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Biogeochemical cycle of sulfur in glacial meltwater
streams
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4 2 %A
(Summary)

The feedback between glaciers and the global climate system via the oxidation of
sulfide minerals has become a new, intriguing field of the global carbon cycle
research. There is, however, a big gap in our knowledge regarding the proportion of
sulfate in the river water that is supplied through the oxidation of sulfide minerals
where the glacier—fed meltwater dominates the river discharge. Recent studies in
meltwater stream systems imply that it is necessary to improve the current isotope
mixing model primarily based on precipitation and bedrock composition, by
incorporating other sulfur reservoirs in the glacier meltwater stream system. This
project aims to gauge the role of sulfur cycle in the glacial meltwater stream system

in the context of the glacier and global climate system.

In the fluvial system downstream of the Jostedal Glacier, Norway, we collected
samples from the glacier, stream water, atmospheric wet deposition, basement rocks,
and plant debris for sulfur isotope analysis. Riverine sulfate is enriched in heavy
sulfur isotope (*'S) relative to the granitoid bedrock in the study area. Two
hypotheses have been suggested for such enrichment: (1) sulfur isotope enrichment
due to pyrite oxidation under anaerobic conditions, or (2) dissimilatory sulfate
reduction in freshwater wetlands. Interestingly, in the Jostedal Glacier, the most
3S—enriched sulfur reservoir is the plant debris. Since plants assimilate sulfate from
soil water without significant isotope effects, **S/*“S fractionation during the release
of pyrite sulfur to solution cannot solely explain the isotopic offset between the plant
debris and the riverine sulfate. Instead, the isotopically heavier plant debris
compared to both the atmospheric deposition and basement rocks suggests activity
of sulfate reducers in soil. Dissimilatory sulfate reduction seems more likely here,
because this heavily vegetated drainage basin hosts abundant organic matter to drive
sulfate reduction especially during the melt season, when the bio—essential nutrients
are released from fresh sediment surfaces produced by glacier abrasion. This means

that some sulfate produced by pyrite oxidation is likely reduced back to sulfide at

4



the expense of organic carbon oxidizing back to COs. The fraction of sulfate
consumed by dissimilatory reduction in wetlands/forested areas might have changed
over geologic time as well, in response to the major events such as terrestrial

afforestation.

Understanding the biogeochemical cycles throughout the Earth’ s history is
prerequisite to estimation and prediction of environmental changes due to
anthropogenic impact. The result of this project can further the mechanistic
understanding of the feedback between the coupled carbon and sulfur cycles
mediated by glaciers which in turn can modulate the climate. The result will help us
better 1) interpret past glacier records, as well as 2) predict consequence of future
climate changes. With the new MC—ICP—MS technique being available, sulfur isotope
studies in South Korea could be further extended to samples with lower sulfur

contents, such as meteoric water, ice cores, and aerosols.
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15C0O2 + 15H20 — 15CH20 + 1502
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[negative feedback]
greenhouse effect

&

glaciation

[positive feedback]
carbonatedissolution

[positive feedback]

| 4Fes,+ 150, + 14H,0 - 16H" + 850, + 4Fe(OH), |
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M3 d-/Esd LHE X 21

ALA AR F FAAL B

e WS opdzAE mEuulelgaz Qs dFuE FAH7] ofele
B4, obglzAt W HE Ao BAS dAls S Are] oa nFARe &

H Aol o]8¥ A EFEZ (in—house standard material) & 4% NasSOy
(=299.99%, trace metals basis, Sigma—Aldrich)< ©o]&3s¥om™, 20 mM
B)& ol&d 20 M =

i
>
2
O
)
=
;.>

A xg-M(stock solution)= 0.8 M Zi+%E

A 2Eeds Ve SAs] &8stk &l Wi &ejnrt W BaSOs F
EFgANS Az sl FEEe] NaxCOs 2 A3+ (Breit et al.,, 1985) %5
ZH 10 ml ol BaSO: 0.05 g ¥ NasCO3 0.5 g & ¥3 80" C oA 5 A% 744et =,
T FAEe AT 2e5 SFF S0ml E 5 3] FIAA AE @
e ol &l AASTE vHEol BaCO; AAEZ AAE NaxCO3—NaxSOs &9 e]
iTE QA ARVIAE ARG ®bol2s o EAR AFst HIFHom
NaCl-Na;S0s &°1e] ez  Fulsgieh.  of  FHAelr  ato] 9]  35&S
90%old R, FHUL 0] A AR ko] wAREA

