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This report reviews the recent studies on the stable- and radio-isotopes of chlorine from

a viewpoint of environmental science, partly including historic references on this element.

First, general properties, occurrence, and utilization of chlorine are described. Secondly,

current status and research works on chlorine-compounds, which attract special attention in

recent years as environmentally hazardous materials, are reported. Thirdly, research works

on stable chlorine isotopes, 35C1 and 37C1, are described with a focus laid on the

newly-developed techniques; isotopic ratio mass spectrometry (IRMS) and thermal

ionization mass spectrometry (TIMS). Fourthly, recent research works on chlorine

radioisotopes, 36C1 etc., are described, focusing on the development of accelerator mass

spectrometry (AMS) and its application to geochemistry and others. Finally, taking

account of the above-mentioned recent works on Cl isotopes, possible future research

subjects are discussed.

Keywords: Chlorine, Stable Isotope, Radioisotope, Environment, Isotopic Ratio Mass Spectrometry,

Accelerator Mass Spectrometry, 35C1,37C1,36C1.
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36ci
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Ch fi.
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t P4O1

) ^ \
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Ch 0 3 C, 4
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Au^Pt

\ Ch o H2
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2.8

+ 3 +4 (H

Agco3

o (
+5

Agci

HClCbh + 7 (ill

- 5 -



JAERI-Review 2001-043

ESCA, NMR, SIMS, ICP, ICP-MS

(PCB,

HPLC

PCB

2.9 l3)

1.9 3 -

fo 1/3

(1)

(3)

V - , EPMA,

L t , Kylin
, Petrick

& ECD-GC

Hallstatt

, 19 itt,i

o 99 %

2 800 ha, SMgffitfS 20 000 ha & !9 , ¥ 0 600 ^ t

- 6 -



JAERI-Review 2001-043

(4)

(5)

*^ 7

140

2.10

30

^ 4 f I 2000
(21%)

, 3 f f 5000
19 ,

* m

)#>—jKl' t o T Table 2.1

Table 2.4 \Z.7f?t«t 9 t , Na t Cl

l4)

, t

- 1 -



JAERI-Review 2001-043

- 8 -



JAERI-Review 2001-043

Table 2.1 Main chemical components in the sea water2*

fife ft

Na

Mg

Ca

K

Sr

Cl

SO4

HCO3

Br

B

F

0.5561

0.06679

0.02127

0.0206

0.00041

1.0000

0.1400

0.00749

0.003473

0.000240

0.000067

(mg/kg)

10,760

1,294

412

399

7.9

19,350

2,712

145

67

4.6

1.3

(mmol/kg)

468.0

53.2

10.2

10.2

0.090

545.0

28.2

2.38

0.84

0.39

0.068

™«"
(mg/kg)

6.9

3.9

15.0

2.1

8.1

10.6

55.9

mmm
(¥)

4.8x107

l.OxlO7

8.5xlO5

5.9x106

4 xlO6

7.3xlO7

7.9x106

8.0x104

1 xlO 8

1 xlO7

5 xlO5

: 15 mg/kg, Si;2.9 mg/kg

Table 2.2 Isotopes of chlorine4>

m
Zi(MeV)

- t ?tJt (MeV),

33C1
34C1
34mCl
3 5 C |

36C1

3 7 CI
38C1

3 S m C ,

39C1
4OC ]

2.511 s

1.5262 s

32.23 m

(75.77 %)

3.01xl05 y

(24.23 %)

37.24 m

0.715 s

55.6 m

1.35 m

-21.004

-24.440

-24.294

-29.014

-29.522

-31.762

-29.798

-29.127

-29.804

-27.540

3/2+

0+

3+

3/2"

2+

3/2+

2

5"

3/2"

2

j3 +

0 +

j3+53%, IT47%

]3 "98%, EC2%,

"C
D

IT

"C
D

/ r4 .51;y 0.841 (0.54) fdl

i3 +4.50

j3+2.47[34]{til, y 2.128(42), 0.146 (IT) {til

a 43, / 15; a 0.48, Ip 0.59; a a'0.08 mb

j3 "0.709; /3 +0.2; no y

a (0.7 s) 0.005, o (37 m)0.43, / 0.32

i3"4.91 (58), 2.77(11), 1.11(31);

y 1.642(40), 2.168(55)

y 0.671 (99.95)

13" 1.91 (85) {til; y 1.267 (54) {til

13--7 .5 , - 3 . 2 ; y 1.461 (77) {t!l

: ate* off a . ^J:5
0.5eV U
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Table 2.3 Symptoms of poisoning by methil chloridel5>

ait, ^fio

4 H5PH1 L C L O = 3000 ppm. (LCLo ^

Table 2.4 Na, K, and Cl concentrations in the human bodyl4)

(mg = A% mmm

<<

Na

K

144

163.9 152 160 > 205

37-

Cl

A
109.7-

(53)

54.2-

163.9

114

38-

152 205

203"

Na/Kht 35

(0.13)

36 0.05

15%)

10%,
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t

Rl
36C1 ^

C1 fcSl^fct 38C1

3.1
l6>

, ±

L T , Kylin

PCB ®^WJ£S:S^LTV^5 O ®.<bl*iS? u u * ? >\z.X V mm

HCP (hexachlorobenzene) , PCB (polychlorinated

biphenyls) t DDE (l,l-dichloro-2,2-bis-4-chlorophenyl-ethene) s *3

^ (GC) fe^J;i9 6

3.2

16

18

27

co Table 3.1 I

Table 3.1 ± ^ fc <D t I t ,
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> \ (22)PCB, *5 «fcU«(23) ? P P

^ib, 4) #14,

x - ^ ^ - r l7)

(1) M J ^ n o x f i / y Trichloroethylene

CAS Registry Number = 79-01-6

y 1J V

: CHCICCh0

69.0 mmHg(25 °C)O

$ C ^ - ^ : 4.54O

131.40o itM. : 1.465O

: 1,100 mg/L (25 °C)O

: 10.2 % (25 °C)D

^ : -86.4 °CO

& : 32.2 °C0

1990 56.850 to

40

. 1, 2 — -

^ : 86.7 °CO

: 2.5 ~ 90 %

MJ ^ n

10 ~ 100 // 73

7 y h (DB P LDso

&!£ 99 %w±,

USEPA : B 2

h

, 0H7

511ti 0.29 ~ 12 // g / L "C

5:£II 15 #rf7COiftT7KIi^"e(i, h U ̂ n n x f - u y i i 1,360

0.5~ 1.0 M g/L<D$£H*S 179&ftM.0~ 10 /i g / L ^ 195

, 100 ~ 1,000 n g / L ^ 13 ̂ ft:^ 1,000 ~ 10,000 M g/L *S 1

11,528 ̂ f $ ^ 0.03 m g / L * I

27 faWft 0.03 mg/L^Mi§

.03 m g / L £ M Lfco

fi 4.92 g / kgo B6C3F1 -? $ X C l i f f l M J ^ n o x

\f Ky ̂ -^ftlicofb^t/^^tp)^ia5 H, 78

*|l«lT^*e>tl^:o (NCI)5S^^tiWffifi, IARC : 3 ,

yeast Sffl^$^lgtt^KeiilttgJ|*

857 m g / kgo

- 1 3 -
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5)

