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Abstract

Fukami-ike, a eutrophic lake in Japan, has a relatively high sulfate concentration (585 + 56 umol L) over the entire

surface. In order to determine the origin of sulfur in this lake, flow rates and sulfate concentration of five inflows and an

outflow were measured and analyzed. The water flux of precipitation in the catchment area is similar to that of surface

outflow. Approximately 90 % of precipitation enters to the lake as groundwater inflow. Approximately 20 % of surface sulfur

outflux is supplied by surface sulfur influx and the remaining is supplied by groundwater inflow, regardless of the amount

of precipitation. The sulfate concentration of groundwater and surface inflow channels on the west side (approximately 400

mol L") was much lower than on north side (approximately 1400 umol L") of the lake. Such a difference would be caused

by the degree of sulfur content in the sedimentary rocks. The sulfate concentration and sulfur content of precipitation and

fertilizers contributed little to the sulfur source of the lake, which was also supported by their large sulfur isotopic ratios

(+6.1 %o to +8.3 %o). Thus, the weathered sedimentary rocks surrounding the lake (-28.3 %o to +9.1 %) are the main source

of sulfur in the lake. Furthermore, the sulfur in the coarse-grained sandstone from Oshimojo Formation is estimated to

contribute more than 70 % of the sulfur in the lake.
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Introduction

Fukami-ike is a monomictic lake located 484 m above sea level
in the mountainous area of southern Nagano Prefecture. The lake is
stratified from April to November, and hydrogen sulfide produced
by sulfate-reducing bacteria can be detected in the hypolimnion.
During the stratification period, photosynthetic bacteria grow
vigorously in the upper layer of the H,S zone (Yagi et al., 1983).
One previous study showed the sulfate and sulfide concentrations
in the anoxic layer of the lake play an important role in the relative
activity of sulfate reduction and anoxygenic photosynthesis
(Nakagawa et al., 2012). The sulfur in lakes generally originated
from the weathering of sulfur containing rocks in the catchment
area. However, some fraction of sulfur from agricultural and

industrial origin such as fertilizers and industrial effluents is also

reported (Cook and Kelly, 1992; Robinson, 1997). The sulfur
isotopic ratios can be used to identify the sources such as natural
and anthropogenic S contribution.

The objectives of this study were to gain a better understanding
of the sulfur cycle and to clarify the source of sulfur in the lake. We
investigated the origin of sulfur in the lake by performing chemical
and isotopic analyses of inflows, an outflow, lake water, fertilizers,

and the sedimentary rocks surrounding the lake.

Methods

For determining water and sulfur fluxes, inflow rates and sulfate
concentrations of channels a-¢ (Fig. 1) were measured monthly
from June to November in 2011 by a volumetric method. Outflow

rates at channel f were also measured with an electromagnetic
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Fig. 1 Bathymetrical map and sampling stations of Lake Fukami-
ike. The sampling stations are for (a-e) inflows, (f) outflow,
(g) lake water at the deepest point, (h) groundwater well,
(i) spring water, and (r1-r7) sediment rocks.

current meter (model ACM210-D; Alec Electronic, Kobe). The
detailed measurement procedures for flow rates and sulfur isotopic
ratios are described elsewhere (Nakagawa et al., 2012). The
relative standard deviation (RSD) of each inflow rate measurement
was approximately 12 %. The RSD of the current meter used for
outflow measurements was 2 %. Annual fluxes were estimated
by multiplying flow rate by time. Outflow and inflow water
samples were collected in polyethylene bottles to measure the
concentrations and 6*S values of sulfate. Meteorological data
(rainfall at Anan-cho, air temperature and duration of sunshine
at lida-shi) were obtained from the Automated Meteorological
Data Acquisition System (AMeDAS) monitored by the Japan
Meteorological Agency (http://www.jma.go.jp/jma/indexe.html).
Sulfate concentrations in precipitation were obtained from the
Limnology Committee of Shimoina Kyoiku-kai (2009).

Lake water was sampled to determine the distribution of sulfate
concentration in the surface water of the lake.

For determining the origin of sulfate in the lake, the sedimentary
rocks in the catchment area of the lake and fertilizers BBC-284
and NKC-201 (JA Agriyell-Nagano) used in paddy fields were
sampled. The rocks were sampled from both the Oshimojo (r1-r4)
and Arakida formations (r5-r7) (Fig. 1).