%
Ago] WASA eheheS At oM ATlA ol gF a5 AR

Fa9% B
g AE5E 02 oM Bl BHE o3 olue ¥ AFe] ol gAY A=

W el 22 AGI-X8 Fol& u#FA (Bio—Rad)E  o]E&9 £
slersglor (Paris et al., 2014), 78 @A e I9 13 2o WA 4 M 94k=
o] &3] Mz=" Z9H(Poly—Prep columns, 0.8 x 4 cm, Bio—Rad) 9 &0l &4
AG1—-X8(100—200mesh, Chloride form, BIO—RAD, Richmond, CA, USA) 0.6 ml &
AL, A F3 o) 20 vl dgetE 1.6 M A4 4 M @A 257 SFTE AHEE
olgs ErEe AAE FH, F£A F¥e 10 wel sigshs 0.2 M FxiE
FAHODLAB) & F3AA ZdHs F8lsialt. SAiboles Xdsles AR

2% s
A7 QAR Aol FAT F, A4 F9 108 27 SHRTE S



Column preparation
- AG1-X8 (1.2meqg/ml) anion exchange resin 0.6 ml

Resin cleaning
- 1.6 M nitric acid (reagent grade), 6 ml X 2
- 4 M hydrochloric acid (reagent grade), 6 ml X 2
- ultrapure water (18.2 MQ), 6 ml X 2

Resin conditioning
- 0.2 M hydrochlaric acid (ultra pure grade), 6 ml

Sample loading

Cation removal
- ultrapure water (18.2 MQ), 3 ml X 4

Sulfate elution
- 0.5 M nitric acid (ultra pure grade), 1.2 ml X 4

Evaporation
- Teflon-coated graphite hotplate, 105 °C, 12 hr

Dilution
- Dilute in 0.8 M nitric acid (ultra pure grade)
- Adjust Na*/SO,2- with NaOH (ultra pure grade)
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Desolvator setup

Spray chamber temperature 110 °C

Desolvating membrane temperature 160 °C

Ar sweep gas 3.3-5.51/min

N, flow 0.5-1.0 I/min
Nebulizer PFA-100 (ESI)

Flow rate 100 pl/min

Cones Ni HS1-7 Skimmer cone

Ni FB9 Sampler cone
Mass spectrometer and measurement setup

RF power 1300 W

Cool gas 13.0 I/min

Aux gas 0.8 -0.6 I/min

Cup configuration 325(L4), $S(H1), *S(H6)

Resolution mode Medium resolution (50 pm entrance slit)
Acquisition 50 blocks

Integration time 5 sec

Uptake time 90 sec

\Volume of sample 700 pl

Wash + background measurement 14 min

3.1.1. A5 & ssda v S4S 9 Am 28R e MC-ICP-MS

CEX?

O

e

Ol gHt 05 ml F& 2 ml EAYTEAA 871 AAEEHA FROw, 4 M FAke

1

80° C & 3xW 52 oA dFd @7t £ F, 255E 3 3] AlF, dxstd
o] &8} 3Tt
AE Y & 5994 S, 78,7189 njge Medstu 3571719l A" Nu