Daphnia magna

Salmo gairdneri

48-h LCso 94 mg / L

48-h LCso 120mg/L

(LCso fi

6)

« & : 2-105o

*P 0.03mg/Lo

50 ppm0

0.3 mg/L

Carbon tetrachloride

CAS Resistry Number = 56-23-5

: CCUO

(760mmHg)o

WM^fe : 5.3O

2) ^ j g

3)

: 153.82O ft H : m&W$\WLfoo M & : -22.9 °CO ^ ^ 3 6,54 °C

1.594O i=^U± : 115.2 m m H g (25°C)O T K ^ ^ S : 805 m g / L (20 °C)0

1990

50,547 t, 19,868 to

4)

5)

6)

95 %

, cox

330 *£Sk±, Molina Pjfi 30 - 50

1965 «|ft:^ 0

, Wiffifi 0.003 m g/ L

LDso tt2800 mg/kgo , 7 y 30 mg / kg bw

2 BN USEPA:B2

48 H#^ LCso (mortality)

96 H#fH1 LCso

35 mg / L

1.97 mg / L

- 1 4 -
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•. 2 -

P Pm0

m&m -. i

0.002 m g / Lo ^ T K S * 0.02 m g / Lo

n ^ V Dichloromethane

CAS Registry Number = 75-09-2

50

: CH2CI2

: 3 4 9 m m H g (20°C)

BM&& : 2.93O

2) ̂ g

3)

84.94O M & : -96.8O ^ ^ : 39.75 °CO J t S : 1.335O

: 13,000 m g / L (25°C)O ^ ^ ^ P i t i t : 5 5 % (

77,466 to

19 53 ~ 127

0 1982

101

o JrV*ls~®LM\%M\±7rils(D 1 / 1000

1360

Co 1983

0.002 ~ 5.6 pp

X 63 ^S~¥^4¥S*"C"C 527 ̂ {$* 98

0.012 mg/Lo

4) #tt

•v •> ̂  (DB P LDSO fi 1987 mg / kg, y y h "C 2,136 mg / kgo F344 7 y h {̂  78

«tfe^»ft#^t^Eti*PLT^5 t LTV̂ o Ames

20,000 ppm 30

SffifilARC : 2 B, USEPA : B 2O

5) mmmm

imm : 2-36o S ^ t l ^ ^ * ^ & : ff^MSt 100 ppmo ^EfefeJKJAfiJS^&t/

(22) PCB Polychlorinated Biphenyl

2-6

99

0.00004

, 5 ~ 250

1,000 ppm

- 1 5 -
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CAS Number = 92-52-4

PCB

PCB

210

KC -200, Ar. 1232

KC - 300, Ar. 1242

KC - 400, Ar. 1248

KC - 500, Ar. 1254

KC - 600, Ar. 1260

~$M.\YM

its
1.223 ~ 1.243

1.310 — 1.322

1.376-1.389

1.460—1.475

1.539-1.555

270

325

340

365

385

360

360

375

390

420

2) 4i

1971

11,0001,

3)

PCB

4)

5)

6)

m3

ppm,

\f

57,330 U ffflA* 590 t t £tl%o

o 1972

PCB (D

o PCB

LCso (48h)

LCso (48h)

0.3 - 10 mg / L

3 - 10 mg / L

S I S 0.5 ppm,

O") 0.5 ppm, ik

&\Z.& Lfc 1970

o i&

- P C B

0.1 ppm, ?L»fp 1 ppm,

rM) 3 ppm, ^ § s ^ ^ 5 ppm

0.2 ppm, P 0.2

(23) ^ n o * M Chloroform

CAS Registry Number = 67-66-3

- 1 6 -
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: CHCb

mmHg (25°C)

2) ^ M

3)

80 B-f

119.3O J t £ : 1.48O

: 7.950 m g / Lo

1990

& : -63.5 °CO

37,000

: 61.7 °CO WMB : 246

4.1 (25°C)O

n 7

4)

5/

29 %X\139

-£.Z>£.m 15

0. 5~ 1.0 n

LDso n 908 mg/kg o

iilAP?r^L/co (NCI 1976) Ames f$

-^, ^ n n * W 200 m 1 ©tg^fi&JEWCfc 19 ^ 1,000 ppm 7

0.1 ~ 13 n g/L T f e 5 o 1982

1,360 | f © H 305 ^{$/^

^ 182 & # , 10 ~ 100 M g/L

5)

Salmo gairdberl (— i / v ^ ) LC50 66.8 m g / L

j ; <9

3.3

^ 16 * t ^

hz> 18)

0.4

i/^ P P

- 1 7 -
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> \

f k F I , ^ 0 7 x 7 - / * ^ i f^fcSc Table 3.2

3.4

L/r

1962 V

>' (Environmental hormon) "

(Environmental Endocrine Disruptors) <t P?fc£ft5;frBi{k;'g>#» (
20-24)

1998

; SPEED'98J ^ffi ^ t l ,

vftffl l

L T Table 3.3

1998

, 75

13 Um<D =1-771-—PCB (Co-PCB)

' > y (2,3,7,8-TCDD) tf

^ (PCDD) <7)

7 7 ^ ( P C

2,3,7,8 —r h 7 ^ n n -

, : © 2,3,7,8-TCDD (D^tt^r 1 i:

(TEQ; Toxicity Equivalent Factor)

^ v , PCB 20-24)

h) ? r t ^ ^ ^ L T PCDD *3«tU« PCDF

2 7 \

DDT>PCBs>HCHs>HCB>PCDFs>PCDD

- 1 8 -
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PCDDS/PCDFS t,

2ioPb

h W ^ 19

3.5

[4HPLC

Nakano ^ 30)[4, 40

, Petrick

^ ECD-GC ^=fc<9 PCB

fe Quintanilla-Lopez h 29)lt, Ztl1z.-?\Zi&&&tlX^Z> ECD-GC

Wm t & m 36-so pp

(Fig. 3.1)o

HRGC-MS/SIM (iSj^-ftfmifX 9 n -

PCDD, PCDF, PCB

PCB

•C 2.8 ng/m\ PCDD *5 J; tf PCDF ttZMfi 8.6 pg/m3, 8.8 pg/m3 T'fe o ^co r. <D PCDD £ PCDF

3.6

1974

z 31)

1977

12 S: 1981

Table 3.5

1985

NASA i s =

30 %

Dy n

r t ^«)^Lfc 15)

, m< 1986

. 1987

- 1 9 -
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1989 ¥ ~ 1998

1986 ^xso

1990

2000

, 1992

1996 V ^ 1994 L , ^ i : I , I , I - h V

1996

— -)5 y \2 ^y \C {%t>

(hydrofluorocarbones) *£

> , HCFCs ( partially halogenated hydrochlorofluorocarbons) , HFCs

t

nm

mm n

O2 *S^fl? L T ^ O

O2 0 + 0

0 ^ 03

03 + %&•!& -* 02 + o

l- 34- 35)

CF2CI2 190-220

CH3CI

25 %

^ > = CFC)

CFCb ( 7 n y - 11)

- 2 0 -
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CFCh + $&%•&.