Rock samples were first cut into slabs about 10 cm across using
a diamond-tipped saw to remove weathered surfaces. Thereafter,
~10-g slabs were crushed into small chips about 2 mm across using
a stainless steel mortar and pestle. The small chips were picked
and crushed using an agate mortar and pestle. The fertilizers were

crushed using a porcelain mortar and pestle. Total sulfur was
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extracted from ~10-g samples using a Kiba method (Kiba et al.,
1955). Then, acid volatile sulfur (AVS) and pyrite sulfur were
extracted by 6N HCI and CrCl, (Canfield et al., 1986). These
treatments extracted sulfur compounds as H,S, which is then
converted to Ag,S. The detection limit of the sulfur contents was 5.5
X 10°mg S g’

Sulfate concentrations in water samples were measured by ion
chromatography (IC; Dionex Qic) equipped with TonPAC AS11-
HC column (Dionex). After the sulfur compounds were converted
into Ag,S, sulfur isotopic ratios were measured by fluorination
and a multiple gas chromatographic (GC) technique. The isotopic
composition of SF6 was determined using Thermo-Fishier
MAT253 mass spectrometers, both equipped with a dual inlet
system. Sulfur isotopic compositions are reported relative to the

Vienna Canion Diavro Troilite (VCDT) standard according to

sample

534S=ln( (3)

X 1000 [%o]

standard

where R denotes the isotope ratios (*S / *’S) of samples and
standards. The analytical reproducibility of the §7*S value,
as demonstrated by the replicate analyses of several working

standards, is better than 0.6 %o .

Results

The 2011 annual water fluxes of evaporation, precipitation,
surface inflow, and surface outflow to and from the lake are
shown in Table 1. Addition to the water fluxes in 2011, three-
year observation from 2008 to 2010 reported in previous study
(Nakagawa et al., 2012) were averaged to show the range of each
water flux (Table 1). The water fluxes in 2011 showed a similar
trend to the hydrological mass balance model suggested in the
previous study. Approximately 10 % of the precipitation water
flux in the catchment area is surface inflow into the lake, and the
remaining would be potential groundwater inflow into the lake.
This estimated water flux of groundwater inflow into the lake is
almost the same value to the imbalance between the water flux of
surface input and output into and from the lake.

The mean sulfate concentrations and annual sulfur fluxes of lake
surface water, groundwater, inflows, and outflow are listed in Table
2. Measured sulfate concentrations of inflow channels a, b, c, d,
and e varied from 360 to 1550 pmol L. The annual mean sulfate
concentrations of channels a and b were lower (337-556 umol
L") than those of channels c, d, and e (945-1633 pmol L"), The
total surface sulfate influx was 63 kmol yr', which was calculated
by multiplying the sulfate concentration and monthly water flux
of each channel (Table 1). The sulfate concentration of outflow

channel f was almost equal to that of the lake surface water ((D-10;
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Table 1. Annual water fluxes of precipitation in the catchment area,
into and out from the Lake Fukami-ike.

Table 2. Sulfate concentration, sulfur fluxes and §°'S values for
several inputs and outputs of the Lake Fukami-ike in 2011.

four-year averaged Annual flow

Sampling point  alflow’ = SD'  in2011 + D'’
(10°L yr") (10°L yr")
Catchment area  precipitation 423 = 117 590
Lake inflow a 11.3 £ 4.1 11.5 £ 0.6
b 35+ 1.0 0.5+ 0.2
c 74 +2.1 87 0.2
d 14.1 =47 135 £ 04
e 192 £7.7 19.1 £ 1.6
total inflow 55.6 = 10.2 578 £ 1.8
Lake outflow f 443 £ 132 592 £ 12
Lake surface precipitation 413 + 1147 57.6
evaporation 150 £ 1.5 148 = 14
Net flux of lake  outflux-influx 361 = 132 492 £ 7

" The SD represents annual variability for each flux and error
propagation of calculation.

"" The SD represent measurement errors and error propagation of
calculation.

"Data showed four-year averaged values from 2008-2011
(2008-2010; Nakagawa et al., 2012, 2011; this study)

" Data obtained from the Automated Meteorological Data
Acquisition System (AMeDAS).

" Data calculated by Makkink method (Nagai et al., 1993).

Table 2). The annual sulfur surface outflux was approximately five
times greater than the surface sulfur influx (309 kmol yr'). The
sulfur flux difference between the surface influx and outflux into
and from the lake was calculated to be 245 kmol yr.

