of Cr(NO,);*9H,0
and Cr(OH);*nH,O were assigned at 6003 eV. The
Cr,0; and Cr(CH,COOH); are also trivalent Cr com-
pounds. The former has duplicate peaks at 6002 eV
and 6006 eV. The latter has a broad peak at 6007 eV,
which features differ from those of XANES spectra of
Cr(NO;),°9H,0 and Cr(OH),*nH,0. Because XANES
spectra are sensitive not only to valence states but also
to chemical species, they are useful for fingerprint
analysis.

Figure 3 also presents Cr XANES spectra of reactant
HA. No sharp pre-edge peak characteristic of Cr(VI)
(5988 eV) was found in any HA sample. Moreover,
the Cr XANES spectra show no considerable differ-
ences with increased amounts of initial Cr(VI) in the
experimental solutions. Instead, they resemble XANES
spectra of HA reacting with Cr(III). Results suggest
that only Cr(IIl) that had been reduced from Cr(VI) by
HA is bound to HA, although unreacted Cr(VI) appar-
ently remained in some experimental solutions after the
experiment (Table 1). Moreover, no evidence indicates
that Cr XANES spectra differ between the reactant HA
of two kinds. Results suggest that types and proportions
of functional groups that bind Cr(III) might be similar.

IR spectra suggest that Cr forms the inner-sphere
complex with a carboxylate ligand of HA and the
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Fig. 3 Cr K-edge XANES spectra of several reference materials, Wako HA and Aldrich HA reacting with Cr(III/VI). Numbers in
brackets correspond to the sample numbers presented in Table 1. Spectra are shifted upward and downward for clarity.

outer-sphere complex with HA. The fraction of two
kinds binding forms is determined from the linear com-
bination fits using Cr(NO;);*9H,0 and Cr(CH,COO),
as end members. A standard material, Cr(NO;);*9H,0O
has high ion binding property and its XANES spectra
is useful as a model of pseudo-outer-sphere complexes
of Cr(IIT) and HA. Chromium acetate is substituted
for Cr-carboxylate binding, although HA contains both
aromatic and aliphatic carboxylic acids. Figure 4 shows
the linear combination fitting results of 0.09 mg/ml
Wako and Aldrich HA reacting with 23 pg/ml Cr(VI),
which suggests that the contribution of outer-sphere and
inner-sphere complexes is about half-and-half for each
HA sample. Similar fitting results were obtained for
Wako and Aldrich HA reacting with 2.3 pug/ml Cr(VI)
and 230 pg/ml Cr(VI).

Figure 5 shows XANES spectra of Wako HA reacted
with Cr(IIl) at pH = 4, 6, and 8 and Cr(OH);*nH,O0.
The main peak shifts slightly to the higher energy
side (see small allows in Fig. 5) and the absorbance in
the region of 6008—6018 ¢V becomes weak with the
increase of pH. The XANES features of HA reacted
with Cr(IIl) at pH= 8 and Cr(OH),*nH,O resemble one

another. The same result was found in the Aldrich HA
experimental system. It is possible that a part of Cr in
solid phase exists as Cr(OH),*nH,O because trivalent
chromium ion is hydrolyzed even in low pH conditions
and precipitates as Cr hydroxide (e.g., Richard and
Bourg, 1991). Actually, Kappen et al. (2008) reported
that Cr(OH), precipitates in the reduction process of
Cr(VI) in soils at experimental pH of 4-6, although
they were not formed in our Cr(VI) reduction experi-
ments at low pH.

The fraction of Cr(OH),nH,O in HA substances can
be determined from linear combination fits using HA
reacted with 23 pg/ml Cr(VI) at pH=2 (sample no. 2 in
Table 1) and Cr(OH);*nH,O as end members. Figure 6
suggests that the concentration of Cr(OH);*nH,O in the
solid phase increases with increased pH values: 12 %
at pH=4, 30 % at pH=6 and 50 % at pH=8. Similar fit-
ting results were obtained for Aldrich HA experimental
systems: the percentages of Cr(OH),nH,O in the solid
phase were, respectively, 7 % at pH=4, 31% at pH=6
and 46 % at pH=8. These observations are consistent
with values reported by Kappen et al. (2008). The ex-
perimental method we used here should be improved
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Fig. 4 Linear combination fitting results (dotted lines) of XANES spectra of Wako HA and Aldrich HA reacted with 23 pg/ml Cr(VI)
(solid lines) using Cr(NO;);°9H,0 and Cr(CH,COO), as endmembers. Proportions of the endmember spectra to the linear
combination fit are indicated for each sample. Spectra are shifted upward and downward for clarity.
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Fig. 5 Comparison of the Cr K-edge XANES spectra of Wako HA reacted with Cr(IIl) in various pH conditions; the spectra of
Cr(OH);°nH,0 are included for reference. Spectra are shifted upward and downward for clarity.
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Fig. 6 Linear combination fitting results (dotted lines) of XANES spectra of Wako HA reacted with Cr(III) in various pH conditions
(solid lines) using Wako HA reacting with 23 pg/ml Cr(VI) at pH=2 (sample no. 3 in Table 1) and Cr(OH);*nH,0O as
endmembers. Proportions of the endmember spectra to the linear combination fit are indicated for each sample. Spectra are

shifted upward and downward for clarity.

to obtain Cr(IIT)-HA complex without the associated
Cr(OH), precipitate. The reducing pH level (about
pH=2) or dilution of Cr concentration is expected to be
effective for the purpose.

4. Summary

Properties of humic acid substances and speciation
of Cr in the reduction process of Cr(VI) by humic ac-
ids were examined, respectively, using IR and XANES
spectroscopic methods. Although it was expected that
the oxidation process of humic acid by Cr(VI) produce
aldehyde, ketone, and carboxyl species, no significant
difference was found in IR spectra. XANES spectra re-
vealed that Cr(IIl) reduced from Cr(VI) binds with HA.
The IR spectra of HA reacting with Cr(VI) and Cr(III)
suggest the presence of an inner-sphere complex and
outer-sphere complex of Cr(III) and HA. The propor-
tions of binding forms of the two types are estimated
as one-to-one from XANES spectra. However, with
increasing pH, Cr(OH),*nH,O precipitation associated
with HA-Cr complexes is not negligible.

Acknowledgment — The XANES experiments were
performed under approval of the Photon Factory Pro-
gram Advisory Committee (2004G122 and 2006G107).
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Yutaka Kanai and Yoshiki Saito (2011) Characterization of environmental gamma-ray measurement sys-
tem with a well-type Ge detector and the contamination in background spectra by nuclear power plant ac-
cident — a case study in the Geological Survey of Japan —. Bull. Geol. Surv. Japan, vol. 62 (9/10), p. 357-
369, 14 figs, 1 table.

Abstract: A renewed low-level gamma-ray measurement system was developed and its characterization
was studied. The cryostat of J-type that means the Ge detector is sideways arranged in parallel with the
liquid nitrogen Dewar bottle, was effective for the decrease of the background counts. Moreover, the
oxygen-free copper with few impurities contributes to the decrease in continuous and peak background
counts. It is also effective for removing interference of the indoor radon and thoron to reduce the space of
the Pb shield room.

The influence of the geometry of the detector and the sample is estimated to be about 1% change of peak
strength with 1mm change of height in the sample container. Therefore, it is necessary to correct the peak
intensity by the height in the unit of mm or to prepare the samples with the same height accurately.

Although the experiment using a point source and the model calculation considering the geometry of the
well-type detector showed a similar tendency in relation to the detection efficiency, they didn’t show the
actual change in counting rate. It turned out that the influence factor of the self-absorption caused by the
sample thickness on the detection efficiency is much larger.

In this system, the detection limit of Pb -210 is low because it is not detected on the background,
and an excellent measurement is possible in Pb-210 measurements of the sediments. However, a little
contamination of Cs-137 remains after the nuclear power plant accident, and it is important to check it in
the calculation of the sedimentation age by Cs-137.

Keywords: environmental gamma-ray measurement system, well-type Ge detector, detection efficiency,
contamination of detector, nuclear power plant accident, Geological Survey of Japan
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2559 FMENZ EHPEET, ZO-0iEHE K
EL LEDRSEREL 728 D& SRR 2T
HAIL CES5E 488, Rk ERFIHL TNy 2
7y MERLERI S 5 E, fkek TRAL IR T
5. HIEEFORELIZ BT, ZhoWEIchaE
Hpo—Dotko>TWwW3., L2L, FOM&akEL 457

WME AR A ORGEME &2 IR L, WEREA#Z 5
ZERMETHBHN, ThoORESMEE 3wz $
&L\’ Z &3 CIREET, SEEISEERER) A BEE IR L

ROELITR T RS OBFRCIRE S h 7z h Thife &%
é%ﬁu

FHHRIZIE, 7T 78R (a ), X—28 (B,
Hy<it (y#), PHEFRERD 25, KFERIZEO
TBEHNOH v <28 T5. 2O,
EIRERA LY 2 =12\ iE, WA - WER E OHER
BRESRIHO—ER L LT Zh & CIREDOHERGIE 4§/ -210
FBILE->THEHLTE TR, T3 HAMr L=
Y LCPRMARR N ERIC & B AV RRIE S 2 T 4 &
WTEZPLTHS BlZIE, &I - MlE, 1995 ; &

2, 199551997 5 1998a, b 2000 ; 2002 5 < - HN,

2004). &Ml 4 v~ #EHAOD 72 8 O g s % T8
LT Kr~filEs B L 2z allEy 25 4%
B EF . WIS B W TR S OR S EETH B
2, AW THE ST 3 FE R A ORI B3
BRI E D LA IEL  GEFNIE A, 1989 5 1991 5 &JF,
1993), FEMAMENIZFEAEZINTVEL., £ T,
KW CIIHEATRO Y & =128 5 H e+
IZUT, ZORHER S IR DR & D% Mgt L
7AERIZOVWTHE T 5.

F7z, frL @ 201143 H 11 HOH H A KR K K
HHROHERICK D2 HREEN ) WSS W hRE w
DIRFIFFRIZ & > T, KEO AN TS E 2 515+
i ez (HlzE, TEPCO, 2011 ; J51 15k
WAES, 20115 IAEA, 2011). Z Ok RIZHE AT,
3w #-131 (1-131) #91.6 X 10" Bq, £ 7 4 -137
(Cs-137) 9 1.5 X 10" Bq &I T 5 (NE'E

FENEIARE, 2011). ZOMKER, KL 2F 41280

LT X BB DOERERABIHI SN 7=2DT, ZOMFE
IZOWT T 5.

2. RBREE

Wk Y BB Y 25 4%, (1) KIE ORTEC 4k
SR EARES AR 2 (GLW-140230-S) & #iEfio &
FAX ALy bT, Wik 100 mm- # FIT A LS
mm * EEREHFH6 mm: 727 VIS5 mm- 50 mm - M
R 5 mm) ZMANCEEZ L2Y 2T 4, (2) KE
ORTEC #H8UF F Rtk il & (GWLL-120230-S) &
JRID 7 4 X 24y T, gk (81115 mm - §k 48
mm- 7 F IV A2 mm- BERH 20 mm- 727 Y5
mm) T a7 —HOBICWHNCHE L 72 2T L Th -

= (BHHEA, 19955 1997). B & Wik R O Bl iE o
M%%%ll IRL7z VAT A () iF, RO IR
I2d % 24 K ZEF D & 5 Y — L N RIS
BEh, VAT 4 (2) FEED1EICH 5 WEORRM
@&Wﬁéhé%ﬁ(ﬁfiLmIﬁ¢)'ﬂ%éhf
Wi AR TIE (2) DV AT LAEEHLTCED, *

i@)*EORmCﬁ%#Eﬂ¥§%@ﬁ%(mmf
120-16-LB-AWT-HJ-S) & J D s 54 4 24 v t O
AEDHET, WKL ZORETY 274 (2) &L
TH5. WEDEND—DIL, BEEUETETY) Ty
TEITAKX ALy OB SHEL THMFT &
L7z (HIDOF T v av) Z&iidb. BROZ LN
5, MHEDOHETY Fxy v T4 424y b

I ENBE T I = L, AT VLA, MEEEH S
S, WEEARKHTY T Y - P YA -RIGEDRA
DB Ny 275 Y FHEOME % 1T 5 &
2L T3 (LB-AWT DA 7Y 3 V). £72, Wiy
BOHFOKREXIZ, IhxTCORBAR (FLr it
#110 ml VL 3119-0010, PPCO) % & L TN{E 16
mm, W& 40mm & LTW3,

. Pbshield

@“

Well-type Ge detector

N

7

Liquid N, dewar vacuum bottle ~ Cryostat

1 TRy & iR & ORIk A2 R TSI,
Fig.1 Outline of cryostat of well-type Ge detector and
lead shield.
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BRET v SHE HIIFF AL Ge BRI S ORFE L IR FRUS K B3y 2 775 o v Bl (&I - 751%)

BB OB EIRIEFEIZ Ge MEFHO K E SITKAFT S
2, FllD Y 2T A0k EETE & FKT, fE0oX
E X013 120 ml, AHXRIEAH 20 % DL EOFHEE AL T 5.

