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Abstract: We aimed to evaluate the effectiveness of the Giggenbach bottle method and develop the related pretreatment
and analytical methods using artificial fumarolic gases. The artificial fumarolic gases were generated by mixing CO,, CO,
H,S, SO,, H,, and CH, gas streams with a N, stream sparged through an acidic medium containing HCl and HF, with
their compositions varied by adjusting the gas flow rates. The resultant fumarolic gases were collected into an evacuated
bottle partially filled with a NaOH absorption solution. While non-condensible gases such as CO, H,, and CH,
accumulated in the headspace of the bottle, acidic components including CO,, SO,, HCI, and HF that were dissolved into
the alkaline solution. Like other acidic components, H,S also dissolved into the solution, but it reacted with dissolved
Cd” to precipitate as CdS when Cd(CH;COO), was added. The non-condensible gases were analyzed on a gas
chromatography. Then, CdS precipitates were separated from the alkaline solution by filtration, and they were pretreated
with H,O, to oxidize CdS-bound sulfide into sulfate. In addition, a portion of the solution was also pretreated with H,O,
to oxidize sulfite to sulfate. Following the pretreatment, the resultant samples were analyzed for SO, CI' and F on an
ion chromatography. In the meanwhile, dissolved CO, was analyzed on a total organic carbon-inorganic carbon analyzer
without such pretreatment. According to our experimental results, the measured concentrations of the fumarolic gases were
shown to be proportional to the gas flow rates, indicating that the Giggenbach bottle method is adequate for monitoring
volcanic gas. The pretreatment and analytical methods employed in this study may also enhance the accuracy and
reproducibility of the Giggenbach bottle method.
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sk 7P A AkdAlEl Y] s, FH
53t} S Aolo]l fX|gE WiFAke] X434
1 Balze Holx Q). dHE ¥FAk ¥
HRAEE 278 20029 1 FRe; RIET)
37 (Yun and Lee, 2012), 20040l wWFAke]
W7 227) flo) mEA welsy WEa Hx|9)
2319] 0] ZA F7HITHYun, 2010). ©]<jel]
Tk B 2XoM =AW shts 5 dES 5
2o ol 108 o) FURIE AL, AHAFE 2
Mgdo] WIMsA LA Yun, 2010). °o|F%
WIEA|A] o] ko] Axrh AEH o ZH fﬂ%,
o, 48 9 53k sk e Rt &
7 JureleS FEITHYun et al, 2007). H“E”
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o] B 7124 &b, 104]7]70l] Lol mEAk)
3= ZZ 2,0000d ot Al skES S 1
TEZ 7P ek AR e #3) 7]1E3 2002190
vehd 3Pk 231 AxdA SO gRE wiRAke 3

AAR B AdS 7k Eslto 2 W71t (Yun,
2013) grek wiEake] 10417172 HISE FRE 2

Zolde W 2 YL AL ZlolH, dHole
F2 sl &gk vsi7t dldErt(iang et al,
2013). ol wet WEte] ESA7IE o5l A
< - FQ8sith

spHEske] AI71E dEab] s AR B, AR
H9] 9 723} (electronic  distance measuring,
EDM)?| 27, shi7kse] 35 59 oFs Wis
o] ARE-EZ JtH(Smith et al., 2009). o]gtol] kA
FHO 271 9 A7A Rk sl 3 5, §
EE, 7% 2 de] 2uws), AgoA e E
F ¥s), vlarpge] Rdgs B8l mlanke] xE
F35hs WHol th(Yun et al., 2007). 53 vRv}
sl o3 AF Y we PR Ee 218

25 249 sHsle] A7) d3ElEs o)
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d

1% A

7%, 7k~ ARRIEI ],

=
R, 0]“ Giggenbach bottle E‘iol a7k AZol| f-831 AE
2 BEAHe sl 2 Agw 2 IS A

o ¢ ZzrhEa )

Aol gtk deEl= sk AR S S/CL HaS/
SOy, SO, Hy, CO, 59 Tev sRHEske] AAAt=
AREE F Slgo] WA THGerlach and Casadevall,