Plasma 3 MC-ICP-MSE olg&ste] EAstt (2¥ 3.1.2). Abhel F4elA
[91ek= A9 Fsole adE =E°l7] #dl AEx= ESI PFA-100
w57 (nebulizer) & Cetac Aridus II -8vlsd*] (desolvator) & &3] MC—-ICP-
MSel F4=E R, 3709 dH#dle] E7] (Faraday detector) L4, H1, H6E ©]&3}]
ST, BST NSt s A Wells (M/4Mx; Weyer and Schwieters, 2003) 8000 =<l A]
AT oWl AFtelA AR Esllee A9 HEE A =ol 5% 95%9
gt A= o Asle] Bl (m/2)E 7|E=o2 A5 tH(Weyer and Schwieters,
2003). MC—-ICP-MSE ol &3t w94 549 Fret e S8z el 4,
TREHE 7AY FE ol W9 AR T ugd Q4] & AAH7] wiel, 4

Az 25 i HAs e s

3.1.13 o #4 oM dAd

P18l 523F 503] A% SAHow FAHE
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Sample purification Autosampler (ASX-112FR)
- AG1-X8 anion exchange resin - 48 positions, 0.5 ml vial

Preparation of dissolved sulfate samples Desolvator (Aridus II)
- Dissolution, hydrolysis, or oxidation - Reduction of interference caused by the injection of water vapor

¥ 3.1.2. &gt A AEst A7y FE7]71de viEA R sda 24

a2H]

ARS W EFEAA ddl @i AWHYm, ARG EETA B olF
' M 24E o83 3@ (blank) 4]

8
S R-EFEA -G R £AE 199
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FAH (6 —notation) S &3] ¥ 13tTh

8 %S =1000- —(XS/BZS)S“’"”"? 1{,Xx =33 0r 34 (1)

B (XS/3ZS)VCDT B ’ - or
T2 3} 599440 AFoA mg i By oguiygow §¥Sglo] AegEs
THAE Al Held JrE olgd g¥sem wy|ekd, oW delAis

o]
Sy e Hor 4383 kS Rt (Ono et al., 2006; Ueno et al.,, 2015).

) ~0.515-1n (1 + ‘5345)] (2)
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MC-ICP-MSE °]&% & F9da &4 4l

=
Adfst= T3 248 A, xR FTF

A el 249 AEgeE

wArel el oek MjastzE PSTel Y0107, ¥STel Fs-H', YISTe} 0-0"E
E & U (Paris et al., 2013; Pribil et al., 2015). @4mM&FA = o] #xo]Lo
o AZ gEANs ATAA FAW 4w AAsAE Eabed, 2 %
Aol 22 tigats STell wlE oRE BAR AHE AYY] wEel F39 rhe A
kel P EIIE A ks FEo] sl dv(2d 3.1.3). MC-ICP-MSE
o] g F TYA AL A FTYHIF okd HHEIATE Y= A oA
FEolA ol HAA =, i Ee] B E f6 w2 Y Eellsol ag-Hnh ol s
57 AL o= VIS EAtolR dav Asks A Foda 24 59

AR RS AA S S FavF AFE 'S-H' o] &3 FSTelo] 1o,
3 mDa (milli-Dalton) A E2] F7tellA HEET §lo] #4lo] 7hedhs & & AT (T™
3.1.3). tF & B A4S A o] Gl REEA] A 0] o]F Aok 3HA L,
UGS FAT QFEHE BS ST 4o m@E F& °0-0's Adrez ¢
FAL AegellA Yerr] o] Boh ¥ A=k FielA 24 3T k(™
3.1.3).

o
o
1

5*S (permil)
o
1

=
(5]
1
3%S (permil)

Run number Run number Run number
I9 3.1.4. IAEA-SO-5%} BluwA S B3l 54T A3 A 2F=49 vs &
994 A, IAEA-SO-59 67159 679S, 4°9S#e Z+2ZE 0.68%., 0.46%,
0.097%%< ol&st o, A 54 %S¢t ¢%S, 47SEL —0.2110.36%
20, n = 32), —0.10£0.44% (206, n = 32), 0.01£0.44% (26, n = 32)&
= o,