3. HIEHF

FRB O E BEHIEIZ B WX, RO Y S
EDIRTERAIT->THD, FEYEHIHETH 5.
v 5 v RAINREO T EMIZIE NBL (New Brunswick
Laboratory) @ counter calibration sample % H:Aib TR
L, dbtTHEGRHI B % BB 2 5 U Tl
g (FDGMISERR) % 5 %Fe,0,1228% K512
HAL, 0.005 %U (50 ppmU), 0.05 %U (500 ppmU)
HEORWEICHAE L MY v a0EEHIZIE, NBL
analyzed sample No.82 Th ore (Th 0.02 %, U 0.0008 %)
A U7z HERGEE R IC I € > v 4 137 (Cs-137)
&4 5 DT, NBS (National Bureau of Standards)
BOWSHER 4354 (FIHIED Cs-137 ¥ : 3.35x107
Bq/g) KOVIHER 43508 (IO Cs-137 R :
1.48x10° Bq/g) ZfiAL 7=, REHIEST S H ) v 41
13, KA U A8 (RDGMEERER) 2wz, Zh
5%, FURRIEICHH 95 10 ml O F L7 v 1kl
% (3119-0010, PPCO) o—@E®= (BIAIE, 1¢g 3
g, 5g 7g 9¢g 12g 15g%&E) MWL, v v 7
THALT, v7 VRIWHETIEN 1 » A2 TRGHTF:
i3 LT S BURBRIE 2 17 5 72

MR A v 22 FEE T, Na-22 (Amersham
International Ltd. ¥t 75 2 F v 7 B EHHIE « I IFIZ
#9318 Bq) #MBEIKOEILEIZD D L, mEED G
S BRI AT B IHRRDOWE %47 - 7=

4. BREEBE
a1 Ny 997772 FDER

SRIOY 27 LT, WigkzOEORERFDO (2)
DY AT LERUEBEDT, Ny o759y FOELI,
EH L 2RIEBREA DN 2759V FREZDED
Ths. HF2MZ, IhEFTOy274s (1) KT (2)
EARWRDY 2T 4 (3) TO, HYIHAXT P
DRI IZ 31 5 25—50 keV, 100—150 keV, 200
—250 keV, 300—350 keV, 400—450 keV, 500—600
keV, 700—800 keV, 1000—1100 keV, 1200—1300
keV, 1500—1600 keV, 1800—1900 keV D F-¥5/3 v &
7T v FEBEROE N AR 22, HEhBsid, AT
VIR K AEREANDOT T VEELC K > TEC TR
D, W2 2759y FOHVHFEOMIZEBRHIEOS
DA IBGREFIZ B IRAFL T 5. BIFHEA (1997) T
LWME LTV D 2, (1) OFEATERSIDE% 10 cm,
15 em& L7280, JAICHELZED (V2T
& (2 RU(3) Tid, HifoSy s s 7Yy FOKIE
KT8 6 T 5.

GHIED (1997) OEAKTRLIZY AT 4 (2) DSy
75y MR, AEIZICED1/20KkEX k5
TW/=D&ZZIZFTIEL, MESE 2 XICE#+ 5. B
VAT A (3) T, EEARY 2T A (2) ERILED
T, N o539V EFEY AT A (2) IRFEICTH
BH, PSR S ERMENETICH 5. O L2
LI, ST L =Rl dEE ORrE L HEE s B,

F2, 02T 4 Q) kBT, Oy FEr
TOMEE T I =7 L7505 WREFRHIS IR L 72 A
Hot=h, TOFMERIIINE TREN LGS Z
ZT, TV RFy vy TOMBIZEZ/Ny 07 T79 Y FD
ol A 8 3 KNSR L 728, MR SRER A\ DA T N v
275y FEIE7 LI =y 40O T 0.86—0.99

Continuous background of Ge detector

1. E+00 I I
—e—This study (system(3))
1. E-01 ---e-- System(2) < revised from
Kanai et al (1997)
—~—Pb10cm
1 E=02 ﬁ\ }vertical (system(1)) ||
. —*—Pb15cm J (Kanai et a/., 1997)

Background (cps / keV)

1.E-03 e
1.E-04 V.u'a“‘*9<—=——;:§ijijiijf
1.E-05

0 500 1000 1500 2000

Energy ( keV )

2 X BRRGHRHIE Y 2 7 A28 BNy 2 S
v v FEHEEROZAL.
Fig.2 Continuous background count rate of various

radiation measuring systems.

Continuous background of J-type Ge detector

~ 1.E-02 ; 1.2

= ---8---Al endcap

~ —O0- Cu endcap

~ —a— System (3) 111

o --+--Ratio (Cu/Al)

& 1.E-03 --«--Ratio (system(3)/Cu) |] 1.0°

©° LA +

g = - , k]

o . . - T U .

) VAN N h 109«

2 | E04 ' Bep 0.8

g Background K@

[m} 10.7
1.E-05 0.6

0 500 1000 1500 2000

Energy ( keV )

B3N GeidiTy F¥ v o 7OME (Al, Cu) DiEWL
12X BNy 27Ty FEHEER
Fig.3 Background count rate of Ge detectors using Al and

Cu endcaps.

— 359 —



WEFAAR 2011 4F ZH62& 5 9/10

KL 72, Ny 22590 FE=2 80k DK
DUTHRIERAL T E A 5728 D8£, H1RITR
NBEEIIZTLIZY LADBICHBEOY — 2 2Rl TY
5 V25D Pb-210, Pb-214, Bi-214, U = 425D
Pb-212, KU K-40 1%, MERIHOMHIZLD Pbh-214
& K40 DAITIA L, WMELIKT Lz ZOMBE»S5

BlE STV Py TICETENy 2759 U F
¥—2 (GWL-120230-S).
Table 1 Background peaks in various endcaps (GWL-

A D D NRBERFAMBEE T5Z LT, Ny oS
Sy FMERTE S Z EAHEHL 7=,

AT AL (3) DEHLZ GeBOTY FFx vy
T, HEOMBEEMET LI =Y AT, SEES S
MET LI L EHHL TS, 20D, w5 V%
B Pb-214, Bi-214 ® ¥ — 7 38l E =4, K-40
DY =3t E o7z £/ Y274 (2) &
WRES N 775 v FAMETEENS & 5 2%, Gl
W5 &, MERIEOMG Ny 77Ty FENR 100
keV &0 TIERL Eh -7z LirL, fioT x L ¥ —
BEIK T 0.85—0.97 £ RIF A K FA2/AR L7 ZHhidkk

120230-S). " . N
: MEBEHOMOESR S A TOHMA B 12k 5 b0 L%
endcap : Al Cu éltl(ﬂ;/l)s ) hé .
. paty=1 = K>, . N N N S = N
measurement 767666 500738 597033 7o, BAPOTF Y \ bu Y BIRON Y 27T Y
nuclides BG940527  BG9Y0127  BG0Y1225 FeH50T, INEMIKT 572010, WikikND%E
energy (keV) MAENELS T2 LRRMESEN SRS AEHRT S L
Pb-210 U 46.5 18E-02 < 14E-02 < 14E-02 N L .
Th-234 U 6329  <16E-02 < 14E-02 < 1.3E-02 K (i - Wb 1987 BA§IEA, 1989 5 KFHEIE A,
Ra-226 U 186.18 < 19E-02 < 22E-02 < 2.0E-02 1989) 2H 5. SO A5 4 (3) T, MWiANIZ
Pb-212 Th 23863 | 28E-03 < 156-03 < 1.2E-03 FIWZ F 1 — L & FHEM E U TR TRET&1T0, 20
Pb-214 U 295.22 5.2E-03 4.7E-03 1.1E-02 i e e e
Ac-228 Th 3387  <35E-03 < 42E-03 < 3.6E-03 REREH 4RIR L 72, KO (f) Qv 27792 ke
Pb-214 U 351.99 6.4E-03 28E-03  9.3E-03 2 DOETHD, (b) 1FHEFEEBTDOENTH 5.
TI-208 Th 583.14  <1.1E-03 < 95E-04 < 8.0E-04 T ANGTIZEH L ZIRETORIER (empty2) &,
Brzld U o3l EEEEE < 9900t R Z DHRIFH & ARTHE L 22IRE (packed2) & T
Cs-137 GCs 66164 < 26E-04 < 34E-04 < 24E-04 - , L
Bi-212 Th 72727 <B32E-03 < 39E-03 < 33E-03 3, REAMEELRED 5 h s 57223, T & ANT
TI-208 Th 86037 <42E-03 < 48E-03 < 4.2E-03 Wiz L7z (packedl) BRICTEM ZHD L CHlE L 72
Ac-228 Th 9112 <G64E-04 < 75E-04 < 6.7E-04 WA (emptyl) 1213, BB A A RIN2E® 5. 2L,
Ac-228 Th 9688  <10E-03 < 13E-03 < 1.0E-03 e S . - e
Bi-214 U 112029 | 21E-08 < 18E-03 | 24E-03 7k @i(m,ﬁﬂb \3"8*8 TH - enb, BH fjﬁﬁ LT
K-40 K 146075  3.7E-03 17E-03 < 1.3E-03 B LIHANTHEL TLE S 20, RELSHEMLZ
Bi-214 U 17645 21E-03 < 1.4E-03 2.2E-03 HBOFBAT/NE VR, FTEHT S Z L&k ->THR
(a) (b)
-O-Emptyl — 0.1 % 0.01 %
—@— Packed1 Al —8— Packed1 X
. S~ ~
@ -0 - Empty2 = @ a
L —s— Packed?2 3[[e 0.01 0.001 &
< = = 2o °
2 O TN s oorg| s :
T S 5 n 5;‘4‘: Empty2 — Packed?2 o bgn go
3 S % 8 < 2|l < 0.001 0.0001 %
o T T £ si» .o ElEhs ' g
o 1ol 5 % g d|o D
& 001 -fQ%T&46$4—75 $— 0001 || @ =
o «® < < O|| 0.0001 0.00001
Y L T (T) CN |
Packed! — Empty1 @ ° T [;3
°
0.001 ' ' ' 0.00001 : ' :
0 500 1000 1500 2000 0 500 1000 1500 2000
Enegry (keV) Energy (keV)

FAX BEMOFEEIZKLZ/3y 7755 FEHEEEOZAL.

(a) ¥— 25

(b) i

Fig.4 Change of background count rate by packing materials in a shield.

(a) peak counts (b) continuous counts
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BREE v SHIE FFH Y Ge BRI ERORHE L FRRFMUZ K 2/Y 0 2 759 ¥ PGS (&5 - 75

PEFAENIZAD, 5P VOMERN-EDEEZLR
5. KD Db) TRLEY =2 2 GA TR SN S HEH Sy
27275 RT3 packedl & emptyl & TG
Ehiz. TheDZenb, ZRBTDIT FYROFZO
IR 72 & DA PNZ A D AR, Ny 27TV R
B TOWBTREME AR E N7, BTtk 5 & 51z,
RDOBHRRIAA F 2 — L2 T F Uk Eh 6 OIEE
NFEL TSRS H 5D TRE L ITHICIEE A
s, BB UAFUZPE S AR N D ZE 5D ALl
AREWRS LT Ny 275 v FaERML, »o, HlE
PG % CORFB I AWK S L CHIEDRE L 2§ % 728
U, RN & SRR S A O OR B 2 22 %
WETBHZ L3, ARO—D2LELL6NS.