1986; Sparks, 2003). 37129 Sl = AF-9)
A, T E AR A" BAT)IE o83

AN S8k 94 S8 (remote sensing)
shi7beE AR AFE sk AR AF R (direct
sampling method)> 2 FEETHLee et al., 2005).
27 Z4Holl= COSPEC (correlation spectrometer),
LI-COR (Infrared carbon dioxide analyzer), FT-IR
(Fourier transform infrared spectrometer) 5] 3.2
™ (Shinohara, 2005), ©] ZAHL 2 AF el H|
& s 2Ae Hag dart qlddl shieEe]
gl st wla ok OWE'}, HEEAl| 7], 2,
oE 71A Fol A Sl o8l exprh wAek, &

37) B¢ AgFel ue wulgol ol wishe
o] SthLee et al, 2005). 53] WFARe F
A FFE ol sRhl7EA] FETt ufg- Yol
A7 .z_qtﬂy_r/}# 7(17(4 ZH_Atnoﬂ _/]6]- 51]—.%0] r,{
A3t Xu et al, 2012). 33 AFHL sk
£ AEHd Ay AFske Aew A AFHY

(flow-through bottle method)Z} Z13-*84 (evacuated
bottle method)©Z dt}, ARFHHES A5 F
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AZANF AlZke] WA AR ZF
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£33 9JtkSortino et al., 2006). Giggenbach bottle
M2 vgESdas A He, Ar, CO, CH 59
Hl8E 7k CO,, HS, SO, HF, HCl 59| 24
g AT A, oF B EdRTE bt
A eWHoR  AAT & 9
(Mioduszewski and Kress, 2008).

£ A3 e 71EF 7)ol mHgk dA ol
AR shabzkze] thEl AF 71T oleh AHE &
MA2E g A S g, sPEs S84S5
g WEake] E3AE o2l o 23 ARES
A& T AUtk ol AN & dAFE shivks &
AW F 74 del o]8F= Giggenbach bottle H<]

T84S A5, AFHE sk 40 28
g AAE] 2 BA7EE BEstaat ot olE 9
3 sk A F el Zash AHYS AL, s
75 A f8l QlE 271Es vhee] d#9
2185 3 tH(Giggenbach, 1975; Giggenbach and
Matsuo, 1991; Giggenbach et al., 2001).

ol

—_

O
M

7139 dx| R Jia

13 27139 Mi|

Fig. 12 ¥ #7]3¢] BAEE HoFal glom,
Aol ARgE QlF 7| 7k AT

EH% CO,, SO,, H,S, H,, CH4, CO, NZQ] 7]'_/_\_1"'4—

A= HCl R HFS] &3 Agels 271s17] <)
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olZ 7|2 JIAE 0|88t Giggerbach botte #12) T2t 683

N, 7RI E AE o] Qi ZF )l ¥
B 7k 100% CO,» A3F7E:, 20% S05/80% N,
3712, 10% HoS90% N, 3712, 10% Hy/90%
N, 8712, 10% CH/90% N, E3712, 10% CO/
90% N, 712, 100% N, 7k, 283 E5F A
fALe 27|12 8l 100% N, 7127} AFE-FiT}. Fig.
1o 2718 7k=e] 242 7 (rotameter)E At
&3 7+ 7paEle] 48 WEA7] 2, HCIF HFS
TR U F FRY &5 AEAS AMgses
A ZHY} Table 12 Thdet 249 dF I1F
7h=e] S sl ARSSE 7 kel f453
T gAY Fe T HPRAS HAFA 2
a1, 7k 2 dgle] lE e EellA 2A
e 71R0 F 48 30 LmineE IAHAI AT o]
2A T AE5S IANFCEN BTN AR
ANAAE A AT F AL, Eg AFH S
Ago EAAIE 271 297 A v &
A% 4 9l