~~

|\
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IAEA-SO-6 NBS-127

8345 A33S 8345 A3BS
This stud -33.80+0.44%0  -0.03+0.52%o (20, 21.03£0.43%0 0.10£0.34%o (20,
y (20, N=6) n=6) (20, N=8) n=8)
Geng et al. (2018), SFs -33.5+0.6%o 0.086+0.040%o 21.642.6%o 0.025+0.002%o
Halas and  Szaran o
(2001), SO, -34.12+0.22%o
IAEA reported -34.1+0.4%0
NIST reported 21.1740.18%0
® 3.1.2. ol <dFeld Aedgn FE71719 MC-ICP-MSE ol&sl 4%

t\:l

FEA ] TAEA-SO-6% NBS—1279] t}= 3 Z9 9k 24

A A TFEEAY s 3 YA AL TdE B£F 24 [AEA-
SO-59}9] 303 o]Ate] A EAS Ea =4sAtt. IAEA-SO-59 698k 65,
43S 27t 0.68%, 0.46%, 0.097% 2 &3t o™ (Geng et al., 2018), AA|
EFEH 6%S9 6%S, 47SES -0.21£0.36% (20, n = 32), —0.10£0.44%
(20,n=232),0.01£0.44% (2o,n=32)2 SHEHAGH(TZE 3.1.4). AA| xnF
olgd =743 BaSO, UFTEFEAY IAEA-SO-69 NBS—-1279 o&¥Sga —
33.80%0.44% (20,n=6)7 21.03%0.43% (20,n=8)E 7]E] Biw 3 2=}
el Uelld dxste A3E BojFH (Table 2), & F994 B0 & W99
0SS AYE ABd da A¥Foer FHHUSS udit ol AT
SHSEAM ) AL ggmegA e MC-ICP-MSE © 2l

] o
=

m{u
[UN

|83 A Agor HI
0.1 ~ 0.5% Qo) FASE 02 Ay sty &57]7]Y MC-ICP-MSE o] &3+

%S 29U Aa BAo AFEE FAAAFET}(Paris et al., 2013; Hanousek et al.,
20165 Yu et al, 2017). 33" IAEA-SO-6% NBS—-1279 %Szt T3t
0.03%10.52% (2o, n = 6)7 0.1010.34% (20, n = 8)2 FE3}FS o] &3
A9 BAS Be Rauw @ & ®e JelA dAEHAT, MC-ICP-MSE

T oUE FF o EEV] w"EolH, FE3IE VAE olgst 49 Afel:
ZujgEo 7 EAst= 59 A OSFTY CiFst 5 TE ol A E el fig
22



30 A= 3.1.5. MC-ICP—-MSE
O 1400 nmol S _ ~ .
- ¢  140nmol S o]&3 3 s RHAMo
] 14 nmol S
A 7 nmol S A SFA] S A 2 A=z [ EA =
25 - YA 7 nmol S (50% > relative *2S intensity) e o ] ‘j;q E] Oﬂ ] ° =
Reported %]‘/}_o]%’q Oolzoﬂ Oé 601:'% 151:1—‘_:,1;}
— J 6%S values of
E seawatersulfatel . — S o]L3st AdoA] o]gH
5 =~ ,
& 20 PR Firo] 9] ofe] 7 nmolel A%
> s L def FrellA  Hlejd Axrt
15 geHtt (Kampshulte et al.,
2001; Béttcher et al., 2007;
Reported A™S values Craddock et al., 2008; Peters et
of seawater sulfate (SF;)
10 I I I I al., 2010; Das et el., 2012, Ono
-1.5 -1 -0.5 0 0.5 1 1.5
A®S (permil) et al., 2012; Paris et al., 2013;

Tostevin et al., 2014).