Sulfur contents and 6°'S values of sedimentary rocks and
fertilizers are summarized in Table 3. The sulfide compounds
(AVS, and pyrite sulfur) in rock samples were below the detection
limit. Sulfur contents of sedimentary rock samples varied from
3.5 X 10°to 4.4 X 10* mg S g"'. The sulfur content in fresh
coarse-grained sandstone in the Oshimojo formation (12-r4) was
much higher than in highly weathered sandstone in the Oshimojo
formation (r1) and tuffaceous stones in the Arakida formation
(r5-r7). &S values of r2 and r3 samples were much smaller than
those of other rock samples. The sulfur content in the fertilizer
BBC-284 was high relative to that in NKC-201. Fertilizer 6*S

values ranged from +6.1 %o to +8.3 %o .

Discussions

The sulfur mass balance in 2011 showed similar contributions

of surface sulfur influx to surface sulfur outflux, as estimated
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Sampling point (n) SO, + §D Flux = S],)l |oots s’
(umol L) (kmol yr ) (%o )
Inputs a(6) 360 £ 17 4.1 +02 -15.8
b (6) 468 + 73 23+ 04 -153 £ 09
c(6) 1550 + 144 134+ 13 -17.3 £ 36
d(6) 1334 + 238 17.6 £ 32 —18.7 £ 05
e (6) 1372 £ 211 253 + 4.0 —183 05
total surface inflow” 1112 £ 92 628 =53 —18.1 £ 1.5
precipitation” 10+5 0.6 £ 0.1 140 = 1.7
groundwater h (3) 417 = 33 -15.0 £ 0.7
spring water i (1) 1369 n.d.’
Outputs outflow f (6) 558 = 52 309 = 30 —12.6 £ 0.7
Lake surface @ - 10 585 =+ 56 nd’

" The SD represent propagated error from calculation (flux = [SO,]
X annual flow in 2011).

""The S values are obtained from Nakagawa et al. 2012.

“The sulfate concentration and the 6*'S value were weighted
according to each annual inflows (a-¢). The sulfate flux was
the sum of all inflow sulfate fluxes.

" Data around Nagano prefecture (Akata et al., 2002)

" The ‘n.d.” represent the data not determined

Table 3. Sulfur contents and isotopic values of sediment rocks and

fertilizer samples.

Sample name  Formation Stone group S content 0"'s
[mgSg'] [%o]
Rock sample
rl Oshimojo Coarse-graind sandstone 5.7 % 10° 9.1
2 Oshimojo Coarse-graind sandstone 3.0 X 10" -26.1
r3 Oshimojo Coarse-graind sandstone 2.1 % 10* -28.3
r4 Oshimojo Coarse-graind sandstone 44 % 10" -16.9
5 Arakida Tuffaceous sandstone 55 % 10° 6.7
6 Arakida Tuffaceous gravelstone 3.5 X 10° nd.
17 Arakida Tuffaceous mudstone 3.7 X 10° nd.
Fertilizer
BBC-284 (2) 12.7 82 02
NKC-201 0.1 6.1

"The ‘n.d.” represent the data not determined

using the data for 2008, although the precipitation in 2011 was
approximately twice as great as in 2008. In order to meet the sulfur
mass balance of total sulfur influx to and outflux from the lake, the
groundwater sulfur flux is estimated to be 280 kmol yr'l, calculated
by the sum of the difference between the surface influx and outflux

(245 kmol yr') and the total sedimentary sulfur flux of the whole
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lake (34.2 kmol yr''; Nakagawa et al., 2012). Thus, the sulfur mass
balance in 2011 confirmed that most of the sulfate in the lake can
be attributed to the groundwater inflow (Table 2).

The contribution of sulfur in fertilizers can be estimated by
the amount used and the isotopic values of the fertilizers. The
area of a paddy field is approximately 2000 m’. According to the
rice cultivation protocol of the Japan Agricultural Cooperatives
in Minami Shinshu, 0.5 kg m™ of fertilizer BBC-284 is used in
April, and 0.1 kg m™ of NKC-201 is used in the end of July. Thus,
the sulfur input originating from fertilizers is 0.4 kmol yr' and
forms a very small contribution to the sulfur content in the lake.
Furthermore, the §°'S values of fertilizers BBC-284 and NKC-201
were typical values compared to those reported previously (>6.6 %o ;
Mizota and Sasaki, 1996). Although the contribution of fertilizers
as the origin of sulfur in the lake is small, the § S of fertilizers
was observed in inflow channel ¢ placed in the paddy field. The 0
S values of channel ¢ are sometimes larger (approximately -13
%o) than the others (approximately -20 %o) in the end of summer
(August to October), when the sulfate concentration is higher.