B Aol F 15719 dF S Adder
olF9] AL olol&ETE Surtsey 3K, FEHA=
White island 34t L& Unzen 3H2He] thorsl x|+
Z 3N R shibvkie] s Fx o
FARS ) 5E g0 91X)8lal alkali-basaltd Wl
mlo] SjgeCH(Yun et al., 1993). Surtsey 3RS 2
AZAA 923 alkali-basaltd vlanlE EFE I,
sP7t2el 257 1,100°C7F Y=CthH(Halmer et al.,
2002). White island SHF2 FEAAS XI5kl

rotameter

ﬁ A
7YY

SO, | [Hes CO:
rotameter sampling ‘
_‘ rbottle
N2 =)
[—
L | —
—— acidic solution(HCI + HF)

* trapping solution

Fig. 1. Schematic diagram of an artificial fumarole consisting of gas lines, a mixed acidic solution, and rotameters.
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Table 1. Gases flow rates and acidic solution’s composition used for generation of artificial fumarolic gases

Gas stream lines

Acidic solution line

fﬁﬁfr 100% CO, 10% H,S  10% H, 10% CO  10% CH, 20% SO, 100% N, 100% N,  HF HCI
(L/min)  (L/min)  (L/min)  (L/min)  (L/min)  (L/min)  (L/min)  (L/min)  (molL)  (mollL)
1 12 0 5 1 1 6 1 4 7 48
2 12 0 5 1 1 6 1 4 3 112
3 12 0 1 5 1 6 1 4 7 48
4 12 0 1 5 1 6 1 4 3 112
5 4 6 5 1 5 0 5 4 7 438
6 4 6 5 1 5 0 5 4 3 112
7 4 6 1 5 1 0 9 4 7 48
8 4 6 1 5 1 0 9 4 3 112
9 4 3 5 1 5 3 5 4 7 48
10 4 3 5 1 5 3 5 4 3 112
11 12 3 1 5 1 3 1 4 7 438
12 12 6 1 1 1 3 2 4 3 112
13 4 0 5 5 5 3 4 4 7 48
14 12 3 1 1 5 0 4 4 3 112
15 4 3 5 5 5 3 1 4 7 48

2, 3RERe] 257t oF 500°C A=E 39
257t W ke dixs] AE3tk(Siovaldason
and Elisson, 1968; Giggenbach and Matsuo, 1991;
Lee et al,, 2012). 34 Unzen 3HAH 87441 ¢
28k 9o, 1 kA L5t oF 700°C A%
TH(Ohba et al., 2008; Shinohara et al., 2008).

Al2go| M=

AT 71 7h=e] AHAE S AR AlEHe
57 Wigide] Hold slold| X (pyrex)2  FE
Mojo g o]Fo)H O™ (Giggenbach, 1975), I &
< ke shbize] AjFH7L golske s 350 mL &
Zo 7 WEhFig. 2). 3RPI=e #US 2-3
7] 9] AlgHe] FzE wWHE 7o 7 Avx
3p3hy FAjol] 73k HEE(teflon)oE  FHEOATH
AlEHdE H8E 7hme] BAS S8 el Yt
7F e, o] Y= AEE AFe] Auksilicone
sleeve septa) & FEE o] 7} AR (gas-tight
syringe)s AMEEl AIEH WHo] 7tAE FEAE
Atk g B1FH AEHES ddske AFHFS
700°C7HA] 28] shbrksel] A" ¢ e Eeg
o2 WEATHFig 2). SHAYH HEE AFHEe
Surtsey SPEAE 3129] shibrize] A F e A3}
2 &3, o] A% WEewst oF 1,300°Ce A A
FHAE A = UthLee et al, 2012). HIE 2 o
TFolME Hebr AFHHS ARIAR, Q1F B71F

€
&

Fig. 2. Image of a Giggenbach bottle connected with a Ti
sampling tube.