Fo7t "Hed Row LA A (Ono et al., 2006; Ueno et al., 2015). ¥ AF-o|A
gl 4759 B4 QAN 0.3 ~ 0.5% (20) oz, E4ustgx 9 MC-ICP-
MSZ o] g3 Ha AT (Paris et al., 2013)elA B1d 0.1 ~ 0.3%Xtt= thx &
WS HolAw PS AAAE o] g AFolu, FatgEe] FEs] kg, AU
A 7158 F %ol olEE vHAZEEE FHAE Aol f&d A eHol
g8 993S A AZ=}(Johnston, 2011; Whitehill et al., 2013; Sim et al., 2017).
G5 4789 Ao AFALE AFE& s M/ JM#)©] ~10000% 185 =4 (high
resolution mode) o419 4] (Paris et al., 2013), Ni?* o] &0 2 Q3 WS W= 5}17]
Aet dFulE 2 AME TS Fd FHA7IA St vk v R

BEAgo w2 OF 3 F992 A% A7 A Jgoz dopolid, ol S
AN A HAgEE FAAES AL ts 3 Fdh AT QFEHE g7SEA
L2+ 0.01% =922 (Johnston et al., 2008; Sim et al., 2011; Ono et al., 2012) ©]=H
ATE s AA7EA Bad MC-ICP-MSE4 @319] 1/10 && 1 o]alol] = 3}3)

MC—ICP-MSE ©o]&3t &4 ul¢ A2 &9 ARox AHs 3 FHL4
H SAS 7MeASHAN, U & 379 Alas T3 S4 028 299 FHekshH
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P go] P B ARG £3] A LS BAUPOR e B

%
3 A AT wA = I
ol Z}7F 1.4 pgmol, 140 nmol, 14 nmol, 7 nmol<]

=
Faoles TFHEF FHG ¥, Tave A9e Asn Bdr PAL

ot
i
ol (
2
©
rfo
lo

(o]
K]

o

FaAstg. =A4"E 0%MSHE 1.4 pgmolollA 14 nmol7bAE= exF Wl UeA
Ax]star AgAFor By 3 5995 2 F&ele 235 Hel Wi, 7 nmol
kol 25 XS A 5= UE dg 4

wark 1% ol e 3 B9k 248
=

A
TEA 50%° wXA Esh= S 1 zol7F g FRHEZC ol AlE U
28 %] 10 nmolel ®|AA Eete= A AFEE e BAEAHRE 27 918
ZpEg Fort s uistH, PSS AAA(LFS =~ 200%)F &3 WA=
tAF2EE Al A% 10 nmol ®]RHe] tiAbEZ diek MC—ICP-MS w4 A 7oA 475
ol FAEE Ago] mu® AR JUH(Sim et al, 2017). 67'S¢ Wiz, o)W
A HHE a5 AR 47S #he BT fARE A7E BT (29 3.1.5),
7V A e 3ol s EeE ARoME 4PSY Ho|7f FHEA|A 2 olf
g olgdl SHE 4%°S ol %S¢} nwd AUjHor F o HYE

AY7] wolth. =3 AR A oM AREE Abs BIES Ao 9 A4
7oA 7198 Fakol & BBo] d4g nlus] %S FolM 2 Ao)E HolrE:
S Hojud ¥ @ Egst mRHE 0%l He

W APS & A7) wjEel, MC-ICP-MS £4 ZAulolxq oa WIS dojAe
4%S g HEE 7Igsr)E ofHuh vt ¥stE SAse AEY) VIFoR AEIF 1.2
Vel A=A Zahs Aol 475 ol 2aSE Blely FAA PSe] HFo

S
E
l-lO
—
=2
2
rr
2
o
)
%
=l
o
off
~
~
o
=2
ﬂ.lJ.;
B
(it
=
O
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o
ofo
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o
of\
ol

o
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2
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E
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g
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A= AlgoME AU o] 7sdS BT BaSOs, NaxSOs, 35 Al
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2 olsAt 9 3 EELE A AsARAEES AAH Aol FHE sHdA
2 4 gloJ(Raven et al., 2016; Sim et al.,, 2017), theFst AGA 5 2
AAA S dig dAqte] & A &8 7heAd EE & Hoew dAddEu. oW
ATE T vIEAES & FdA Aol Il ksl wet Watel] x3hd
g3}3E (Burke et al., 2019), "] A] (Chung et al., 2019), qAY == AE Y