42 REwhE

TR O MEHAE IS BT, RO Y — 2%
BARTRTH O, [FAIEEBRESLE T — o2 %E
Ko a4 O FEIRE EH, KwohTns (RH
E2, 1979 5 hRHE A, 1983 5 AKAIE A, 1987 5 E%F,
1987 5 XFHA, 1992 ¥4 21— - 4 =V =TV F Y —,
2009). &FI1E A (19955 1997) Ti&, H R Ge 2
EAR M PR ORIR D IR IZ Y 5 v OREUER R 5g 4 Il
L7zZXRT P EREHL, AKD 500 ppmU=6.22 Bq/
g LD THRIIEERI LT, bbb, 0
BAEICE, SABEADIRE EAZBRMIETHD, 5
g DFEHE & 24 mm 2B B MHihEE L LTl L.
SN, #H¥ 27 LOMEIED T XL F —(RFWEH
5 (a) I2F & THIKRT S EMIFIZ, MPHEE 0 gl
S LT ORI SRR % B 72 & E U 7= e
WA 5 X (b) 1Z/RL 72 Bi-214 O 609 keV % 1,120
ke V ORHFIE iR MR & A TR VM & 72 > T
BH, TNEHVIHOFLMRIZEBEDTH B ()
£, 2006b). ¥ A —2 LS DiF, B EHIZFEEIC
ABPT 2 72 0IZAF L 2T 3L — O i X h
=250, HARO LS ISR @O E Y A
=8BT0 CCRHA, 1992).

T AL E -G (B A0F, 1.33 MeV) T, M
OB K E S IO E N GWL-140230 (Hfidh
B 140 co) AR EMIIENE L, SHEH LS
MK E X 120 cc O GWL-120230 —F(KA» 572, L
2L, K 3L F IS TIENIc—FEm< ko T
72, Ge BHiZs DRI IL, Co-60 D 1.33 MeV IZH
7334 VF ¢ X 34 VF Nal i & ik L 72/
WA S0, RSO FEGTEREAREVZELH
MAERIC KL 2B — o miIcaHME 55720, @
LT, POEIFILE —{HRICK T ERFEDOT 3L F —
WAFEDIEZ AN ENZ EAUREI ATV B, EHiR S
PRI I F — G TR E L Lo T3 HIH L
LT, TV FFyy 7OMERIICIANTEEED R

Efficiency
o
>

Efficiency of well-type Ge detector
1. 00 T == I o GWL_140230—S

(L) ‘ o GWL-120230-S
(@) 8% | o GiL-120230r eneved

L}

il

0.01 !
10 100 1000 10000
100 £ Detff:tlon efficiency Rt
E (b) @ :U-series E
“K m:Th-series ||
N +:Cs-137 ml
> A :K-40 B
[3) <
& B
2010 u
& il
L [
0.01
10 100 1000 10000

Energy (keV)

555 X BRI Ge Mt 3RO )2
(@) Y274 1)-Q)icH T 2 ML (24 mm D

AR % A7)
(b) HEH LAY 27 4 (3) T, HIFEEZIRE L 724
PR AR EYES

Fig.5 Detection efficiencies of well-type Ge Detectors.
(a) system (1)-(3) (assuming sample height as 24 mm)
(b) system (3) (absolute efficiency assuming a plane

source)

WTILIZY AEHHLTWE 0 EZELZoNE0, 7
7Y TR T RIS SR TV B 201K X
LE— )4 ZRETHEED ) A ZEH> HE»IRD Z &
SRR 2 M. HER D & ORBEHRRHNE 12 &
D HERGHE 2 S+ 254121, & LT Pb-210 (46.5
keV), Pb-214 (352 keV), Cs-137 (661.6 keV) 75
DAV ERERNHT 228, KEGHHRIE > 2 7 4 TR
FILF =D Pb-210 (46.5 keV) OMHZIEENT &1,
WEIZHNTH 5.

43 HESEIOHR

FEAB IR ESE#H T2 2 b0, WEEHN
DFkHE & A3 32 B &R 21 25 BLE R GORHE A DR R
DRI TRINVIESE(T 2720, ERT 27201
BZOWIEABELT S, ZhsDMEEISHEHET
b0, WErX, B, NWAMZEIZEL CHESE £ <,
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FFRC A < AR ORI EFIZEE LT T X 2 M4 At
R EhTns BlAE, SCTRHE, 1992 ; Noguchi and
Sato, 1999 ; BI1IEA, 2000 ; 2001). % Z T, A%
THFHT 3 HF RSBV, RN Tr o5z
M2 TEE LT, FEEORMIZH T 2l bhE & L5
LOELERE L, ZOBBRK»SHMIET S Z & %ilA
7=.

Al — 7 5 VR <& X G IE I — 5 (500
ppmU=6.22 Bq/g) TH3», [El—v T ViRETEHE
Bl HAT MR A2 e 2 L HEEHZD D
AHBE (eps/g) BZE(T 20T, fFEEZ1 ¢»5 15
g FTCALEETEUIL, BB 1 g & 720 OFHECER%E K
Oz MHEROE2 SO LI TOES L&Y —
7 DEHEE (cps/g) DBRE, 7 v RH|D Pb-210
(46.5 keV), Pb-214 (352 keV), Bi-214 (609 keV) #%
BlC LT 6 XNTmR L7z, MBI EII R g 0.997 DX
tThb, —XKBEBCEPREETH S, £/, TOMHEX
=2 IKAEL, 2D, REICRAFL TELT 54,
BB wHUEL U A fE 203, IRIEICIRIEL &
Witk b, 22T, 95 g OFBHARE L TZ Ok
& 24 mm 2FUEL LT, TN 1 mmIA L 2D
B g & 720 ORI BB ZE L OHIA &K, $F7X
ISRREIRIZN U 72, BERRIC & > TELOREE I35 5 5 A
1 mm OFE 2D, RATENT %FREOE -2
IS OEFHBREND I ENnn5b. ZDRD, Filk
ORIz VT, BRHE X O#IE 2 mm HALTT S A,
& ARG Z BB H B (&HF, 1993).

4.4 =IREICH T BEBMIE ENFEROMFR

Hy v REOHRTE, FEMEDO Ge BIERIZON
TR IR 2K 2 Fkps WL O #E2» & 0 ER1L
tEhTwan A, XFE~=27)L R4,
1992) R A —H—IZkBfMV 7 b (AT —- 4 =D —

® Pb-210 (46.5 keV)

45
e ¥ =-00355x + 43269

4 \'\Rz_o'g% O Pb-214 (352 keV)
%‘o 35 \ A Bi~214 (609 keV)

3
o
g
£ G---.. y =-0.0135x + 1.7724
€10 PO S ST R =099
§ | [v=-00032x+05124 O---.. 07 R
o R=0997 &

05 yoy A A
0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Height of sample in a measuring tube ( mm )
FoX MRS SICk2HNERD 2D DFHEEDOEN
(500 ppm U).
Fig.6 Changes of counting rate per unit weight with
sample height using standard samples (500 ppm U).

Peak energy [keV]

0 500 1000 1500 2000

2 0.000 * * :
& .
° ® U-series
S £ -0.002 O Th-series ||
O E _
e & -0004 O K-40
E % % ACs-137
2 >
§ -oé 0.006 o o X e
S 9o ., <
> % -0.008 A
g .
[} [} [
E  _0010 (g2 o
Q
]

-0.012

7K SR XS K B EBEROM AR . 24 mm &K
L LT, Thh5 Imm @I Lz &, H
NEE D 720 OFBEOHNE LR LR

Fig.7 Relative change of counting rate per unit weight

with sample height (normalized at 24 mm height).

7V EY—, 2009), I Ge fHids oM R B
T AR s REhIIEE A E AL (FFIEA, 1991), &R
FoBIKZBET 3 BEHi s chTnkn, 22T, i
JH (Na-22) #HWTHFHNOE SALE & MmitzhEE O
BIfR ARG L, ZTOMRREHE MK (a) ITRL .
Na-22 (3% 734 (B %) 38T, Bld
% y #13 1,275 keV & BT EEZIZHE S 511 keV DI
y#THDB., L2rL, EBEIZBIX NS yHI2E, Z
N5 DM 1,022 keV & 1,786 keV DI XX —D y
WA Dd B, ThbidZhZh 5114511, 1,275+511 D
YL - Thb. YLt —25MIELTHEERD
DB BMRER DD Tu s T b ST
20 (LRI, 1992 ¥4 23— - 4 =V =TV FY—,
2009), HFFERINEICEHATE 2 8 Didan (U,
2006b). ZZTIHEHDAY, Y LY =2 ETLD v i
IZr#EILT#E %, 511 keV, 1,022 keV, 1,275 keV, 1,786
keV TOZNZTNOMMRNHEEZE 5 XOBHRA 5 #liiE
LT, JLO y #8E total DEALAEEI L=, Thbb,
yRRDOWEEE [ 1T, RINSIEMIEET 28 DE ]
THETE, UTFok5ick 5.
Total [511] = [511] + [1022]* x 2 + [1,786]*
Total [1,275] = [1,275] + [1,786]*

ZDESIZLT, HFORIZAREE B\ 2DAK
Dy BEEEEEEOZLEE 8K (b) IRl Z0
FERP S, HFOWEOFIEEED 30 mm bH720 15
BWAKRTABEREIND Z b o7 HFR Ge i
HEHZ W T IR & M 25 & OV ARFCERBIR S T
HO, FFTIEIHRIEE §5I1F D LT 2O IR R
N ldni, o LSBT WA 720122 DR
BRHTCWR3DEEZ6NS. £/, FENRFF %
Tk @EOiEICES &, Fiohek38{LETRT.
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BRI » #RE R Ge MRINEORE IR RFRUC K B3y 2 7' 5 o v Filh3e

Na-22 point source
.0 + 511 keV
E E 40 /*\ 1022 keV
S > 30 \ -0-1275 keV
©
(a) e £20 -4 1786 keV
&2
.8 10
= L Eeeree e
0
0 50 100
Height from the bottom of well (mm)
Na-22 (corrected for sum—peak)
70
'\
> 60 *
g ‘e -+ -511keV
£ 50 * —o—1275keV| |
(b) |z2
€ 2
35 2
ki 10
=
0
0
Height from the bottom of well (mm)

%5 8 X Na-22 MfIED ¥ — 738 & Ge MO IFFND
PE DB
(a) ME - — iy
(b) ¥ LY=o DHIEELT > 72 — J 5

Fig.8 Relationship between the peak intensity of Na-22
point source and its position in a well.
(a) observed peak intensity

(b) peak intensity corrected for sum-peaks

45 HPRBREBOETIVEE
Z 2T, PO EEONRADEEEET 572012,
FHIRNIAR L AR OETFLEE L, HEOH
DVl A 7z SRR A R B O RS YV D SR O
ZALAEGE L 2. PO LE o EE S 845 ki fif S
%%@ﬁ@*ﬁr@*%T@Lté@ﬁ%@ﬁ@jwﬁ
IEBDT, EEOVEER, ROFEER, HFO
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Fig.9 A model for the detection of radiation from a point

source by a well-type Ge detector.
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(a) relationship between the position of point source and peak intensity
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(c) relationship between the effective size of Ge crystal and the peak intensity
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d) relationship between the effective size of Ge crystal and the average of accumulated peak intensities
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Fig.11 Comparison of the experimental data using
point source (Na-22) and the model calculation

(normalized at 28 mm height).
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Fig.12  Gamma-ray spectra by a new measurement system.

(a) background spectrum (measurement time (T) :
about 4.5x10° sec)
(b) expanded spectrum of lower energy region.