7he] Lt Aeolglong EeRy AT AR

2 A34 ofe s 4t A9 B
B2 44 o3l fA sREHER, 129 Kbt
25 AT o AEHoz gy AFHEES oA
AMgstA Ht

ok
o HI

7|13 7129 xF

A1y 21E 7t AFHE s =HeAES
Azgeh AFHT 7h2ol HS9 SO, ARo] A &
ARz 79, 0.01 M 7F=F oFAlH 0] E(CA(CH:COO),)
g 10mLe 4M NaOH 489 190mLE A&
ol gol 2 EAS THeth U, HS9 SO,

=1 T,

o 1o
2



& FHT A AF, 4M NaOH 589 200 mLE
&Aooz AT AEHd THEAE ¥
7, d=HIE ARSI W

AT BIFIN frEAls olgal 7k rraEie
5% 249 7, A% wes AT A4
oF 587 QPgsteit). G AlEHe] FUTE mE
ZEFE A 3700 AT F kY] 09
FHAzshdnh A8l FAT7F ollE TS 91A
AR &, AR BE AEHe FYTet dFs,
A8 Alge] WHE dol 1FAE ] Al W
2 ®E 7REE AT, od f]lE Ve
&N ¥/IIA Aok 7k e 248
w 7132e] WAo] FojEo] HF7] HAA] st
il Sk,

AR AR B AR NS Rsk
A A8 FAT7E

7190 9Jg 22} e HE AR AlEHd €
7k~ % HCl, HE, SO,, CO:2| 2H37F(acidic gases)
= okl vk} o] Egle gaf=o] CI, F,
SOy €09 &o0]&S A 3THMioduszewski and
Kress, 2008):

HCl(g)+OH (aq)=Cl (aq)+H,0 (1)
HF(g)+OH (aq)=F (aq)+H,O )
SO,(g)+20H (aq)=S05" (aq)+H,O (3)
COx(g)+20H (aq)=CO5" (aq)+H,0 (4)

APg7EEe] BIURIl HoSE E-Golo] 83f = A,

ZHEA Cd o)2g Yol & A5 olg} ukgs)

=@ CdSE A3t} (Shinohara et al., 2008):
H:S(g)+OH (aq)=HS (aq)+H.0 )
H,S(g)+Cd* (aq)=CdS(s)+2H" (6)

o] ¥l H,, CO, CHs, No, Ar 59| HIEE 7}~
(non-condensible gasesy= EJ8 ] &al|=A] 2,
A5 Q] e SAH.

AT BT oENE Tk AEE AHY W, thr

3 zdol Fod Aol gt AA, T E71Fel '

I AFLE 3] WEAZH, 2718 7ReEkl
o] UFdo] sl AL fgo] WA, &
3 AMEAs ¥sks N, 7RI AbdE
o] ARz WY, o]E WS s £7|E B

2 B HEoTH, AFARE F
YA e #1E 7 R wEEn. B4,
CO, H3prk2e] f&o] =AY o8l Fet AME3PH,
CO, 718}l <Jall F43] =7 743t} o2 <l
& Aalrizo] AAE 7iAEl Fo] Azt @Ay
AL, BA =etojofo] 27t A CO, frdol 9%
s A B dk wEA] AL EE A
2 AFE AR CO, 7H=ERIS H2A7|H, AlE

% Sejolojol sl AL B 4 ok
T 2IIZ Jhac] M2l ¥ BMH

HEZE 720 &4

AF W FEFH AR 7T T EHEA
SaHA B HEE TiAe kS ARntEaE
(gas chromatography, GC)& AME-3l 413 tH(Kiyosu
and Okamoto, 1998). GC #2Jo]| thermal conductivity
detector (TCD)’} 7§21l Clarus 600 gas chromatography
(PerkinElmer Inc.)& ARE-ZOM, 71249 EE&
el ARgSE GC A2 EAfEgo] 2k 7h29 £
7} 8-o]3 HP-PLOT 5A capillary GC column (30 m
x0.53 mmx50.0 ym, Agilent TechnologiesyS A3}
ok 28l GC &40l ARS-3F %712 Table 291
UERISITE Table 2004 Ho] £ub7k(carrier gas)
B AR Arg AR, 7k met w4 Tk
g PR ERlsI9lE S SR Heot N&
ARET}

AR el S8 HEE 7kaE 7EEdE A-
A (gas-tight syringe)S ©1-83 A&EH| de|& A
< #°] LomLE HT ¥, GC injectord] FAZct.
gk H8E TR0 TR 10% Hy90% N, EF7H
2, 10% CO/90% N, &5171-, 10% CHy90% N,