CF2CI2 B

CFCk + Cl

CF2CI + Cl

O3 + Cl -• O2 + CIO

cio + o -» 02 + ci

Os + O -> 2O2

i^^- ci ^

cio tt,

CIO + NO2 + M -* CIONO2 + M

o

Fig. 3.2

o im<D

3.7

, 7

Table 3.

, 1970 , 1980

20 %

, 21

1991

1990 ¥ 10
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IPCC m±
1̂=1

60 %£

2000 1990 Z. t

Table 3.6 CO «fc :

15 ~ 20 %N 70 ~ 80

L

t

2025
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Table 3.1 Chemicals listed in the drain standard and water environment standard25'

g
(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

1,2

1.1.1 - hV

1.1.2 - h ]}

1,3 - (D - D)

( C A T )

n

(17) t

(18)*

(19) i

(20) ^ O A

(21)

(22)PCB

m

(24)

(30)

(39)

(40)

(44)

(45)

(33) y n ^ If ^ K

(34) EPN

(IBP)

- 2 3 -
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Table 3.2 List of possible environmental endocrine disrupters25'

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

fflii

I ( P C B )

I ( P B B )

(HCB)

V ( P C P )

2,4,5 -

2,4 - v

7 ;

T h

— A

- A

A

n A-r "y

trans - J-j-^7 u;V

1,2 - v>:/p^e - 3 - t>

D D T

D D E a n d DDD

r >v

y

o

o
o
o
o
o
o

o

o

o
o
o

o

o
o
o
o

o

mmm

mrnrn, , mrnvmim

h y 7 i =

- 2 4 -
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35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

hy o

y -

4 •

— A -

*<>*/ ( a ) t

2,4—i/? n n 7 x / — /I/

O

o

o

o

in
in
in
in
in

4 - ^ h D 2,4 - i/~

p

h y
y >

- h
h ]) y

n - rfifcfrlglft.

( 2 )

2 5 -
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Table 3.3 By-products of water chlorination and their effects on people I8)

p p

1,1-^na:

h y

ppTi? h^ h y

y >•

h y

2,4 - v5 9 n P ~7 3

2,4,6 - h y * n n

MX ( 3 - ^ n t

^ / l ' ) - 5 t

2(5 H) - 7

— ;\>
—/U

CHCb

CHBrCh

CHBr2Cl

CHBr3

CH2CICOOH

CHChCOOH

CCbCOOH

CH3CH2CHCI2

CHChCN

CHBr2CN

CHBrClCN

CHCbCN

CNC1

CCI3NO2

C b C C H O

C&1H6C1

CeHeCh

C&H6C13

HCHO

CH3CHO

HBrO, BrO3"

H2O2

JFFStt,

- 2 6 -
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Table 3.4 Levels of chlorinated compounds in urban air of Kobe, Japan 30)

Compound

PCBs

trans-chlordane

cis-chlordane

tans-nonachlor

cis-nonachlor

chlordanes*

a-HCH

P-HCH

HCB

p,p-DDE

PCDDs

PCDFs

Range

0.9- 11.7

0.06 - 0.30

0.04 - 0.22

0.03 - 0.17

0.001- 0.035

0.12-0.50

0.01 - 0.29

0.01 - 0.52

0.01 -0.15

0.003 - 0.010

0.0014 - 0.037

0.0022 - 0.022

Average (ng/m3)

2.8

0.16

0.12

0.09

0.014

0.34

0.14

0.16

0.04

0.006

0.0086

0.0088

chlordanes* : chlordane + nonachlor

Table 3.5 CFCs and their ozone-depletion factors

7ny n

7nyi2

7ny 113

7ny 114

7oy 115

A D is 1211

^ n y 1301

A o is 2402

1,1,1-h V ?

(CCbF)

(CCI2F2)

(CCI2FCCIF2)

(CCIF2CCIF2)

(CCIF2CF3)

(CF2BrCl)

(CFsBr)

(C2F4Bn)

(ecu)

1.0

1.0

0.8

1.0

0.6

3.0

10.0

6.0

1.06

0.10

- 2 7 -
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Table 3.6 Principal anthropogenic green-house gases and GWP15)

ppmv ppmv pptv pptv ppbv

(1970-1800) 280

353

1.8

(0.5 %)

0.8

1.72

0.015

(0.9 %)

0

280

9.5

(4 %)

0

484

17

(4 %)

288

310

0.8

(0.25 %)

1980-

1 0 0 ^

- 1990 ^ ( ^ T W

:^H^:(GWP*

[y] 50 ~ 200

t r 55 %
10

1 5 %

21

65

1 7 %

3,500

130

1-7 %

7,300

150

6 %

290

* global warming potential :

Si) ppmv : parts per million by volume, ppbv : parts per billion by volume, pptv : parts per trillion

by volume
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JAERI-Review 2001-043

a.u.10

3.0

2.0

1.0-

0-

8

tvj
cri

10 20 mm

Fig. 3.1 An example of gas chromatogram of organochloric pesticides,29)

temporary
reservoir

active chain
reaction

CH,

HO

0, NO

N02

temporary
reservoir

CIONO-

Fig. 3.2 The most important chemical transformations among inorganic chlorine species in the

stratosphere except during the polar winter. Ozone depletion ocurs only while chlorine is in the forms of

Cl and C1O34).
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4 .

?{::,£ 5

79Br; 50.69%<h 81Br; 49.31%)

L, T ^ ^ ^ V (At)

6 37CI fi,Standard Mean Ocean

L T f i , ^ T - a i ^ S Kaufmann b 1- J: 37)

| (F)

-. (3 5a ; 75.77%13 7a ; 24.23%

(I) ( i -

,SMOC) t
37

ci ^

(stable isotope ratio gas chromatographic mass spectrometry: IRMS) id <£ t /

(thermal ionisation mass spectrometry: TIMS) X°fo&o IRMS "C(4, CHaCl

4.1 t

Table 4.1^7SL7t/5\ r ^

8 D = [ ( R A / R S ) - 1] x 1000 %o

RA, RS

RS t
Table 4.2

fe, a B-A = RB/RA t B

38)

9 o 7km

t W&o AtB

In a B-A = ln(l + Z 1 B-A/1000) ^ A B-A/1000

a B-A = ( 1 + 6 I 3 CB-A/1000) /0 + 6 I 3CA/1000)

lOOOln a B-A ^ Z 1 B - A (%O) = 5 I 3 C B - 6 I 3 CA

t 0 Table 4.1

- 3 0 -
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4.2

SO2 t
34S/ 32S co-fix (5 34S)