(¢) an example of sample spectrum (T : about

2.55x10° sec)
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Yutaka Kanai (2011) Study on the analysis of colloidal materials by ultrafiltration method (Study on eluci-
dation and characterization of colloid (part 3)). Bull. Geol. Surv. Japan, vol. 62 (9/10), p. 371-388, 14 figs,
1 table.

Abstract: As a part of the studies on elucidation and characterization of colloid, a study on the
concentration / separation technique by use of ultrafiltration is conducted and its applicability / validity
is discussed using the model experiment — simulations. Although the cross-flow-filtration (CFF) method
can concentrate the particles in water, the quantification using only concentration factor is not enough.
The time-series sampling and analysis are required for the particles (0< retention coefficient (Rc) <1)
whose diameter are near the pore size of the filter, because their separation is inadequate. The model
experiment — numerical simulation results suggest that the quality of particle separation depends on the
ratio of particles with 0<Rc<1 in case of the mixture of various sizes. For the critical quantification of
colloidal materials, the time-series analysis is necessary. However from the view point of simple and rapid
technique, the separation at appropriate concentration factor provides a safer evaluation for the geological

disposal of radioactive waste although it gives an overestimation of larger particles.

Keywords: ultrafiltration, cross flow filtration, colloid, simulation
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BEhick 53 a4 FORMEUROM RO B E L
T, RO AMEEIC K 2B ol - sEkicB L T L
FER—2 2= g VEIRICK D 2O T RO -
XM AR L. a2 T7u— 2 (CFF) T3,
BAER T OESAATRE T H 5728, K TREOERIZB WL
T3, EHRBOMIEZ T TEATFSTHD, 74L& —
DFLRISIE R T (BREHREL Re 2 0<Re<1 D E D) T
0 aSEESHEECH B 728, KRINI - 7IREE
b2 SR TFIREARD 65, EFLEBRAFEOMSHRT
d, H23HFDNANALERFORE L 72id bt & 7 fE5
BB, 0<Re<1IZR&M T 5K OHIEIC &k - TRt
DEEORENRE D ZENHENE B o7z, BB REE
WX RERANEE BB T H 598, il - & 6 77z
WA R e o Rt T RO kE koo
4 FRFOBAFHI & 1355 200D, HIELFIZE T
XD RAEMZFHITX 5.

1. FU&IC

a1 L OV RGHERETEM O MU ALY 12 35 ) B R ek D RE
fifii, AT 72 5 U 7z O PR 23 T K4S

FEoTRITT AL VHMT AR F ) AR, ABORAR
R A BEIZ K - THEIEM & A & O PR BRSOk
FTEHENHIEEYF YA EDOFM S F ) ATk > TR
AfER TS (BIRRY A 2 L BIFEHERE, 1999). 2o
HWFARY ) 4TI, EFEBRBEGR L - 22BR
TOMWE (McCarthy and Zachara, 1989 ; Mills et al.,
1991;Ryan and Elimelech, 1996; 27 - 45 H, 2003 7% &)
THEEHRIATCHWEZ 304 FRFICEHAEE ST
B0, WEBITEHIZEEZ2HERINETEZILL
Tzl Rz kEWZ &R & (Buddermeier and
Hunt, 1988 ; Penrose et al., 1990 ; Grindrod, 1993 ;
Kersting et al., 1999), I 9 A K FO&MEETIZIT

WEPRETEE B> T 5 (fFl A1, Miller et al.,
2000). 2D, EHLIFERBEAFEIIET 5304 F
FRICBIT 5L o —&fTwy, RADITA F 26y
L5ZEOEENABLCEZ (&I - 8K, 2007 5 &1
(EA, 2007). 7z, FHS ORI — T TIEERED
Whizki 3 au4 FOM4ORGHEREHE L CE -
(_Em, 2006; 28, 2007 ; €H - £, 2007 ; RBEs,
2009).
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ZhETICREShTE~a204 FRT-OREIZEL
T, WS TIEH T A OFHRICE T DRtk K OCHEY
»HBVIIKIBIEE GOSRBRIOa a4 PR+ (204
Ry 4 213 10—450 nm) OFREH 0.34 pg/ml (Vilks
et al., 1991), 722 Y = —F v OfEMaIgDO R —)
VEZE IR/ NCE €Vl T R SE S/ ANEW 5 ety a W< R w I N V4
T (50—450 nm) #%0.35 pg/ml DIETH 572010
W (Laaksoharji, 1990) 8% 3—5T, 75V AD
fEfd G IRIZ B T 2T ARPD ) 7 b 5 HEEY
Mo ENbaa4 FPRTEE (100—1,000 nm) X
100 ng/ml (0.1 pg/ml) LA (Billon et al., 1991), Il
FRIZZ XA 2B 21EMEY 4 T8, 100 ng/ml LA
T (Dearlove et al, 1990 ; Gomez et al., 1992) &5
XNTHD, RATOITOA FRTOREEZEN. [H
N T B O HERUE D O T AKIZDWT 1—1.5 pg/
ml OWE BB 4 2 L BIFE RS, 1999) 23 5 D
AT, "HBETOBRRZIZEACITERIA TN, T
D7z, A FRFIEREICET 5 BUREESSETH
20, ThETOHREH» L T4 FRTIMERETH
52 EeHEE SN, € OB E F > T AWBIE
2BV, KIRE T LSR5 2 BB TH
5.

B ORIRE 2 2 4 FRFOHFI - RSV B0
TE, ZOHMIZE > THiA DOBEIES - FTEEES 2R H 0
(&I, 2007), 204 FORMEEDZDIZIEZ
O, Nk Mm, L - SRR, e &S ETE A MG
HHIZABEEZbNS., IS DOHEHIZHEEISHEE L
PO M TEE LT, % RE> 28k a% &

FETHS. LrL, 3uAf FEHERKRE L THNT 55,

Pressure

Bulk and retentate
Cb, Cr

Vr

I>< UF filter
¥ Permeate

660//{pQ@dWMU

Filtrate
| Cf,Vf

/

(a) Cell with stirrer

1 RS\ THEORAX.

Sy e U 22 [EARIF L LT 20T, RO ES
DEXEZANHRL ST S, a0 FPRFIZHTS A5
IR, K% AM (Microfiltration s MF) & BR7F A58

(Ultrafiltration ; UF) & Z#AARDETHHTEZ L
LV, fiEAlE (MF) LR (UF) & v
FNZZDT 4 LA —DHOKEXIDOKRNIH S, HiHE
MR X 2ok & 7 4 L & — FICHEHET 548, HIT/h
XN AT IS EIC kD, £, BEDORS
AMBEEITIE, vy FRERPEEEE & SRR ORK
(il Z1F, 10—1,000 1) OYRFHAIE %R TITA S 21
271 —A3 (CFF:cross-flow-filtration), Ml 4 ¥ ¥ =
vy lTgua—2A3 (TFF : tangential-flow-filtration)
REID D (B 1K). 2K % 5 B & 17
fEE S, 748 —fLIRLD NS ERET T a
VEBBIETHHEL, REOKE LR T & PRI R
THLDTH 5.

FHEOZ, RERIEY O MBI I A BB K
B 5auA FRTOFEIEOER > T EED
THh, MHHEY - GEMEESRRICHEETSa04 F
DOFFEIIRED 72 D113 Z DIy Mk D MG & i 3753 2L
EEZ, auq FRFOAE5HHEICHNS 7 4 L
A —IZB U 2WEEERE - MG L& (&I - BR,
2007 5 ©JF - 3048, 2008). FEIZE&SEA (2010) T,
T4 = NIk sHkEAkhDY e aa4 FICET
BTSSR A W U222y, DEEIO SH O 72912 I
RS OANEETH 72, ZDH, KEREEHW
72 CFF (R4 250AIC K 2 IRHHLEE 4 —D DR & LT
RELE (@&HFED, 2010).

CFF BRAFAIZ 5 W T3 D MM R ERE A S
UF filter
<=
Q(-dVr/dt )
Retentate [ T] Permeate
Cr, Cp I Filtrate
T NG

Feed L]

(b) Cross flow

KHT Cb, Cr, Cp, CfI3/VVo, RIFEW, ERAK, AWISHIT2EEE, Vr, Vp, V/IRRER Z#EK 5

WOREZ, QIdAMiiid%E&T.

Fig.l1  Two schemes of ultrafiltration technique.

Abbreviations in the figure mean the concentrations in bulk (Cb), retentate (Cr), permeate (Cp), filtrate (C/f), the
volumes of retantate (Vr), permeate (Vp), filtrate (V/) and the filtration velocity (Q).
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fxnh<TEsh Bz, Buesseler et al., 1995), FEED
EHIZ W TIMAT D BETH 5. AIE T, FULL
au A FEFHMROMIZED —Bi & LT, BBEARIZI
2304 FRTOFEREHRET 2 7212 BB AR A
W2 K B EE - ATRIZDOWT, The OisiEN %
TTVIERA SIS K D RRET - R L AR 2 ST 5.

2. A@EICEBO040 K4

21 A4 N&EA@EE

T FERERPICE T AWEOGEIRED 1 D%
BRL, BEVATECIEAW. Tu4 PRFOSSERIZH
3, K 1ficEEh 257087 10°—10° oY
Baau4 FEERIn, 109 L EAMEAR T, 1—

10° A3 74 4 v &S h 5 (HALER, 2002).

L2 L, HPOBERAZZZ &I3BENTIEIAL, T30
4 FEWRS FZEOBYTldauf FOESFKE LTUIR T
DREIBEDHEIZHE DWW ERLHEANTH 5. @
WIETRELTH I nm 275 1kDa (Da: &Ly,

DETOEEROHA) L, KT um AHWSER TS,

B ZE, 0.2—1 pm DT 4 L4 — TV E A%
o721z, HERX 02 70— 2850 A%
ToTAKRpoOaa 4 FRFZHifEdT 5. BREKICEKITS
auA FRFOFEHIE, FLU— MEIEEMH L 2205
51 (Batley and Florence, 1976) & & % 2%, BI{ETiZ 7 «
L& —%WH (B A1, Sholkovitz et al., 1978 ; Laxen
and Harrison, 1981) T 3D FHTH 5.

MBHIZ BNz K512, RIS 21T 9 BRORE IS
3, e sazya-RRss E1X). Th?
NOFEL2HME, #iEIEMEF A& FBRIZT 4 L4 —
DIFELDERELRTFEMEL RS ZETHD, —
F, BETEAELD /NS LK% AL TRE LR

FERBHL TN ZETH S, ZThsoffEoRiftmlic
IMFBIEIZE, v vyl (BATF—F, YT
L) FHRENSTF VLTRSS (FE2X). 204 FD
BHEIREBOMRGETERIZZENHHDT, ThuE
55720103y =7 vy LFADIFE L (Buffle et
al., 1992) —JiC, AUEOMAEHIIRIEDO AT 25 [FIREIE AT
D37 VILJTRAFE Ly (Logan and Jiang, 1990) &,
—R—HENRDD. EB5EAMWDREENL T T IV 3
VEEHET I, AROBEMEEEVEN5-10% T
b B0, BIEOHG CRRENEBMEIN T A 2014
DEEIZIE, HFED B OBEEIRETEINETH S,
o T, EEOAMBIFZHNTE L LD AN
POEFRIE, ST E 2O E, 7527 3
VAT BB E D&M, FIEE YD B —DDEK
55 EIONS.

—J, AETNREI0A FRIFAMEIRETH 720,
FHEACIREO =0 Itk e LTaa 4 FRFE&E20WEE
1203, IERE & kR A B e 5. Z OB
ENBZON, FelTruzizu—A#Ths FE1X).
Zhs MF, UF 7 4 b4 — 3B E ORI - REIZD
W, B1IRIZFLEDTRLZ.