Table 2. Details of the gas chromatograph methods used for analysis of non-condensible gas components

Sample injection volume 2.0 mL
Injector Split ratio of 3:1 at 50°C
Carrier gas Ar, He, or N, at 4 L/min
Column temperature profile
Detector

Detector polarity Negative

Isothermal at 35°C for 7 min, ramping at 20°C/min to 100°C, and isothermal at 100°C for 3.5 min
Thermal conductivity detector (TCD) at 150°C
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FrA, 7] F 0.5 AHEl 242 Hy, CO, CH,,
0,9 0.025-2.5% WY 7 EFAEE M8l
oERFE ol AHTAEL Eel ARAT. 53,
1 =

o, Al

Q
A
i
. 1%
st

o]}

AAger, =3 712 AH A A 2% 7HEE
A 5E Eol EEFo] slaglelat A dof
Qe 71 BT ks 2 3718 AR,

Aflael B4

HlgE 7io] Y G B4l guud, Al
o ¥Hgdozny JMJ7kA3 €O, HF HCL,
SO, H89 =5 AA3It) o) AMAES 717
o2 A A% F, ol AZvHEIZ Z(ion
chromatograph, 1C) % Z7]-771€2424 7] (total
organic carbon-inorganic carbon analyzer, TOC-IC)Z
ARgE A3

HEE4 7kl tigh o] ShEEW AEHS
do] 2B ZeFE 7 &4 FIvt
250 mLe] HE=% 343t} o]F Jl=g oAEHolE
(CA(CH;COO))7t 5]-ellell H7hed A, H.SH
R3] FAH =T CdS(s)E 13- (vacuum
filtration unit, pore size=0.22 ym)E A3l 8=}
AAES FEAIG 9 =g opAElo|Evt A
7HAA] ot FHEo]l APEA oH o] HHE
Aereitt, JHES JAd=o] BgE 892 4
2b ske Aol B okl Zled AA" A
gk AAe #HgE AR

ol

O

=
=

dr 1X

ALl

i

02
Azol £old 8 T 10mLE e 30
mL 2579 SAAZ H, F7HEQ HAE glol
TOC-IC(Teledyne Tekmar Inc.)S ARE3] COE +#
APtk 1M HS0; 7898 &2 (eluent)>Z A}
&3 =€ COs 7171, 7IskE COE N,
7F($45 200 mL/min)s AR HE71Z Akl
T3k $utE CO, 7KE  non-dispersive  infrared
detector (NDIR)E ARl AZE3t}. 8 CO, &
E ZAAs] S8 1M NaCO; 895 3Aa)
0.0015-0.02M H9e] 7 FFAEE WEL, ©lE
2RE AAFAE Ak

HCI, HF & SO.2| &4

HCl, HF, SO, 2HMd7te 92 24
dl5lo] zk2t CI, F, SO57¢] gol& dHs &4
THERSA] (1)-3) F%). ICS AMES| olE oS &
Aa7] A ok 22 AxE FAHS Ak

1) CdS(s) HAEo] a9 THEY 25mLol| 25
mL 2F7E J7Rl 112 A3t

2) YollA FHE gA 20mLell 30% ZHIEEa
F(H0,) SmLE Z7I8] 1A7F 59 wkEAIZIL) o
ol gl W o}t o] (S0 ) FAk o
£(S0 )02 AalEi),

3) Fksleao] odk IC 2o &S HA|E]
3, stslrael wheet £A9S UA] 255E
AR T EAE] g F lsleae] g O
2 1% °J3lZ e 71E Al E R k)
TaE AA] f8l AEE 90°CAA 307 7K
3h(Sortino et al., 2006). & 7o) <JaH o] 33
o4 NaCl =& NaSO,2 F3E= 3N 71571 H]A
o AHEAY RZ AN, o2 3 A8t
77} he o] 59| Fo g oxprt W)

4) Qo Fngk gale [CEA0] B 2o
pH & 7 B2 HFH o7 0.02M HNO; &3
1:19] H &2 47T} o] HNOy 2Jeh F3l)
e AAA Fom, EHEqe] NaOHolA frefe
JFEES] OH ©]29] w5 AlZk(retention time)©l
Fo} H|S=3l sk 3 HFS £40] of§t). 814
 F3kE 53 AR F OH %