, if ~

35)

SO2 (A, 5 34S ffi^o

SiJ0 CDT fi Table 4.2 £ # ! $ ) „ - # , / feM'
34S (itSt£+20 %o CDT

(SO2, SO42-)

, 6 34S fiI^+20 %o CDT /£ P> DMS

J;

4.3

1919 Cavendish W ^ 0 f ( D Aston ft Nature

^ (Ne) ^ ^ f f i t S 20 4 5 ^ ^ 2 2

c0 Aston

(HCl) > (COCO

L T V ^ S 39>

, 1923 ^ Dorenfeldt ft, Bample CO

Odegaarden 1&\li-?W;%L&tl1ZT'<* 4 h (appatite) t S ^ ^ W ^ ^ [ ? ! ] ^ ^ t b ^ \

o T V ^ 40)
o

wtm, DJ

/ c ^ \ D (for standard NaCl) = 1.202867, D (from appatite) = 1.202855 t V^9 x —

1926 * ^ Harkins i i ,

s 41)
, appatite, wernerite, sodalite

35.458o ± 0.000s, i r l

fl Hoering t>b 1960 ¥ t

5 35.45755 ± 0.0002>

- 3 1 -
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HCI

HCl (memory effect) (/)?$Mfch&ti'\ 9 7

Ch, NH4CI t HCl, NaCI £ Cl\

1.0002 tf>b 1.0038 ffi

Cl\

100

Nier
43)

O HCl , HCl\ HCl2\ H \ C l \ CI2\ CI3\ Cl4+, Cl5 \ jo j ; 1/ Cl'-f st>

- ^ ^ f e , 35C1/37C1 t t ^ 3.07 ± 0.03, ~tt£t>h 3SC1 = 75.4%, "Cl

Fig. 4.1 l ' ^ ^ C 0 t #

fc 44)

-•% 1947 ^ ( d urey

1954 ¥ ( - Langvad

u,

7 4 —\Z. J: 19 46)

\ 43 m L T KC1

7

(LiCU NaCK

1962 ¥ 1 - Shields

LV^ 35C1 = 75.7705%, 37C1 = 24.2295%

f M ^ C , 1980

J:

Konstantinov
47)

t
48)

<9 Kaufmann hit 1984 ± 0.24

37)

- ^ T \ 37Cl/35Cl Jrb t L T 0.324

Chlorine) t

37C bi: LX ± 0.12 %o ( a = 0.05 %o) t^oU

<r>ffitiLfctt (SMOC; Standard Mean Ocean

SMOC (<5 37C = 0 ) ^

4.4 ffi ( 1 ) : IRMS

7

spectrometry: IRMS or GCMS) & J: Xff£4 ^r

'fe (stable isotope ratio gas chromatographic mass

(thermal ionisation mass spectrometry:

- 3 2 -
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TIMS) TfcSo SIT,

(4CH3C1 CH3CI

Taylor
49)

L T , capcitive integration circuit HJ; >9

+3000 v jyj;i>'-3ooo v

Table 4.3 (

Willey ^ i - J;

Long f>fi 1993 ^Wffe^ : 5 1 ) 1 :

( 5 37C1)

S ± 0.09

50 t 52 CH3CI ft-Bi@, rfck

CCh

AgNCta ^ ^ * J P x . N AgCl

%s 47mm 4> s 0.45 M m

NH4OH

conc.NH40H k conc.HCl

(CHsCl ^<Z)^ft> : 3-10

I CH3I

c AgCl $r Fig. 4.2

CH3C1 ^ t

if CHsI

mTorr

- 3 3 -
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AgCl + CH3I -> Agl + CHsCl

s 10 mg <D AgCl (^{iCHal £ 0.02-0.03 m

CH3I

(CH3CI <t cm

ftip U T ^ 3 -O

r

Fig. 4.3

, 110-125 °CT'2 Prnifc

V i ^ ' 7 7 i a 19 CH.IC1 «Jr CH3I &ftM-tz>o GC

7J 7 Afi Porapak Q, 80-120 mesh, 9 mm 0 x 1.5 mo =̂

: CH3CI t

^ { i 1 - - < T 35Cl/37Cl Wj t

6 5 2(m%o) = [(52/50) sample/(52/50) reference- I ] I 03

CHSCISMOC(in %o) = 5 "(sample) - 5 52(SMOC)

tctcL, SMOC: Standard Mean Ocean Chloride0

SMOC tm

50

o

Long bfc'&tc 8 37C1 — ̂  % Fig. 4.4

, immmt

SMOC 3 7C1SMOC

37C1

, NIST (D

t 5 37C1SMOC i: NBS975

8 3 7 C l ( i ,

3 7C1SMOC ± 0.02

Musashi k f i : 7

52) ^

(HF)

fc HF

HF

(Dowex-l) t^«t 19 F «t Cl &ftffi1-Zo *<D& Cl ^ ^ I S L , AgCl i t S ^ b CHal

CH3CI ( C ^ ^ L , T'Z.TJVJ i/Vy hJj^(D IRMS -CP^:flcJtSraiJ^i-5o -

5 37Cl (± 0.12 %o, 2 a ) Tfco/c 0

t T f t g $tl-CV^5«l^^li |gtt^"flft^ (VOC: Volatile Organic Compounds)
* C021 CH3C1 ( D ^ i - L T f ^ f i f ^ ^ - f f M ^ ^ - r s ^ f i ^ Hoit

- 3 4 -
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ik voc
LTffig £*LTV5o Holt biDjjm-i. Cl/VOC Sr CuO t * t - 550 °C, 2 h M U CO2

CuCl \Z.WfctZ>o £b\^CJxlfc1*X\ CO2 £|&^/c?£, Fig. 4.5 (O^-fX 9 ^ CuCl £ CHal

s 2 h & M U OfcCl £#£;£&-?*>£„ ^HbtL/c CFhCl 1- «fc 6 6 37C1 KcDfjt

yt0 £fc , ChbCI ^ C u C l ^ x , I?S CH3CI i ' € ^ L T ^ P J S ' J ^ Lfc 6 37C1

fi offset i\M.t LT-0.23 ± 0.05 %0~<:h-otz.o &?I Cl/VOC frt>%btitz& 37C1 fcJ:t/5 I3C §r

Table 4.4 ^TF1~/0 \ 8 l3C (D^WMMfc 34 %af£0)[ZttL, 5 37Cl fit>"f/iMC 4.5 %ot'feo fco

L?0^L8 37CliiJ>£Wff^/i5± 0.1 %o-Cfo<3, + ^ > ^ ^ ^

I '5 l3c W x - ^ t f f i i r r ^ ^ a ^ c t t ' J ; ^ VOC

Jendrzejewski f j f i ^ f g ^ J i ^ l f t ' ^ ^ * ^ Wili^fc J;l//^^»[W]fif$fJJ)t(7)7tfccO CH3CI *5