22 T4lLE—

T AT T 4 L g — R EHEADT, T2
TRBICMNTE L. 74L& —ORHIZIE, ROk
FEMHTE [ A2V =V T4 NE— | LT 4 NLE—D
JEATAMTHZETEONTTEMIEEES [ 772
TANL— | BHp5HH, a3u4 FixndTs8e LT,
AN =V T ANA=PRERTHE. 4770044
A CREAATOR) I =KX= b T4 L Z =22
)=V 7 4 L Z—DRENLZERE L T35 (Buffle et

Each ultrafiltration treatment

(a) Sequential

Sample =>[ UF-1 UF-2 UF-3 UF-4
(serial) 1

Measurement ]

r 3 A -~

(o) [ur2) [wrs) [or4)
b i

Each ulturafiltration tﬂeatment ﬁ

(b) Parallel

Sample

F2lX AMIKISH Y B RIERERIEOBMEN. BUET — 2 D¥ED, ZTOMORER TR LK 5.

Fig.2  Concept of quantification of size-segregated particles in filtration schemes. Difference of concentrations between

adjacent measurements is estimated to be particle concentration between them.
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Table 1 Advantage and disadvantage of various filtration methods.

Microfiltration Ultrafiltration (cell type)

Ultrafiltration (CFF type)

capture on the filter capture on the filter

treatment of large volume

advantage

large flow rate concentration of particles

not simple separation

adsorption on filter

concentration polarization

at the surface of filter concentration change of the permeate solution

surface coagulation use with large pressure

disadvantage

clogging small flow rate

decrease of flow rate and interaction with electric charge

increase of pressure with
time

hydration effect

adsorption on pores

al., 1992 HAI YV ART, 1996). ULH» L, WEICHHE

AXATEBMTIELL, FIHECEAD %4 TOF @0 Fr e e — e
TATANZ =T 4 L E—=PEHIhEZ LD 5. 80 — E—
FVHILT 42T 4 A — 2l 1—10 m FE DA I
DHE) A=K x— b AV T VEPREERH L, N = 60
FTFAT 4R —IART B HEE LT B, B < € a0
ENBAVTIVIA4NE=ZAI) =V T 4 ILE =T
BB (AARI VKT, 1996), H5EDF T 27T 4 L4 — 20 .
ToHD AT 7 VORIZERT2HA S E VS (Buffle 0 ]
etal,1992). —JF, AOVART T4 NE—=TZA ) — 05 10 15
VI ANEZ =L, SVRT T4 Z =N B B MW ( kDa )
FHORBRANEOAHEE D LRTVE WS KA () 100 .

LC\% (Laxen and Harrison, 1981). I/k\.

T4 A =D LT, FEESHE 2 TED 80 ;
SAEOMEAFENT &, HEED DN L, HG - W ~ 0 i
SCEBROHIREZEZ 5T &, BALETOZELA 20 s i

Tr, WAESREhG. Lal, EEICINLDRME € 40 '
ATHET LS £WE A COBEETHZ. FAIE, 5 2 ( ! QMWCO:‘OkDa J
O 35 T (TS b 7) MWCOIE, K J %
BT 0890 % &RETHIES A L LTA—F— 0 * * *
MO NTID, FEEIZIEH 20 %R O/NE W 0 10 20 30 40 50

MW (kDa )

A T ROKRENY A TOFLEN AL TS (Guo and

Santschi, 2007). ZD7z%, AWMGHEGTRED D 3R S TEA (@) 1 kDa (@ : Guo and Santschi
THRLEKRZNGTROFTO—MIZT 4 L4 — &l L, (2007), O : Guo and Santschi (1996)) & (b)
72, DEPITNEGTEROFTO—BIET 4 L& — 10 kDa (@:Guo and Santschi (2007)) D7 4 )L & —
AL WT, KIS TOWABARD D, 4 12351 B k4 ORITER T DIREHREL (Re).

BT ENL1 kDak k10 kDadD 7 4 L4 =125 3, Fig.3 Retention coefficient (Rc) of various size of

particles for filters of molecular weight cut off
(a) 1 kDa (@ : Guo and Santschi (2007), O : Guo
and Santschi (1996)) and (b) 10 kDa (@ : Guo and
Santschi (2007)).

B4 k& S ORTFORFHRE Re G %) DB
REFIXIZ/R L, ZOXD BEEKRXNT 4 L& —
IZHHZL#BRL T2 ETUT A S 5. ZOIXT,
MWCO &0 &35 212K & R 1 CHREREC 21 100 %
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RS Ak K 2 av 4 FOSHICBES 2 MET (S5H)

o TWAanDld, WEICKIHKDEDEEZELZ LN
5.

RTOKEZELIRT 2720121, 5 TOEIRRS
TREAZREORBLERE LS. ARSESTE1
kDa {349 1.3 nm OFLEEIZ, 10 kDaid 2.9 nm OFLEEIC
P 5 E09 (Guo and Santschi, 2007). HE¥EH
IZ& 5> TS T 2 fLEFIEH 2D, 10 kDa, 20 kDa, 50
kDa, 200 kDal3## X% 6.3 nm, 10 nm, 50 nm, 100
mmiZZhZhindsedns (78 vysy 2, B
B). ¥+ 217 (Dextran) DA RWGFR L V8
PEDE S BEIIZIENG T ETIEA b — 27 2 ED TR
BAH70 FEA4X), BTFOKREEOPNHTR A4
ZOMEHIRL D EIFEEETINENH 5. HLEH
HORETAZHMOH — PV vy VT EMEBREFICE L ST
YAk LTz, 0 UEEAIIZ &> THEL
ENET NS H B, 20D, 394 FRTFO
H T VI OFNZRS AR fLEEOBIEIF AT R &
ZAbNTWS, ZOKIEIZIE, 049 kDadwu—4 3
v (Rhodamine), 0.595 kDa ® 5 7 4 / —% (Raffinose),
1.33 kDa®t 4 3~ By, (Vitamin By,), 6 kDadDA{ v
¥ 2 ¥ (Insulin), 3, 4, 10, 20, 40 kDa D &7
FFE2ALT VEPRLHAEN S (Kilduff and Weber,
1992 5 Guo et al., 2000 ; Dai et al., 1998 ; Larsson et
al., 2002 ; Liu and Lead, 2006 ; Wilding et al., 2004).
72, 325100 um DI T v 7 A — X & [k —
ZE LTI TS (Barth et al., 1987).

100
7
!
N //
A
€ 10 J
“a
3
g !’/ .
(%] /” '.."
< A
o 1 A=
+ .
7] s
|| == linearmolecules and
polysaccharides(dextrans)
------ globular molecules and proteins
0.1 e
1 10 100 1000 10000
Molecular mass (k Da )

BAX HFEREZA M= Z2FFEOBEBR (HAI Y R,
1996).
Fig.4 Relationship between molecular mass and Stokes

radius (Nihon Millipore, 1996).

23 ABICLIEEE

v 4 FRFORELIBEO-DHIZIE, AEEETED
KR TFIWEAERT H0ThHD. BEOV I TR
AWMOLFEIZE, AWEOMKITRY] & Rtk TIEZE LR <
—EEELON, V=TV Yy AR, /87 LI
DEBLLTYE, TOAWD—IBEHHLT, ZDHENIE
T4 A— DY A4 ZOMIZH SR TRENS LT
i cx s (FE2X). LarL, RAABEOLAIZIE
CFF Bt Atk kS5 IChiroREEnau A FREE
NS 5T B L, 7402 —REL TIRIHRIE
FZE ST s X0 S S, & 72REPKTORE
NEE - TL 2729012, FRKOPRE L AMOMELT &I
ML TS ZERRE SN TS, /5T, BUtHA
WOGAIIZERDOFEE TR L2 EREE L b hiTh
[E @R RN

22T, AMOTav 2% BRETA-0ICHHEA
LHEEIZOWTE L TEL. HHT AL EHORE:
K (retentate : & Vr, #IHIER Vr) FOWRE Cr
(WIHHRE Cry), ZEAK (permeate : B Vp) WO
& Cp, AU (filtrate : HE VS ) HOREE Cr&d%
&, BthT 257 =23 TO LI IZEHRIND. &
B, EHEtREC (concentration factor ;s CF) X&@H T
325K, AEOMTIIME S TS 2 TH D, REF
%% (retention coefficient ;s Re ; flitete¥k, PHib (B
) ¥ (rejection coefficient) & &W¥9) &BEEHRE
(permeation coefficient ; Pe) IR R E TR FE T 4L
A—LIlK->TREDIERTH 5.

BRI CF = Vry/Vr = Vry/(Vry—V/) ——X (1)

R8% Re =1—(Cp/Cr)=1—Pc —a(2)
%R Pe = Cp/Cr=1—Rc —a(3)

T, CFF Yy 27 ol h/zEHy25au( F
R DFRIEIZ BT 2E  (X]eoll) 1,

[X]eoll = (Cr—Cp) /CF —a(4)
TEIBENBZ LD H 5D (Busseler et al., 1996), Z
TTERFFK & EEAKIZT T 4 PR35 00 - A8
ENZZEEL T, BEDOMIEEZIT>TOWEDATH B.

LAL, FrokExnau4 FREINEL A>T
{5%&, 7408 =K< TOHBRIERIC X 2 RMER
TREK DD 72912, FdKDYRE L A OHEST &
ZHIML T ZEBAME SN TS, /5T, X @)
TIEFEED 7 4 v 2 — K< TURELELA T & 3 57
TEFINC & U - RS AL E 3 ICHiE L Thinizd,
EERRE L IEVAT, ELUOFHIERMETH 5.

HERMEOH 5 7EEE1T S 720121, B ZTLTo
WEDT 790 AN—EIZREND T EVEET, &
HN AR O 72D I3 IRE MO IENVETH D
(Nakano and Kimura, 1981). Zhx TESFMNEETIL
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PO MET Xz BRERECRe #X (2) TRL 722,
FEEOEDORIMRE (Cm) FIREDBD 7=DIZ/N Lo
DYRE (Ch) & BHIZE L, HORFHRE Re &

Rec = (Cm—Cp)/Cm —K(5)
TH D0, Co \ZHEATTREL 728, B OIREHREL
Robs 73,

Robs = (Cb—Cp)/Cb =1—Cp/Ch —(6)
ELUTHH EEFEIN TS (Nakano and Kimura,
1981). Wiz, WHORERA & Vil k& ORI X
LURE I MRIZ &L 5T, AN T 53 u A FO%ES)
NEDLDZ e, RFFRENIET 5 H—# 2 B
BRETHS. NI RE (Ch) % RFHEWIRE (Cr)
ERCETUE, X 6) X 3) &idRE—E%k%.

Ny FRAMIZENTE Cr & Cp i3 AEDEST & 3
2L T, BIEDRA] & A BERS T ORFRE N D
HHi%E Vr,, Vel L, BRODOINL T DA Cr, £ T 5
&, REHREL (Re) X

Re =1In (Cr/Cry) / In (Vry/Vr) —A(7)
ELTRkE5ND (Logan and Jiang, 1990). LA L,
ftEoavaA FRiTOCry# 20X (7) »6R® B 7=
WIZIE, Vry & Vr, Crid8EZBRTo 2> 7T% Re Boh»
bRTNEE 6, FEHI BV TN O A L BT
»H5b.