OH ¢} ®&Jal] ICE AMgsl 418 & Urh

9ol AAE] FAHES AR AlEE= 883 Basic IC
(Metrohm Inc)Z #HFom, ARSE So] AP
Metrosep A supp 5 (150 mmx4.0 mm)$AaL, S2
© 2 Na,CO;-NaHCO; H#-&8(§<: 0.7 mL/min)<
ARSI S AR U] CIL F, SOS 9] 5= 1M
NaCl 58, 1M NaF 48, 1M Na,SO; 58
< SMAA 0.02-4ppm WS T BEFAEE T
B3, o|EEHH HAFAE dof AA

H.Se| =4
& AT AF E71E 7ol HSE A
= 7R e AR s <l
7¥eel S0, TRe7h EASA e W, 2L
7HEE oHEIOIES H7tekA gkt o] 7w

)

oﬁﬂl

oo M
N
o 2 off o



2] (5)9F 7ol H,S7F 2R &l gaf=o] HS o]
S ¥Askal. 9A 71EE HCL, HF, SOt U
AxE] HgE AH B8 AEE e F A o
uf HS' 1% spksliel] ofs &k o]
2 AMgel SO FEE

Zéq}t}. ] CL% B1E 712 SO.8F HoS ¢
B oMEHOES Yol uh
HSE =29 CdS(s)
&3 2o AXYE AA

ol:o r*ﬂ

i

D AFAUAT olgal w Cis HE

rir o

30% A4 20 mLE
HESAIZITE o] W ?oﬂ o8 Cdsell
319 (sulfide)o] 4% o] &(S0M)L.
At} ol @] CdS 7}‘;@ & 238 <
3] AR AR, A Al £EA &
= 3o AR HolglE Zlo] HAFEY), o
£ 22 CdO(s)h CA(OH(5)-2 HaSe| 240 2k
A3k ket
3) Fdskraaote] o

i 1/1002 3j4A71 &,

‘E‘O] T 2eTE A
CE o] &3 SO427 o2&

Zn o £8

HIEE 7t&

YW O 2 thermal conductivity detector (TCD)7}
T2 GC 40 AHEe $HPIESEE He, H,
Ny, Ar 5°] UTHQinhan et al, 1997; J. Luong et
al, 2013). Fig. 3 99120 e GC AZrpe
@ (chromatogramy HAFI e Aoz gHb7EA
o m& &4 7hsd 7kse] FR7F ‘:@r’qo g T

At FRZPRE Arg ARES o, tirte] WE
& SRR Hy, He, 05, N, CHy, CO 2 AEd
T Stk SR SRPEAR AMRE Ar2 #4T
flrhs ©o] itk tidl Hes £WPIAE ARSS)
A Arg A2 o AU, Fig 30)AE 719
ot Algedol A At 00 wFE A

(retention time)°] W23l F 71419] F2]7} §olskA]
gtk i 71AY] EEE Sl GC 2HY 2EF 0°C
ojstE fASAU, H,E SN7IEE AME GC Z

2IE 2SS 7AE 0F

5t Giggenbach bottle #| B7t 687

(a) 1
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Fig. 3. GC chromatograms of a standard sample having the
composition of 2.5% Ha, 2.5% Ar, 2.5% O, 90% N, 2.5%
CH,, and 2.5% CO using Ar (a), He (b), and N, (c) as a
carrier gas.
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Fig 4. GC analysis results of non-condensible gases from
artificial fumaroles given in Table 1. The results were
obtained using Ar as a carrier gas.
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Fig. 5. TOC-IC analysis of CO, from artificial fumaroles
given in Table 1.
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Fig. 6. IC chromatogram of a standard sample having the
composition of 110 ppm F~, 30 ppm CH;COO", 22 ppm
Cl, 1,180 ppm NOs, and 33 ppm SO,
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Fig. 7. IC analysis results of HCI and HF (a) and SO, and
H,S (b) from artificial fumaroles given in Table 1.
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