CO2 ^f^fl lEfe$:$a^LTV^ 55)« 1-2 n L0^m&*atfW(&% CuO h&\Z. 620-820 °C "Ĉ nUft L

CO2 ££fi££i±\ $ o f c CuCl ^t> CH3CI I ^ I f tL , |P]{if»J/£^tf9o ^ f ^ W i J ^ ^ Fig. 4.6

l^-To ^CD^f^^J;^^l^CD|lla^^^W^^I&tTtTo/c:IW]fifr^^f-Cfc, 6 "Cl Tf± 0.08

%o, 6 I3C "C± 0.05

4.5 M.m&feMtiLfol£mfe&tfi ( 2 ) : TIMS
(thermal ionisation mass spectrometry: TIMS) t | L T , Vengosh h ( i Cl

(NTIMS) ^ ^ ^ - T ^ S 56)

± 2%ot IRMS

(1991 ^ ) TIMS cDfrLV^^&ir L T , Xiao f j f i H ^ S r ^ * L f ; 7 ^ 7

tz 57) m&n

Cs C"Cs) Sr^fflL, ^ biz.r «O#SiSrM|g L,

Xiao P>fi*f«»*^e> Ba 2 + M«PI^^^^^# t ) iH-e i t ^^} i*bT , ^Jp HC1 fflft&

tc 58)
O PTIMS (Positive-TIMS) CO Ta 7 ^ y } > h l^tiHi'p^ 7 ! ) - (H#&*&*+ 80%^^

CsCO3 ^?> CsCl ^ f ^ M - t 5 ( - i i f I ^ ^ ^ ^ t

, pH ^ 2-5 <Dm, 1rt£t>-h Cs : Cl it^S 1 : 2 COB#-Cfeo/c0

(Cs2
35Cl+) ir 303 (Cs237CI+) <Dj*y%imi£%)t1&1r

#jfef4, CH3CI %m^Z>iS*'(ytrl'Wl'fc IRMS J; ^ f ^ ^ 5 t w » , f̂ 3f5co TIMS

^ T i H ^ i i s ^ c K (± o.34%o), i ^ 4 I i K ^ l R M S «fc *)&Z>fr\z.ffi®.tzh^onM.

Xiao too 1995 *f(n%kn' 59)X*lt, PTIMS coay^ft/^^r ± 0.1 %o ( l a ) t L - T ^ 5 O $ b
37CI i j t ^ i J ^ L / i 60'6I)

- 3 5 -
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ig. 4.7 pH, C l S f t . *s£Xfiig&k 8 37CI

Vk Magenheim
37C1

2

PTIMS n

ci

62)

PTIMS

4.6

"ci t 35ci

1954 ¥ ( - Bartholomew

tz Howaid

n 7 -f I* (C4H9CI) h&ik&foZ \/^-tfc&tiki- h V

R ^ , 35ci (DR^M&it 37ci

(-0.001 ~ + 0 . 0 0 2 ) £ ^ 9 t e £ # T ^ 5 63)
O «

^ ^ ^ ^ ^ ^ , Ch

HC1 ^ ^ t w ^ c o CI
37C1/35C1 Yth LX : HC1 (dissolved), 1.0050 ± 0.0002; HgCh, 1.0061 ±

0.0009; HC1-H2O, 1.0039 ± 0.0003, SrCh, 1.0042 ± 0.0003; LiCl, 1.0040 ± 0.0003, t£}£<Dig.&'ft

TV^-5 64)
O

mt^^-^ (CH3CO (Dy°u h^i i jB$(j |^*5it .5 "ci t 35ci w|WHif$^m-^fi^/cW^ 65)

, 'H fcil/ I3C MM*Ri(-fc(15[in{£{£v^ Mix S * W ( - C-Cl *5 J ; ^ C-H &&<T>Wlk

& k t f f t f r r > t c 0 CH3CI ^^-CO 35C1 *• 37C1 -CgtfeLfe

, C-Cl P a W f i i ^ f k ^ T v U - t - i r - T h ^ -0.00041 nm t ^ 5 o - tl h <DfflQLfc%}%^ J; 5

Eggenkamp ^

( a )

( l a )

Fig. 4.

4,7

66)
O a f i , a = -(37C1/35C1)precipitate/(37C1/35C1)solution

K KCK *Jct t / MgCh-6H2O i: -tcofi&JFp^^^t?(7)

3ft*, NaCl "CJi; 103ln a (NaCl - solution) = +0.26 ± 0.07

Fig. 4.8 t -^ - t - J : ^ td. 5 "

37Cl fit) ^ « f c
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5t t5 37ci/35ci Jt'£

Eggenkamp <bti, -f >" K-t>->T Halmahera CO Kau ?M(M$$M!$)cP<n)M.M<n 8 37C1
67)

O Kau f«(±7RM^

COS 37C1 ̂ t J ^ L / c o ^ H f & t t AgCl iJn

{lFig. 4.9(C7

, 35ci f i 37ci

CHJI CH3CI

5 6 37CI

IRMS

1.0023 -

d j t (1.00207)

Magenheim b f i CsCl SrfflV^c PT1MS (JffiJS 0.25

1947 ¥1-Madorsky b

0.2-7.5

Lofoten Islands +CO 5 37C1

^ +4.7

37C1
37cifit (-0.3 ^f> +0.11

(SMOC)

ft Eggenkamp fet^^" (carbonatite)

^ f i S 37C1 ^
37C1 14 SMOC

SMOC £

7I) ?6 I3C o o t J ^ t f f o T

(6 37ci

4.8

73) ^

o Desaulniers

35ci 37ci

Kj 15,000
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74-76)

Phillips hit,

i® (ion filtration) J

ib\on mobility

Ransom

(*5 .
77)

-T
, cm r

(mobility) tt'ffl^/K

s Fig. 4.10 \Z.^ir «t 5

78)

Xiao hlZCs2C\+(O

5 37C1

28 pH, it

fc 79)

C f e 5 o Sturchio

(chlorinated aliphatic hydrocarbons ;

8 "Cl ^ 80)
o CAH

y (trichloroethene; TCE) i:*S

(Fig. 4.11 #BSK

4.9 ^ ^ 3 ^ ,

(SI) /J JW (1947 ¥ ) , Urey It H, Li, B, CK Bi\

45)

0.031

(199130, Tanaka
8|)
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ib+2.61

Price

y (HSA)

Fjf <t L t strong site t week site

Warmerdam

L t , "Cl i: 35Cl CD NMR
82)

fc 83)

^^{ t : -p -^<h L T f f l ^ f c C t t perchloroethylene (PCE) x trichloroethylene (TCE) jo X. XI

1,1,1-trichloroethane (TCA)T, Ztlhl$mft0>ik¥M&£#.fi->t>&Wi£tlt£b<r)-?foZ>o fa bit

Parr 1901 Oxygen Bomb (d«t S^SJ^fe (ASTM method D808-91) X-&M&

CH3C1 <D^T* IRMS fei'J; 0 5 37C1 SrS'J^L, f^-tirT CO2 W^"C 5 I3C

, Fig. 4.12 ^

5 "Cl vs 5
37C1 t 13C W -
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Table 4.1 Isotopic ratios of some important light elements38'

'H
2H

H

99.9844 %

0.0156

12C
13C

c
98.