24 FEBEREHBETIV

ZZT, RAAMY 257 41082 ERGBK
(permeation coefficient) Pc 23—7E &NE T % 1&E %R
BEF7 )L (Logan and Jiang, 1990 ; Kilduff and Weber,
1992) #ZZTHIINT 5. ZOETFLTHE, Q ZiBiEK

ok (=) Ly g 2y 27 AOBREG

dt

DO— A HERITROANTE I NS,

AWrC-—q- ¢p=—Pe-Cr-q=Pe-cr- 477
— (@)

ZOWAHFEREWIASGM: Cr=Cr, (t=0) Z W\ TH<
& (FEAMZ Appendix A),

Cr=Cry - [Vry/Vel" ™ = Cry - [Vro/(Ve,— VA

= Cr, - [CFI"™™ —=(9)

#185. X 9) ISR L22rOEXNOKRIE, BRRNY
Bearo-TR 2 2&ET L, Lok (7) LHE%T
b5,

5z 3) KUK (9 5,

Cp = Pc-Cr = Pe-Cr, * [CF"™") —X (10)
In(Cp) = In(Pc - Cry) + (1—P¢) - In(CF) ——aX (11)
OBRA I E»rN S, 20X (11) T, FHT 515
FHDZEEAK P OYRIE Cp O EHARRNE IR R CF O H
AxtBuzx L CiEE (1—Pe), YR In(Pe - Cry) %+
DOEMEARTH D Z EERL TS

ZDEHZ, RERINIR - 72 A 1T > TE DA D
IR CF IS B 5 Cp OEEHFN, X (11) 12k
ZMHEDT Ty OEHE S BB Pe &, HIZYIF
M5 Cry B RKDBZ ENTE S (Wilding et al., 2004).
ORI, [ 20ESTEYA X657 4
LA =12/ 55 MEREA Pe Th 2R 14, RYIOR
BRIz Cry DIRETIFEL Tz | b0 T A BIRL
TED, ZOT 4 N4 —TOEBKEA0 THOKEZ
EORTITHLTIE, ZOYIREZEORHIITEETS 5.
ZOBE, HHINEZT 4 LE—DMWCO D% 4 Xk
REFFERE Re (=1—Pc) 209 TH I RFEH A XL Sh
%75 (Guo and Santschi, 2007), FEEEIZ/dE X 55
FEHAZO—DOHRIHELRWEHZEZ6NS. REHR
BRe F1—Pc¢) 1 THEVWKZIZT 4 L4 —%&B#ET
2DT, ZOBHD Cry VT ERT 5 KE SORT
KA THD. H6-57T, & DRFTDOEEWEHHIIRE Cn
N5 Cro 22 LEIK 2&T, WPNAFELIZT 4 L4 —
EEBTERVRED (74 L2 —DfLIFELD L REW)
au 4 FRTIRERGIE NS (Guo et al., 2000).

AMWMORFFERIZ BN TUE, E TS T OHEKIZN
E0A, KA TR TOERIZO > D Lz, &
DT EDTORGOITNKRELMEE ST, WEOE
LEDALP RO RFET a4 FIRE (OESTHEKD
gRELauA PRTFIRE) 3, X @) »5kwsL
KA+ RmSFPREFEERICEAFL T 57291k
A, AKX FEOMM I a4 PR (EEARMoH A4 2
D/NEnaa 4 FRF) OB/ & R 32BN b S
7% (Guo et al., 2000), FERINCHY - 729284 5K (11)
TRMT 2 L TR 2 ofaftEs s, FEEE, Logan
and Jiang (1990) (X, Biscayne Aquifer M FAKIZE
A1 5 kDa DL EOWEIEERNG, REMREE
FZRELENE 41 % Th 22, EBHREETIILTIEL6 %
IZFEBNWI L AWEL TS,

F 72, HHT AUAHORY & x%IZ 1T 2B mIRAF
oAU,

Cro-Vrg=Cr-Vr + Cf - Vf —(12)
THHZ D, AMEINTERKDES 572 AWMD i
W CriE, X (12) 12X (9) - KX (1) DBREFIH
g5k,

Cf = Cry-(ICF]—[CF]"™™) / (CF]—1)

= Cry*(ICF]—[CF] ™) / (CF]—1) —=(13)
LRI, EEAHRE Cp Lk, BHERE CEF &%
WERE Pe OB L > TOB Z & h 5.

25 HEMIEHS

22T, STEESNT AT O BRICER T AN E ARG
T5. 7, MEOWEERSBICHETRELAEL
T, B JBEORBER D B, ZD2H, ThbD3E
2BV, B, Fa2— 7RSI EOBEED
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YhoTra vy ROERHEEEFHT2ONLEE L
ENnB. &JF - VAL (2008) TR LAZLSIL, T4
& — & U TR % 2B 3Rk & 2 W Rk = B
EHL TS 720, HNZIBU 2@ INERBRE 352 &
NRETH 5 (Buffle et al., 1992). F7z, H 7 28D
TANA =T YT Y =TiER) =K+ — U

SOWER 175D H 5 (Truitt and Weber, 1979). 7

FIvARHLGEDESHA LV TE, 7 ZBTIEKR
VIFLUyRAR) T L VEED E KDL < OREH
HZBZENEREhTWBDT, EEEA+ VAR
LD MTIEH T ZADOMB BT 2B RN, TS
V&E D BV T ) FEEFEICR SO EEE A A
VOWEEIHIL 72D (Nurnberg et al., 1976 ; Salim
and Cooksey, 1980), # I ZgiHE % 0.1 Mg H v
T AEMRTHIFTHEVIRE S H DA (Laxen and
Harrison, 1981), FEFFIZHILCTH I 2AdHET 4 L & —
EHOWTHEBREZT > ZAREROLERIZG LN TE
53 (&, KAKER), ZOMIZBL TXSHER
AT 5.

WIZ CFF A A8 27 4 Totr&ir 9 Bic—% &
Wi Z e, mEa&tsRidzeTchs. Zhik
4 DRI L > THREBTH A A, ZOIEHEET
TA%. Guo and Santschi (2007) 1%, (1) UF BEDVERE,
(2) et (CF), rvuzx7ua—lb (M5B L %8
L D) e & OEAESM, (3) (D~ 28T U X,
LR, ASEE AL U, LTOBEH #EL Th 5.
(1) UF o HaE I, iR v T4 5. iz

3, 1kDaDAYT IV T4 2 —561E, HTE

MW=13 kDa®D¥ %IV B, CFxv T, BE

WO Y 7 G THEGICHERI NS, icd il

A, RIEIZRLSHHENS2DI1E, v—5 3 (049

kDa), 77 4 / —¥ (0.595 kDa), £ % 3 v B;, (1.33

kDa), 4 ¥¥ 2V v (6 kDa), &METF 2 7 v, fix

DHFAZDIT 9 I A=K ERDDL. 7T 97

2R — L, R TH LD TRIFEEZLD L &

A X=VU LR T EEDbNIS.

(2) M fe . (CF), 7 uz7u—lhk & ORERLED
5h, WEHERKCE XEn s aa A FRiT 0ok
EREDELS x5, 2. 47T (11) 1TmmLzkHig,
T RE CF 2B & U 7= WER s 258 i Kk o 4 v
TV, auA FAIICRETH S, KEOR
B POME S R T OB YA IR S LR BEE O 72
WDIZIZEMERE CF OBW AR L, M/l ne
KA TrRaTFOREDAt Sz ffEhsa0
A NRTIREZBEAIMELTCLES. CFIZDWT
1340 YL & HESES B (Guo and Santschi, 1996 ;
Benner et al., 1997) ®, WlZ5—10DHE H D, Z
NETOBMTIHEDTENFE LA AHIFETH S
(Wilding et al., 2004). K73 FEWEOBAT %S

UL, RHHRECCEF 28 < 95 % (Liu and Lead,
2006), & L IERIGHOIEHALETH 525, @
TEWEDTL -2 2L — bR 5728, IR
CF=10—15 %47 D 2l H O o3 Hf I i & 9 5 )5 8
»% (Wilding et al., 2004). DEARNOEH TIZ
KRIDOFNRY & % 2 EFN LD T, flie Do
72 DIZIEIE UIRE R E CF R & CHfE L4 %
ZENBEEEZEZLND.
suaZ 77—, BT 2EESu< 45
I KREVWIBPAENEZEAZ SN TED, 150 L%
MYEL§ 38 (Larsson et al., 2002) & &1, 50
FRIEOWEHIE 2., Bl A XTEEDEE © 1.5—2 1/min,
ZE ) 30—40 ml/min & & (Wilding, et al., 2004).
GUL¥HED~ 285 v 2 - MINERIZBE L T, Th
ZNOALFREIZDNT, PR AK - fREFAK - &l
KEDET I 2L aVvDE=ZL) VI TROB I L
NTED. /70270 —A@ICKITEYANT VR
13, KA AR IR TR O 7 v — TR
35 (E5XBM). HEHT 3Ky OREMMOYE =
(Cry* Vry) LHAEZO L 2= RE R OYE & & 3%
WAOPWERDOH (Cr-Vr+Cp-Vp) %L T,
2N v XA %Mt $ 5 (Benner et al, 1997 ; Liu
and Lead, 2006 ; Eyrolle and Charmasson, 2001).
TEERERER CORIE (recovery) (FFEHEME P K
SRIBATATRE 72 ETIE 92—96 % Th > 7228, L4
FAUREH IV B, TRIBAPKELS L7 (Guo
et al., 2000). AR AHFHEHOKNTIEEL, B %A
EDT OIS REIC KR ESIKGFL TV 5, Z
DI, 74 & —SHOWERE AR L TH<
ZL¥METHD (E&H - AL, 2008), ¥ AT LD
AVF4 YV aZ VIR AMRTHDE. AV T 4V 3

Permeate Cp, Vp

Retentate
Cr, Vr

A 4

Feed

>

H5X CFF RN AMIEICE T 5~ 23T v 2 DEEK.
Fig.5 Diagram of mass balance recovery for cross-flow

ultrafiltration circulation process.
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=V ICET AR, BRI T 4 L 2 — D
PRI % (BJF - S2AE, 2008) 728 —EIZIEE
A0, WEAKSHTTIZ 10 1/6t% (10.8 ml/em?) L
FD75 9y 23R E XS (Buesseler et al.,
1996). Eyrolle and Charmasson (2000) %, "RHA
B2VHICHIL TV ANSI VY A EF 2y L, K
PLT VDT 4 NA—T18 1/m> (1.8 ml/cm?) LI
LEaBEELZELTED, BAILE->TER2AD
DREVELFIZEMEEENS.
ZOMOFTRM E LR, #4144 ON, Na', K, F~,
ClrZH I EALHEA A v & L OEBIELZ BT 5 3,
Ca™, Mg”, SO/ S IMED i & OFFEN - FifiEhE
BRI X BMEEMIZ & - T, BN RSP RZ 2
EhdHB. 5T, UF A@EHNTY A 255H$ 55
BlZBWTE, TOZEITHERZRELAI LELRH 5.
Buesseler et al. (1995) (#g/Kh O REIXK KD EHE %
HiE LT14 D5 %% CFF ¥ 27 4 % HW T
U, AVTIFTVT4INE—ANDRERPEE 5 DIGYL
AEELTREOHRG AT 28, Traviy
VaZ VIR bo O BIZIAD S Z Lk EDFRN
AL TS, X612, BTN &S ISTERR
IEEBRLAE, Y ATV AHDF 1y 0 EITD DI
WA - 723 RHREUIBZHT H D, WO DT
EDEI I 224238 L T2 A2 U a6 50n
EFRLTWD., £z, 744 —D cut-off & IEHERR
BHCHERRL, S h B RifRIZDOWTHER T 5 B2 H
52 &%, HBOEDTHS.

2.6 TSRO

OB ABIINETEAIASNTOALD
EPIZE L OFMERR, WOIIELL DFERENELE T
5. %72, V) T T B RERMPI R OE Y,
MU B TCRRE DR FESE, GURHEEREIZ 3613 2 HLD o
EPODAK ST, SLEEE - AWSES TR - R
WDFRL % UF BEOREROHE, 7L 7 4 L4 —Filio
HE, =MbYy PoORFEEOIY T4 a vy, R
MR (CF), zazzu—lh, w215 Y ZADOREX,
B EDHMGEOMED, fRE L TEEADaa A F
Do B AR D SRR & S L5 2
T35 Z EMHIL 7.