2 (Albalat et al., 2016; Sim et al., 2017) 5 AFHL F FAUx B4& 3%

ol ofeigol QAW Foko] =l Ayt &3t olmpAlE & s low

5 -
45 ¥ O
% 35 £ 0 o
[ 3 ¢
f_g; 25 £ ok
® 2t 0o
G 15§
't ®
05 £ o Og &
0 et @A,
0.0 10 2.0 3.0 4.0 5.0 6.0

Blank corrected signal of 32S (V)

¥ 3.1.6. MC-ICP-MS ®#A4A HEEH&= ANo7f SGoldy-E s 3 59494
wA el FEAdol AASA HH, 1.2 V o]ty A AFE e dyE FHE

o},
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Distance

Sample  from 9IaCler gjo, ALO; Fe:0; Ca0 MgO NaO KO TiO; MnO POs SO  BaO  LOI Toal  CIA
(km)
ASS 15 657 145 408 371 092 398 347 107 004 066 013 016 049 989 484
ABSL 36 628 152 48 367 161 38 377 111 007 070 012 015 137 993 497
AS S 35 66.1 147 363 346 098 406 360 094 004 060 012 016 054 989 488
Agﬁ d7' 6 65.6 141 462 443 070 401 311 132 004 090 013 015 041 995 47.0
E'-rmi 1 73 626 148 468 448 137 387 328 119 006 086 013 015 094 984 48.0
FLYAS 96 633 150 456 404 147 38 361 113 006 075 012 016 09 989 487
VA 16 643 145 440 431 111 38 331 118 005 077 012 015 073 988 477
o 166 629 144 488 465 110 389 311 135 006 094 013 014 078 983 474
Q‘éfgi?(i - 68.6 123 533 274 098 302 38 127 005 019 010 017 058 99.1 475

=54

3.2.2. o &HG

ofo

W5 sk E 2 & Rslstaa 2
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pre-MSR B0 o
3
stream W

_Mecr

_1 mg
Fomst

Y=8, +(1—f)-¢

534S (permil)
%]

sulfate
removal
with an
isotope
effectof €

fraction of sulfate removal
534S (permil)

- example of pre-MSR
stream water

0 1 2
Cl-/S0,% (molar ratio)

Cl/SO,% (molar ratio)

a9 3.24. vAEel o A dHdMSR)Z UMM w9t EdE
Faoles AddgHor AAst] g s F FHdL =AY A

Frol oo ulg 4WF  uk.

2]
Asol AWsl =Hd g Qe A digRt. 7E0 §4 @40l EA
¢ REE FHA F3et Wi Aol EddES SJvlshARL

o]

Location Primary bedrock type Annual precipitation
Potanin Glacier West Mongolia Granitoid <500 mm
Castle Creek Glacier British Columbia, Canada Pebbly sandstone 500 - 1000 mm
Ecology Glacier King George Island Basalt 500 - 1000 mm
Carroll Glacier Alaska, USA Dioritic gheiss 1000 - 1500 mm
Norris Glacier Alaska, USA Granodioritic gneiss 1000 - 1500 mm

# 3.2.3. = =ty A= Wet 9] Ay Thed 2319 AT A
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Dry Valleys, Antarctica

Elephant Moraine ﬁ Brimstone Peak
: : ; . lmkm‘
- T “’& S
S g Pacerd P S
'- e =
| SACST g ¢ AllanHills -;" <2

Glacier

Google Earth

s~
Ny
¢

SCALE 1:100,000
5 o 5 10 15 20 Kiometers %%
w E
2 [ 2 4 [ [ 10 12 Mies A
e %

J¥ 3.25. AxT VFxde et d=s Sepollly] s = WEke] 9

R VARFEY olgd R, WAL Wk st 9 #vketol AR Y

02 W

Joz Tgpolwla] Ao ofg| XA JF5AS BRHE o (1¥ 3.2.5), 1x7
B SetollE] Qe fARe 2o §HWF H T A
abs aels] Atz St (& 3.2.3). Hx Al AARE @5 A
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