1.

89%

11

14N
I5N

N

99.

0.

64%

36 I7O
18O

O

99.763 %

0.07351

0.1995

32S
33S
3 4 S

3 6 S

s
95.02 %

0.75

4.21

0.02

LXlt Table 2.2

Table 4.2 International Standards for stable-isotope geochemistry

H(6 2H*) SMOW WMW-&JMA(Standard Mean Ocean Water)

C(<5 13C) PDB 7^11lt*P7'i '-^'>H t°—x-f—Jl^t t^ ' ( t^"(CaC03)

N ( 6 15N) i^.%^M

0 ( 5 18O) SMOW, PDB

S ( 6 34S) CDT Canon Diablo WiWi ̂  <D h n -i 7 4 I- (FeS)

Cl(5 37C1) SMOC 4J?P¥ffi%g?KJi^ (Standard Mean Ocean Chlorine)

(*6 D i t< I i
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Table 4.3 Mass scan of methil chloride reference sample',49)

m/e

35

36

37

38

47

48

49

50

51

52

53

Relative

2.8

1.2

1.0

0.4

7.7

3.2

9.6

100.0

3.4

31.4

0.5

Positive ions

intensity Major species

"Cl

H35C1

"Cl

H"C1

C35C1

CH35C!

CH2
35C1 + C37C1

CH3
35C1 + CH37CI

13CH335C1 + CH2
37C1

CH3
37C1

"CH337C1

Negative

Relative intensity

100.0

—

32.4

—

0.25

0.20

0.50

0.10

0.14

—

—

ions

Major species
35C1

37C1

C35C1

CH35C1

CH2
35C1 + C37C1

CH37C1

CH2
37C1
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Table 4.4 Yields and isotopic data for duplicate analyses of various chlorinated compounds54)

Compd.

CHsCl

CH2CI2

CHCb

ecu

C2H2CI2

C2HCI3

C2CU

C2H3Ch'3

CuCl

CuCh-H2O

CO2'1

yield (%)

99

98

nm

nm

nm

nm

100

100

nm

nm

nm

nm

nm

nm

nm

nm

na

na

na

na

6 L1C(%o)

-58.77

-58.03

-34.17

-34.21

-43.25

-43.17

-47.18

-47.25

-27.34

-27.37

-27.17

-27.19

-24.06

-24.09

-25.49

-25.58

na

na

na

na

yield (%'.

93

91

91

91

90

89

91

92

88

88

91

88

89

88

80

79

99

98

95

97

CHJCI

)*2 5 37CI(%o)

-0.25

-0.26

+ 1.56

+ 1.55

-1.51

-1.53

-0.02

-0.01

+0.35

+0.51

-1.32

-1.51

+0.49

+0.56

-2.86

-2.87

+2.13

+2.10

+0.44

+0.40

* 1 : nm; not measured, na; not applicable. *2: Uncorrected Cl yield. *3: solvent grade, containing 5%

"preservative".
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Fig. 4.1 Typical mass spectrum found in the region of HC1+. Accelerating voltage aplied to electrons

was 100 V, and magnetic field was 1175 gaus.43>
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j Vacuum

Cajon
tee-join Syringe

Silicone septum

Pyrex sample tube

Fig. 4.2 Vacuum line for the preparation of CH3CI.51' S = stopcock, P = pressure gauge
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Hood Vacuum

Vacuum line

Helium line

S - stopcock
V - valve

M - manometer
T - cold trap

GC - gas chromatograph p - pressure gauge CF - cold finger

Fig. 4.3 Vacuum line for the purification of CFbCI.51)
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SMOC

Other seawater (1)

Marine evaporites (1,2,3, 6,8)

Lakes, lacustrine evap. (3)

Shale leachate, Milk R.(10)

Milk River, Ontario (10)

Geothermal waters (2,6)
Tucson Basin (3)

Stripa, Sweden (5)
Canadian Shield (4)

Quaternary Till,
Ontario (7)

Michigan (8)
Knox Group, TN (9)
Palo Duro, TX (9)

Gulf Coast (9)

Gutf Coast (1)

Porphyry copper biotite (9)

Porphyry copper fluids (9)

Mississippi Valley-type TN (9)

-1.0 1.0 2.0
376 Cl, per mil

Fig. 4.4 Ranges of 8 "Cl in natural samples studied.50 Data are presented as histograms or as mean

± 2 a , where data are more numerous. For solid histograms and bars, precision = ± 0.09 %o(l a ) or

better. For others, precision = 0.12-0.24 %o(l a). Numbers in parentheses indicate references.
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100

Reagent grade CuCI (300°C)

• CuCI from combustion of CH?C l2
(300°C)

• CuCI from combustion oi CH3CI
(250°C)

5 10 15
Heating Time (h)

20

Fig. 4.5 Yield of CHaCl vs heating time for the reaction: CuCI + Chbl -» Cul + CHJCI . 54)
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In aqueous solution

Solid residue
(glass + CuO. Cu;0)

Dissolution
QfCuCl.CuCl ; )

S o l i d reridu* ~-: •••

( Disposed of 3 C

Cl- In solution
Added to

KNO,+pH buffer

c Precipitation J

Borosllicate or silica class seajicd Tube

CuO H
62O-g20''C ) Under vacuum

( Cracking under vacuum
and phase separation2

GasCryogenic separation
and purification of CO;

Pure CO,

Mass Spectrometer

1CH, -> C1CH, Agj)

Gas Chromatogtaphy ~")

Pure CICH,

( Mass Spectrometer

Fig. 4.6 Diagrammatic summary of the procedure for stable isotopic analysis of chlorine and carbon

from chlorinated solvent samples.55' after infection of the sample, the products of the combustion at

620-820 °C are treated first under vacuum (shite domain) and subsequently in aqueous solution

(gray-shaded area).
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Fig. 4.7 Variation of 8 37Cl (%o) with: (a) pH; (b) chloride concentration; and (c) density of

brines.60
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0.4 —i

I ' I ' I ' I T

0.2 0.4 0.6 0.8
Fraction chloride precipitated

Fig. 4.8 Calculated 5 37C1 values of the precipitate and the remaining brine.66) The bold lines indicate

the average values. The area between the short-dashed lines indicates the error for the residual brines

and the area between the long-dashed lines indicates the error for the precipitates. Note the

discontinuities in the curves for the precipitates.