2D &S HICET 300 Eo/RER L, Sk
HA MEEFER R -2 74 VIEIC K> Tau A i
Blga37—anfioh-L LTy, IEYAaaHlia L v
EEZEZONS. Fi2, ThETIIHE SO T —
4TI, RO RER SRS E R auf P e
DR ERS BT ELRH 5. 65T, B
PG, Btttz aof FOF— 24852
DREE 75 5 7255100, REK - Bk EoET 52
YavOYYT)UIE, =Ny DORREEL &I

B9 28 A lfl— DD RD AR MEEZFE L 6N 5.
3. EFIVER->IalL—Yar

LRI D204 FRIFDT T2 a VR,
Y=rrvvall (BAT—F, YUTIL) FREISTL
LHTRDE S SO AMEE WL LTE, AR
TREFKAFICAAET D DIRE 2 S HINT 2D T (5
2 X)), AHEE L < IITREPKAPFOREE A FEEIREIZ L -
THEEENT=RIC S TOB PP EELRETH 5.
2T, Ny mETETLL, 744 =12k B0k
DEGNEY I 2L —Y g VEHELT, RAAAEEICK
KR DERICB Y % Al - MG A 1T o 72

3.1 EHEIES 5B
EBAET LON (13) I2kd &, AMWDIRE CF
FBEERE CF OB &> Tk, CF A 100 £TO
O T 6 IR L7 HHAOX L EZHHL 7
FRAMIEEE T, A TIEL CTAMEEDTHEDT
MEHEETEAMT 5 Z EAMEETH 5. 2 TORKHA
Wik AL 72546 (RiERE CF=o), ETLTIE7 4
L& — DIREFHRED 1 Tk FIREIIE L A EE
MLTLEW, X (13) 12Kk % AR A MR & [
FIZhoTLED. ZOHGAITIIRERED <1 DR+
E1DRTETESBDERHETE ST THS. Ly
L, FEECIERIFAEORENE» ISR 5 LR S h 7z
K 7O EAEH TEBRRED —E TIda < & 0 Esto
ADZZLIPMEH L TZDETFILHEK L WATRENES,
FEPBIFRIRITIRE L R 2B LT T 4 L& — LIcdE
Fo57720, BMLTT 4 LE—FEIZFR->TLESRND
HEEEINDD, HEMNZZOIIIZEDINPEAHATH 5.
FEERD 7y HEIR O ARy R, T O R A X
PRIt - BT 3 e namTtidal, BB
TFOH 90 % ERETELNLT, 20 %FEED/NX
WA ZRPKZEONY A ZOIEBHH LTS (Guo
and Santschi, 2007) Z &i3SiciR7z. ZD7z8, £
FOEERGRE UT, SURERPICHEE TR G526 T
pau4 PRTFA0LTED, au4 FPRFICHT 5
TR BD & D RREDEZADB B END 112k b &
S KILESMRED 7 4 N2 —%5EZ BT () ),
AB7 2510 %, 30 %, 50 %, 70 %, 90 %, 95 %,
99 % LA LT AT, AEHHOHHB S ORESY
MEGRELUEREE T b) (TRLZ AlETatv
A DA RO T A, JFRIS RS 5 YRR b o ZE{Lithis
BEMZEHL TN ZERS 7K (b) hokH
HiE), KZEOFESHABE 2> T Zeibr b
REFRIE DL 72 > 72 fEROHFAE (A7 v+ 251100
%) ARETLE, ThELOREHERLT, 7404 —
ORI 1 TRV TOBAITIR, AR REE T
Wi ZORNTIIETERLTLEI Z L LRETH B.
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Relationship between retention coefficient and particle concentration in filtrate

L T T T
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CF (Concentration factor)

B CRIFRE L AU 1) BRI IRE & OB,

Fig.6  Relationship between retention coefficient and particle concentration in filtrate.

L2L, A3 22 8Ed5E, WL, #
FHRE 0.9 DRIFI3 A7 0 & 2499 % HEA TR
WD 1 % FREEFR - 72 Bl (58 6 IXIZH 1 5 CF 4% 100
DFOMIZHY) TIE, Z OO AR IRIFEED 37
%, 99.9 %iEA TIRIFATA 0.1 % FEET - 7= BRE T i
50 %, F&iA%0.01 % FEE TS 60 %FEETH 5 DIZxtL,
TR I 0.95 DR T TIERZENRFN 21 %, 29 %, 37 %,
B 0.98 DR T TR ZNEN 8.9 %, 13 %, 17 %,
TREHREGDY 0.99 ORI TIEZNZTh 46 %, 6.7 %, 8.8
% L5,

INEDTENE, T4 LR -5 THREIZDED
REFER AR S 72580, RRHRE 58421 Th< T
% 0.9—0.95 FE DR 1 £ Tld I B & 7 210 ARl
i - CTH D, AWEMNSEM L TL SR I3 RERED
0.9—095 REXD/NEWRIFETERAT I ENTE
EEZIEND.

WHT 2R ORIk & TSR RIS
BEZ1 L AEEDE0, MNTEHRSEVIEKRTIE, 2
O F A L CELZ AR, UL, Rragy
5y T RO K & ST RFHREA 0<Re<l TH B KD
BRTETAEZERTLIE LS, HRAHIES 55 %
TAMT B Z L TIHMELIZABGEEATEET D A 5 A5,
WAL AEEERCHGEE D FOARMEIZ LT, REPR
T AGEREH, AR A5G X LB arREME A pk L

TV EEZONS. - T, RESMPRMOGARHZ
BT, KED PSR E S TREHRES 1 LHEE S h
BRI & bR < 72O IS 2581213, KAl O W e
MEBfE L7z ECHAIT 200 %L FEA 5N 5.

3.2 CFF R4t %iE

BHAO L Tida < CFF 26/ L 28A121F, iR
MBRTEHNEWS 2L d D, RIFERPES k52 L
37 S EHRBCF AR TH 5. Zoaauad
FRETORIE, AIROEEED 6B X h 5 O3 BHRR
YDA ERTTH BH, K120y FROKkE X
V2 S ARFHREDY 0<Re<1l TH B &I BRTIZkF 5 5
WeDWESE CAZHE 6 IXNZ/R L 72 & 5 12w R % CF DR
WrnoThD, BERECF nEDNTO Cr%H
Wi TauAd FREOFIENZED 5 72D R %
WThd. 1t-7T, ORERE CF #HE L THIET S
2, B L IBOERINII - 729 v 77 ¥ 2R R
BCF & Cp 23Kk, ZomHFOMG2 65X (11) %M
WT Cry 23R®, (RIFERIZIKZRERKZ DI 4 F
HAEFNTS, LW T EABELEEZLNS.

ZZTHMEE R Z L, FHT ARSI UL PR
FHIRANKES A EFOBAI, BHT2 7 L5 —
R LTI ODMREHRE Re #H T 5 IR AT &
TH5. WAL, RHREBH L ZA» 6305 LD
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HEATIE & AU ORIPE oA & DB

Fig.7  (a) Retantion coefficient is estimated to be linear.
(b) Relationship between degree of filtration process
for uniform particle size distribution sample and

determined particle size distribution in filtrate.

L2 K5 kD7 4 L2 —TI2 CGETIX (), Be4
IR A H R T 790y a VARB LR &
5. ZOXSnBEEIE LT, HHET BRSO TA R
Kt b 5 [EHORESGR S8 — v B & L7zgaIs,
Z O AL A% ORI 2 — v R 8
IR L 7.

FEIMD (a) 1, RENFEHY A XKD EEHI TN
Xy (Re=0), dLLIFKkEW (Re=1) AT, /hawn
T30 a3 VDABAEINT, KEWT TP 3 ViF
AN, UEDEIOMERETIED 50, ZOBAIC
FRkEALaa FRTFOGEIL > e Eh5. (b)
D & S IZ ARSI TR A4 ZISEVK IR E RO
Re (0 <Re<l) THEMLU, ZHITEMBRE CFIZIKE
LT T 5. X512, fORMERBO X 5 2R
5 () ® ) #LT0aHAICE ) & b)) ©
MAadbrLhsd, 20k BGE, BEFRERe (=1
—Pci) w#HiOH DRtk Db B TOBEMKIEE Cpi
i, X 10) 25,

Cpi = Pci+Cryi+[CF]* ™"
L, AEEKEE Cp it

—X (14)

Cp =3 Cpi = 3 Pei+Cryi-[CF]* ™ —RK (15)
VI EITREIZOVWTHELEZEDELES. 20
LA, R 11 OBEFRRL S 3 Fb &z Pe & Cr,
#5225, KfEO/NEk (Re=0) 204 FRFTIEH
R OH, R FE S TR A ZITEVEAIZE, A
MR I S BEE IR CF OBMNZPES Cp D& MY
TLBDT, KEVWRIEDOIT A FRTERZFEO/NE K
I a4 PR E OSBRI IEEESNETH .
Z 2T, A BRRORNTORAEE#IELT (741
A —%BETRE Re<l £ B a0 FRFIBEDOAE
2100 & 5B EHIRELZ. ZThs Dk M3 GER
TNREaTA PR TH5BH I LR, BRI CE
DEAIZHES Cp DZELEY I 2L —v 3 VEMEL, %
DWEROMEHE IR L. Zhicks e, H—0
Re ¥+ 23au4 PRiTOr—2 (1) PyHz 11)
TR L7z Cp OEARKE & IEERE CF O HARN KA TE
WBARIC A 2 LI BRIEALHT, WFhd Moo
ML 572 (AR, ()~ (i) ). 394 F20<
Re<1 OHFPHORIE TCOAGMT 254 AR, ()~
(iv), (vi) %) 12iF, X (11) OMBIREII I B3,
AMRE (Cf) 3ATITE B L TL 280 5T OH
AW, RelZBLTERWEDR6EHNEDETHSHDT
AR CF DK & X2 &k > TIREDOZE(LISEVA RS
N5, R IR RS FESTFOI a4 FRF (Re=0)
AEGFLTCHEE BlAE, ) % (i), X (1) o
MHBRBUIEL &0, AWIRE C/ KD -5 TO%F
HAZIE U CRHERE CF /N WY O BERE 2 6 &8 L
TR L B Z LAV L 72, ZhoE ToEkT, K (11)
DOBRAN S Pe 3K, aua( PR TOEEAELL
TW330DOHTE, HENDFVRLSEVEDERZ
Fohr Fhboid, EfFEOIT4 FRTFTRe=0D%
DETE—HILTWBIEBR—NTH D LHEEINS.
72, X 11) ZHOTEIRNIRL 72 & 5 BRifES
i % U 7= 0RHAWG % A L C, P25 Pe 35 KUY Re<1
Th BRTOYMIRE Cr, (£FLVEHFHETIETNT
100 £ LTHh3) gL REH2RITRLE 2
a4 FRiFAH 0<Re<l OHEFHADOKE TOAGAAT S ()
~(iv) TiX, HIDO Re TH B () 12100 & %> T 508
BED Re DIRGAFITH 5 EHEEYIIRIE Cry i (iv)
D8TIZEF KT 5. Zokaizh (11) OHBFRK
BEVIZE22D6 T, HEMEE2ZDIKTT5I LR
HAEDOTHEBLDBETHS. —J, Re=0DRiF& &%
A THBEREDEK Y (vii) T3 WHIRE Cr, OH#EE
i3 98 &7 0, HHBIRE DS & RO 2 Y0
FLAMCMEMmMTIE W LI L 7= FEEIC CFF
TOEENMNZ1E B nm &5 1 kDa Tirbh b &, HH
LTWBIZEEAEDWEN Re>0 & Wt 278 Mk
W, 29 F 5 &, Re=0 DEDIRMHATELZDT WA,
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Fig.8  Size fractionation before and after filtration.

FEIX (viii)), X (11) OHEBMIEIRIFICAES. 74
A — Do T ORFEN T REL BD, Re=0 Dk}
TOFENEZ6NBHAICIE WA, FIX (vii),
X (11) 2E5ET 2 &0 LAEBMBRIKD 2 7x< &
D, REABL ZLIZOAD B0, HEIBETH 5.

3.3 CFFIR#AABICH T 2RBEMLE L TORKRER
CF
KD (vil) D& 5 & — 2 TIRMHBIRE A EL | (d)
O 20 FTishE > Tnb,. ZOHADFEER
TIEE O ORSHRE CF £ TR 2 ki 5 2,
FEAT DR LTI IRME R I CF 2 & 2 & TL » TR
TBh, EVSIERIITE ST, /35 X — 2 OEMIEAZ

45 H 5. 22T, dHEMFRHRCFIZHW
T AT > 72 & 2ITR® 6 W 3 FHIDORHR Re ®
B L, JTCORBRER D Re<l Td 5 ki 1 O FYiRE
Cro B EDINT A — 2N, IRHFHRE CF OZIZfE- T
EDEET 20 5MET L, ZDREREHE 10X (A)
IR L7z. ZDES Ay — 2T, EHEHRE CF A 125
£ COMNTEBIEAROM X 12 0.015 2 5 0.078 £ T 5 1%
WL EED S 72D, FEIRE OHEEM Cro 1297 725 98
BELP2ZEHLTE5T (ARIZ100 £ 45 F2EDT
baH @), ZOHARICESEDEETEIENI L
AVHIB L 7=,
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AL, EOWREIRE CF THE A 110 T 3 B U ks
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Table 2 Results of CFF analysis for mixed particles sample shown in Fig.9.

Distribution of Cr, Least square fitting Corrella.tlon Average  Estimated
coefficient
Rc=0 0<KRc<1 Rc=1 Slope Intercept R Rc Pc Cr, (Rc<1)
M 0 100 0 0700 1477 1.0000 070 0.30 100
G) o0 100 0 0.499 1.678 0.9992 050 0.50 95.1
Gi) 0 100 0 0.272 1.857 0.9982 0.27 0.73 98.8
Gv) 0 100 0 0.704 1.412 0.9998 0.70 0.30 87.1
(v) 53 47 63 0.281 1.825 0.9788 0.28 0.72 929
(i) 0 100 0 0.402 1.740 0.9948 0.40 0.60 91.9
(vii) 94 6 0 0.078 1.956 0.9276 0.08 0.92 97.9
(viii) 12 88 0 0.630 1.547 0.9991 0.63 0.37 95.2
- 100 YIRS Cro 13 77 205 87 £ TEAB L TH D (KK
o & ) “tlR 100 52 REEDTH 22 (Hilh)), ZOHAITIEHE
55 08 9 8 WAL LTKEGIMERECE £ 4% E T2 £ath
R TR — S = P -] M ote. ZORRE» S, MRS KA TS R
(A)§§04 ! L EY MFELTMERKCE hadeatel BELdx
EE ' iE WZERM SISz
% £ 02 e % INETOEF LG - 2L —> 3 VEHERER &
R L ———— . B A CHBMEL LTHEA B L, WS TITkES
0 50 100 150 TIREFRECRe 281 Th R &gk L CERINT 2
Final CF in experiment twnyamTix, X 11 FHWTIZA @) 2k iE
WRECHIIEL T2z F EHINTESLHE26NM 5. —
& 1 <R 100 FH, avu4 VRFOTREZET S &5 %, HlAIXK
%EOB — % .5 nm &4 1 kDa ® & 5 IZHH8 FHROKE EA/hE L,
§%06.- -—= o—= mgﬁ Re=0 D7 52 ¥ 3 VM EE A E ML RIHRED 0<Re<1
&8 Cro— 3 Th5 &S BH KT T, RHERECF OREIZL-
T -’___./0—/'. < g - N N = N
(B)| £ 04 85E o TARPDOFIENZEB L TLE DT, BRHITOH
§§QZWF”~ e TV YT EAO RIS E A 5B, L O
s EEAT, RePFLLEEASNL O, FRTO
0 & W DS A S 11 IR L 72,
0 50 100 150
Final CF in experiment 4. 04 h@?—é%‘%‘i{iﬁﬁ‘: ﬁg LT

10X 3 9IXOERSEMAET ((A) : (i), B): (iv) T
DFFNTERE D YRR CF & 1Y Re, B (R),
SPIFYREE Cry (Re<1) B E DT A — 4 L DBIR
RENIEROF A% R T.

Fig.10 Correlation between CF and average Rec,

correlation coefficient (R), average Cr, (Re<1l) in

(iv)) in Fig.9.

Arrows indicate the directions of coordinate axes.

model experiments ((A) : (vii), (B):

ByfEehd e PEENES, 207 —ZIZDONTEHE
FRICBFIL, ZO®EE2E 10X B) I2RLEz 20
BAITIZE M 2 Re 12 0.65 05 0.70 12 L 22D A
Tho7en, RS NIZBREH D Re<1l Th 2 RiT D

HRAOTv A FRiT2M0 7258, 27 L x —
IR 2 B ORFRE Re TlE A MHIAVRe 2H
304 FRF, SWRzsE, 744 —0D0<Rc<l
L pRREHOa A FRE72Ta<, 2 ORRE
EHOMINZH B EHHTaa 4 FRFVGIEL TSR &
AHEEXNhS, ZheicxLT, au4 FRTOTRE
i s&kS %, HlAE1 kDadkd EEAETIE, &L
a0 R T 42 —D 0<Re<l &7 5 REEHPAIZ A0
LTWhWiug, ZOMPHCIZiERecosrr 7)) v e
MAMETH B, Lry, K0 IEMELRMBTIZIEONZ LR
itRE CF £ TOEBRERE BT LTS, —F, 74
A —DMSEPKEL, Re=0 & /& 2 Ri{ZHHIZS
auAq FRFPEET 5561203, ZOEIICE > T
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(i) (i) (iii) (iv)
[X]coll [X]coll Ctotal [X]coll
VAN RTAGE VAN | B AN VAN ANAN VAN
Re=1 | Re=0 S “l Rc=0 —
1 1 1
Re 7 7~ 7~ 7~
/ / / /
0 V4 0 4 0
o1 1 - _ 1 —
O = \\ : N <
— ) ) ) )
oo 0 0
Cp, Cf /\ /\
Particle size = Particle size = Particle size — Particle size —

[X]coll = (Cr—Cp) / CF

In(Cp) = In(Pc+ Cro) + (1—Pc)-In(CF)

[X]coll = Ctoal - Cro
possibility of underestimation for Cro

overestimation for [X]coll

%11 JuA FREOHHINEDE L.

Fig.1l  Summary of calculation methods for colloidal concentration.

(11) 2RO U< B h, B4 T DN I3 A %D 7
WETh2LEbhs.

—J7, WO a4 FOREFMOBN A, S Z 0
& R A RGR T 2354, IEMEMEOBI L RIKRC
BEMOBUS EE AR E LS. 5T, KRHITO
T Vg LI h e BAESE L RS B UM O
WaH x5 &, RIROKMGE % &R T L &
I ET RGBT, A EHMICE L TS RET
RBon7zT — 2132 POMAHI & 255, ZHIZ&D
REMIZFHMETX 2 e EZ 2605, b, IEMEX 2K
T 5054 LI RN EHMIT 256 & T, HEETFL
EUDEFi L WEELSNS.

b BRRFFHO T4 PR ARG AEE, 72, W
BEIZWTZhThoRET 3 IESRE A RET S
B, FEDCRET L 72 & 5 120 h DT B S iERAE T,
AWOY VT v S EETIERBR (R 28R4
B L, SrHEFEE SR B 720 ISR T U 72 B D %
ENKEL LD, HE-T, i LR CF Tolb
WREIPEBEEEZEZ NS, 72, —DOORKTHE %
o CREZERH L 220GE, REOKE W AEKEE
fifi, /X WTFASENGEET & 2 B DT, 7 DRl & SET
bhb.

—Ji, CFFRZD &SI OBmTHEHENS &
NS> CEZD, FEOREEOMENH B Z &2

FEAMIEN (SEM) R FRIISEMSE (AFM) Fo#l
BEIZ K S5 TBIZHS 2127 5T %72 (Doucet et al.,
2004 ; 2005). M SIFWIAKDEREAKEFKILL, 0.45 pum
E0lum DAY T 5T 4 L4 —TCFF AL, Th
ZThoauA FRT%BEHE SEM (ESEM), SEM,
AFM B8 U TRt % #FXT 5. Liu and Lead (2006)
IFAFM EDWIRT, BETIEAEVWEDDO kD Rk
B s EhizELTwa, EBilNE, (2009 TB,
AFMBIEREZ T > T TOau A FRTOBIZEE1T->
TW3.,

Il TREnsd k512, au4 FREFORER
FREA RIS T 5 7-0121F, KT ORENEEESTE
DEEPNZ, RifE (FLER) & HUEIZ9HES 5 Aoy
WITIENFS 2 G T 55, FFHREO 7201213 b4
KEWSPIZT BT L EMEARURTHS. TDRY,
avA FRTFOERN AT RAT 57291213, CFF
FRAY 25k 213 U &3 5 KM Ak e VTR % 47
BELAL ISR O D5 2 L AMETH D, AMED
ARHEEES FTE A0, SHRUEEITHATAZ LT,
au{ FOEEHEIZIDZSOHEMATES8DLE
ATW5,

5 #bHiJI
BEEICBIAZhs auf FRTFOEEMEPEFE I
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X912 57-8D0, au4 FORNEENE, RiEH/N
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ANOEHHERFT L2 EEZL T3,
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(Appendix A)

AOT v 2 EMETT B 72012, FEEOT 4 L4 —
iﬁﬁ<f@%§@m®”@¢@_i6ﬁ% 2L

JPCHRIE U CIE L Wik 2 T2 0813 H 5. 22
THHT 2802, UTOLS5 28005 5.

R CF = Vry/Vr = Vry/(Vry— V) —A (A1)

RER Re = 1—(Cp/Cr)=1—Pec —a(A2)
iR Pc = Cp/Cr=1—Re —i(A3)

FEEE AT LU TCDRBED 7 7 v 7 ANR—EIh
LZLNEBETHEIN, BEGOBEXDT T 9o X
BIx, KDT 590 2% Jw, /8B XDELHOIREE

% [X]e =Cr), BENTORE » TOUREE [X|m £ T3 &,

T Ty 7 2B RENC B D B R & LA EE L TR
ToOLHIZE£BlEN S,

d[X}m
dx
22T, D, BB TH D, —Jio 120 TIRIAHE
XOETEML, 1 TRETERFHL L ER X5
WRETH B, B IHOMHUH IR T & 5 LTS

&,

Jx= (1—0) Jw-[X]e+D,,, —a(A4)

Jx=(1—0) Jw-[X]e —A(A5)
ARDUE % [X]p (=Cp) £ T 5 &,

Jx =Jw-[X]p — (A6)
TEHdZLnrb, X (A5), X (A6) »5

o, = 1—[X]p/[X]e — (A7)

LD, EEEEHL 28 2D 13X (A2) DR (il
He) 2% (retention coefficient) Re IZHHYM L T 5.

A2y 27 L2651 2 E MK ETLTIE, X
(A3) DE BRI Pe(= 1—Re) H—EEREL T3
(Logan and Jiang, 1990 ; Kilduff and Weber, 1992). #t
HMOBEEX DT 790 A% Jx, KDT T 92 2% Jw,

Ao E Q-10") &

T5E, AL AT LOBEERGEO—MY SRR
A (A8) TmRENS.

X V7TV OHEE Am,

7"(‘/2;&) = —Jx-Am= —Jw:Cp-Am = —Cp-Q
= —Pc-Cr-Q=Pe-Cr- (OZ’") — X (A8)
ZORBAEEFRLT, f@Hiz+sEe,
_d(Cr) d(Vr) _ dvr)
Vr dr +Cr i = Pc-Cr T 7 (A9)
1 dCr)_ ., d(Vr) L
Cr o - et . dt A (410
T2, BROERENRTFEIND Z N5,
Vr=Vry—Jw-Am - t=Vr, — V/ —a (A1)

Th 5. X (A10) DM KRR EVIZME Cr = Cr, (t=0)
FHOORZ, X (A1) KUK (A1) 2R3 &,
In(Cr/Cry) = (Pc—1)*In(Vr/Vry) = (1—Pc)-In(CF)

—=R(A12)
Cr = Cry*[CF|"™ = Cry:[Vro/ Ve
= Cro*[Vro/(Vey— V) —=X(A13)
NESNhE. ZOR (A13) 1F, Aok (9) 125
N7 5.

— 388 —



517

518
519

520

521

522

523

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

WHERERE > 2 —HAREHE

B REASS 2009 FRkOFFRIE  HAAKT —HHEEK - HHIE O R —
IR B T — & O - XERBID 720D 74 77 (3)

Software system for aeromagnetic data processing, grid data manipulation,
and reduction and quantitative interpretation of magnetic anomaly data (2)
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Contour maps of some useful petrological parameters on P-T plane: A case

of the eruptive products of the Asama volcano on 1 September 2004
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