0—,

-0.4 -0.3 -0.2 -0.1 0.0 0.1

Fig. 4.9 Best-fit diffusion line for core Kl l of Kau Bay, Indonesia, for the calculation of diffusion

coefficient ratio.675
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Fig. 4.10 A comparison of calculated 5 37C1 as a function of depth77) with data obtained by Kaufmann

et al.37)

- 5 1 -



JAERI-Review 2001-043

-2.0
0.001 0.01 0.1 1 10 100 1000

TCE, mg/L

Fig. 4.11 Diagram showing 6 37CI value of TCE (%o) vs TCE concentration (mg/L) in water

samples.80* Solid line is exponential best-fit yielding a = 0.999475.

CQ
Q
a.

U

TJ

-22

-24

-26

-28

-30

-32

-34

-36

-38

TCA
_ T

TCE

PCE

1

PCE
PCE •

T C A
A T C A

•

P C E
1 " I 1

TCA
•

TCE
•

1 1

T
•
A

Dow
ICI
PPG
Vulcan

TCE

1
-3 - 2 - 1 0 1 2 3

d3 7 Cl %o (SMOC)

Fig. 4.12 <537Clvs<5 I3C of PCE, TCE and TCA from 4 different manufacturers.83' The solvent type

is noted beside the isotopic field: Dow; Dow Chemical Company, ICI; ICI Chemicals and Polymers

Group, PPG; PPG Industries, Vulcan; Vulcan Chemicals.
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Table 5.1 Chalk River TASCC-AMS system parameters 84)

Ion source

Injector

MP tandem

Velocity filter

Gas-filled magnet

Detector

Operating mode

Stable isotope currents

Counting cycle

20 samples, spherical ionizer, 15 kV extraction

Two 45o magnetic analyses with 1 85 kV acceleration between magnets

Mass selection variation of accelerating and focussing voltages

Operates to 15 MV

AMS-100 MeV 36C17+, gas stripping

Electric deflection plates 85 cm long, gap 1.7 cm, max. voltage ± 40 kV

Maximum magnetic field 0.3 T

Homogeneity of fields ± 0.1% over 1 cm2

42.8° sector, 2 m radius, uniform field

Gas, 3.1 mbar l\h

Entrance window-100 n g/cm2 polypropylene

Longitudinal field

Active area, 11 cm x 7 cm

Length, up to 30 cm

Gas, 53 mbar isobutane

Signals, /} E, and residual E

Range and avalanche

Constant magnetic field

Constant terminal voltage

Off-axis Faraday cups after analyzing magnet
35Cl 2 s; 36C1, 15 s; 37C1, 2 s; 36C1, 15 s
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Table 5.2 Chalk River TASCC-AMS system performance 84)

Ion source

Injector

Terminal voltage

Velocity filter

Gas-filled magnet

Throughput

(1992-93)

Background limits

Accuracy

Sample wheel change time, 5 h

Typical output current, 5 |i A

Sample size i£ 0.5 mg AgCI

Memory effects 10"3 - 10"4

Mass resolution ~ 170

Attenuation of 35, 37 > 106

Band pass ± 25 kV

Long-term stability ~ ± 5 kV

Attenuation of 35, 37 > 106

Transmission ~ 100%
36S suppression > 100 X

~ 10 unknowns/24 h

Total unknowns, 236

35'"C1 < 10"18 36C1/C1
36S ^ ] 0 - i s 3 6 C | / C 1

Sample preparation:

Air and water, ~ 10"15 36CI/C1

Rock samples, ~ 10'14 36CI/CI

5-10% with repeat measurements
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Table 5.3 Chloride (Cl) in agronomic plants and plant parts sampled at boreal region of Canada'03)

Plant and part Cl concentration Plant/soil concentration

(common name) (rng/ kg) ratio (CR)

Barley heads

Barley stalks

Beet flesh

Beet petiole and leaf

Broccoli flower

Broccoli leaf

Cabbage inner leaf

Cabbage outer leaf

Cabbage stalk

Cantaloupe fruit and shell

Carrot petiole and leaf

Carrot flesh

Chives

Corn cob

Corn leaf and stalk

Corn silk and sheath

Cucumber flesh

Cucumber vine

Dill weed

Green bean stem and leaf

Green bean

Lettuce leaf

Onion bulb

Onion leaf

Pea stem and leaf

Pea pod

Potato tuber

Potato stem and leaf

Pumpkin fruit and shell

Tomato fruit

Tomato stem and leaf

Yellow bean stem and leaf

Yellow bean

Overall GM (GSD) *a

Edible parts GM (GSD)

Weighted by human diet'b

*a: GM - geometric mean, GSD -

*b: 30% cereal, 18% polalo, 30%

1900

3600

1100

2800

920

1300

1000

820

520

420

640

420

1200

420

370

250

590

300

640

270

370

790

300

450

450

320

620

1300

400

550

690

300

450

620 (1.9)

590(1.6)

790

geomelric slandard deviation.

vegetable, 18% fruit.

66
120

18

43

14

20

16

13

8

7

10

7

18

7

6

4

9

5

10

4

6

12

5

7

7

5

10

20

6

9

10

5

7

10(2.2)

10(1.9)

16
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Origin

Cosmic radiation

Solar system abundances

Table 5.4
35C1/C1

63.5

75.0

Observed ratios

36C1/C1

5.2

of chlorine isotopes '

37C1/C1

31.4

24.5

37C1/35C1

49.4

32.7

(in %)

Table 5.5 Comparison of selected nuclear and physico-chemical properties of

positron-emitting radiohalogens.131)

Radiohalogen

Half-life (min)

Decay modes

Most abundant

emissions*

Ionic radii (A)

Electron affinities (eV)

Common radio-

chemical forms

Bond strengths (kcal/mol

x-x
H - X

CsHs - X

Fluorine-18

109.77

96.9% 0 +

3.1% EC

511 keV

(193.8%)

—

1.33

3.448

F\ F2

at 298 K)

37.83

135.9

125

Chlorine-34m

31.99

53% 0 +

47%IT

511 keV

(106%)

2127 keV

(42%)

146 keV

(31.2%)

1176keV

(11.3%)

3304 keV

(10.9%)

1.81

3.613

cr

58.06

103.2

95

Bromine-75

95.5

75.5% 0 +

24.5% EC

511 keV

(151%)

287 keV

(91.6%)

141 kev

(6.9%)

428 keV

(4.5%)

377 keV

(4.1%)

1.96

3.363

Br", Bn

46.33

87.4

80

Iodine-122

3.63

77% 0 +

23% EC

511 keV

(154%)

564 keV

(18%)

693 keV

(1.33%)

793 keV

(1.26%)

—

2.20

3.063

I\ h, I+

36.46

71.4

64

*Emissions are listed in descending order of their abundances. There are several other emissions for 75Br

(112-952 keV, 1-4.5%) not listed.
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Fig. 5.1 Schematic diagram of the TASCC AMS facility.84)
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RESIDUAL ENERGY

Fig. 5.2 Two-dimensional plot of total energy versus residual energy measured by the detector, showing

the separation of 36C1 from 36S and 37C1 ions.84)
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700

200

I960 19.70 19 80

Fig. 5.3 A comparison of average northern hemisphere bomb 3H fallout, decay corrected to 1985, with

calculated mean global bomb 36C1 fallout. The circles represent 36C1 fallout data from Dye 3 in

Greenland. The measured 36C1 (kg ice)"1 values were converted to 36C1 m"2 assuming 50 kg m"2 y'1

precipitation.935
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measured fallout data
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Fig. 5.4 36C1 fallout rates are compared with the results from model calculations.941 For the

calculations a 36C1 stratospheric residence time of 2 years has been used. The arrows indicate the dates

when 36C1 release to the atmosphere has been considered.

- 6 8 -



JAERI-Review 2001-043

Cl- and 36CI Mass Balance

Troposphere

0.06b <0.V

Vegetation

0.4 0.4
Groundwater

1.5 2
Surface Watei

1 1
0.8

a
b Inventory g Cl nv2

c Residence Time for fresh fallout (years)

Fig. 5.5 Mass balance model of Cl and 36C1 in the terrestrial biosphere.95' The numbers within the

compartments (lower left and right hand sides) and the Cl inventory (b, g m"2) and the residence time

(c, years). 'The fluxes shown beside the arrows are expressed in g Cl m"2 year. The calculations assume

a steady-state mass balance based on an input of 0.8 g Cl m"2 year'1 and mean Cl concentrations in the

compartment.
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Fig. 5.6 Thermal neutron fluence in the uper part of the tombstone.97' The ordinate indicates the

thermal neutron fluences derived from the 36CI/CI ratios on the assumption that 16CI were produced only

by thermal neutrons. The squares show results obtained from a preliminary Monte Carlo calculation for

Pace's neutron fluence, where the energy output of the A-bomb assumed to be 15 kilotonnes.)
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• Paleo samples

L L_L
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Fig. 5.7 36C1:C1 ratios in samples of teeth and bone and in modern water samples for comparison. 98)

To
Vacuum

70ml, 1M
NaOH

Concrete

Fig. 5.8 Apparatus used for the digestion and separation of chlorine and iodine from concrete.100 In

the extraction flask, NaCl and Nal carrier are added to 3 M nitric acid at 70 °C to extract iodine. After

3 h, potassium permanganate solution is added to the flask at 70 °C to extract chlorine. To the sodium

hydroxide solution containing chlorine, sodium nitrite solution is added to reduce chlorate to chloride,

then silver nitrate solution is added to precipitate silver chloride.
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Fig. 5.10 36C1/C1 ratio of the wine samples.106'
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AGE, 10 YEARS

Fig. 5.11 Comparison of 36C1/C1 ratio from dated samples with the calculated sea-level 36C1/C1 buildup

curve.110' Solid line is buildup calculated using data cited in the text; dashed lines include the ± 20%

uncertainty for production rate of 36C1 by spallation from 40Ca and 39K. Measured ratios are normalized

for chemical composition, geomagnetic latitude, elevation, and sample depth below ground surface.

Error bars represent 2 a analytical uncertainty for sample ages and 1 a for 36C1/C1. Symbols indicate

the different sample localities.
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Fig. 5.12 Comparison of measured versus theoretically predicted 36CI/CI for the calibration samples."2*
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Fig. 5.13 Plot of ages determined by stratigraphic, optical and/or radiocarbon dating methods versus age

estimates from 36C1."6)
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Fig. 5.14 Comparison of 36C1 and hydrodynamic groundwater ages along the southern flow line as a

function of flow distance from the Hooray Sandstone outcrop."7' Shading around the hydrodynamic age

line represents the age uncertainty resulting from an uncertainty of +50% and -25% in the ratio K/n.
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Fig. 5.16 Inhibition of 36C1 uptake in bicarbonate-preincubated A10 cells by various extracellular

anions.121' Uptake solution was nominally bicarbonate free and contained 50 mM of the indicated anion

and 5-10 kBq 36C1 per ml. Uptake time was 2 min, bars indicate S.E. values.
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Table 6.1 Nominal specifications of MAT 252 system

MAT 252 n
1-150 amu (10 kV)

CNOS: ml A m = 200

HD: m/Zlm = 2

t ° - ^ YyfW-ms. 5 2xlO"4

1000 ft1-/-(3rV (m/e=44 <T> CO2 [Zft LX)

0.5 A/mbar

< 2xlO"6 (m/e=45 <DttJ^t^*J-f5 m/e=44

O.I nmol/s (m/e=44 ~C->^'
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Fig. 6.2 Isotope ratio mass spectionietry system.

- 8 4 -



JAERI- Review 2001-043

IIRMS fttixmrnt* j-^mw&y p—->- h 11

Dissolve the sample (in case of solid)

Concentrate (to 3 mgCI/L, if necessary)

1
Adjust pH «pH2) with HNCb

i
Boil the solution for a few min to remove CCh

I
Add AgNCb, keep dark for 2 h

1
Check the end of reaction by adding a few more drops of AgNCb

I
Filtrate AgCl precipitate, rinse with dil. HNCb

1
Remove SO42' (when necessary)

by dissolving the AgCl with NH-iOH, adding BaSO-t, filtration, and re-forming AgCl with AgNCb

I
Take 3-10 mg of AgCl in a glass tube, then connect to a vacuum line

I
Add pure CFM by a syringe under vacuum (<20 mTorr) while cooling the reaction tube by LN

I
Seal off the reaction tube while cooling it by LN

I
Anneal the tube, cover with Al foil, and keep for 2 d at 110-125 °C

I
Separate CH3CI from CH3I by gaschromatography (Poropak Q, 80-120 mesh)

i
pure CH3CI for IRMS

Fig. 6.3 Flow-sheet of chemical procedure for the synthesis of CH3CI by Long et al.51)
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IRMS fttitmmt* ^^mmmy p —>- h n|

Dissolve the sample to 3000 ppm, Cl

i
Take 1 mL of the sample solution and mix with 4 mL of a 1 M KNCb solution

to reach a high ionic strength

I
Add 2 mL of a citric acid-phosphate buffer to keep constant, low pH

(20.6 g citric acid + 0.71 g Na2HPO4-2H2O in liter water)

I
Heat at 80 °C and add 0.2 M AgNOa

I
AgCl precipitate in the hot solution

I
Filtrate AgCl precipitate (with Whatman 0.7 um glass fiber filter, type GF/F )

1
Dry overnight, shielding from light

I
Take the AgCl precipitate with the filter in a Pyrex tube connected to a vacuum line

I
Add 100 uX CH3I while cooling the reaction tube by LN, then evacuate and seal off

I
Keep the glass capsule at 80 °C for 2 d to obtain CHaCl

I
Set the capsule in a GC line, break the capsule and trap the gas mixture in a LN cold trap

I
Heat the trap with hot water to introduce the gas mixture to GC

1
Purify CHsCl on GC (75 cm culumn filled with Poropak Q)

I

Fig. 6.4 Flow-sheet of chemical procedure for the synthesis of CH.iCl by Eggenkamp et al.53, 66)
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