The average sulfate concentration of precipitation in Shimoina-
gunis 10 = 5 pmol L (the Limnology Committee of Shimoina
Kyoiku-kai, 2009) and the range of sulfate §*'S value in Nagano
Prefecture is 14.0 = 1.7 %o (Akata et al., 2002). The sulfur flux
supplied by precipitation in the catchment area is 5.9 = 3.0 kmolS
yr’', and its contribution to the total sulfur influx (343 *+ 30 kmol
yr'') into the lake is less than 2 %.

The 6S values of sedimentary rocks surrounding the lake
showed great variation, from -28.3 %o to +9.1 %o (Table 2). The
6*S values varied with the degree of weathering in rocks, which
correlates with sulfur contents. As the degree of weathering is
higher and the sulfur content is lower, the 6*S value (7.9 + 1.7
%o) is larger. On the other hand, low &S values (-23.8 + 6.0 %)
were observed in sedimentary rocks with higher sulfur content. The
variation of sulfur content and isotopic values of sedimentary rocks
seems to have a relation to the difference between inflow channels
a-b and c-e about the sulfate concentration and isotopic values.
The inflow channels c-e showed higher sulfate concentration
(approximately 1400 pzmol L) with lower 6™'S values (approximately
-18 %o), and the sedimentary rocks that have high sulfate content
with low &S values (r1-r4) were sampled around there (Fig. 1).

The ease of sulfur dissolution from the rocks would be
dependent on chemical composition and crystal structure of the
minerals although they are still uncertain. Thus, further chemical
and mineralogical study of the sedimentary rocks is needed for
understanding the cause of the great variation in sulfur content
and isotopic values in the sedimentary rocks. However, isotopic

fractionation during precipitation and dissolution of sulfate
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minerals has been reported to be small (<2 %o) (Thode and Monster,
1965; Szaran et al., 1998). Thus the 6*'S values of surface water
and groundwater input would be the mixing of the sedimentary
rocks with high sulfur content in the Oshimojo and the sedimentary
rocks with low sulfur content in the Arakida formations. If the
isotopic composition of inflows to the lake originates from the
sulfate from the weathered rocks of the Arakida formation and the
Oshimojo formation, then the contribution of the sulfate originating
from the Arakida formation would be estimated using the following
equations:

Jo + Jhigns + fiows = 1

8 Spu =So X 68, + frigns X 0" Suigns +fiows X 0™ Sious
where f,, figns» and fi,,, s are the sulfur contributions of precipitation,
high-sulfur-content sedimentary rocks, and low-sulfur-content
sedimentary rocks, respectively. 634Smpul, 634Sp, 5345}‘@“, and 0
S5 are the 6°'S values of the input to the lake, precipitation,
high-sulfur-content sedimentary rocks (-23.8 & 6.0 %), and low-
sulfur-content sedimentary rocks (7.9 = 1.7 %), respectively.
The f, is the fraction of precipitation sulfur flux to the total sulfur
influx (0.02). If 6™S, is -15.0 = 0.7 %o, the fyz.s and fi,,.s are
estimated to be 0.73 £ 0.16 and 0.27 £ 0.16, respectively. Further,
if 6345inpu[ is -18.1 £ 1.5 %o, the Joigns and fio s are estimated to
be 0.83 = 0.18 and 0.17 £ 0.18, respectively. The geological
profile of the lake (Shikama, 1954) indicates that precipitation in
the catchment area mainly goes through a longer pathway in the
Oshimojo formation than in Arakida formation.

In summary, sulfur mass balance and ™S analysis reveal the
origin of sulfur in the lake originates mainly from high-sulfur-
content and low-sulfur-content sedimentary rocks; precipitation
contributes to a small fraction of the sulfur content in the lake,

while the contribution of fertilizers is negligibly small.

Acknowledgments

We thank the Anan Town authorities in Shimoina-gun, Nagano
Prefecture, who provided facilities for this research. Sincere thanks
are due to all the Yagi laboratory members for their cooperation and
facilitation of this research. This study was supported by a Grant-
in-aid for Scientific Research (S) (23224013) from the Ministry
of Education, Culture, Sports, Science and Technology (MEXT),
Japan, and the Global Environment Research Fund (A-0904) of
the Ministry of the Environment, Japan, and GCOE program ‘Earth
to Earths’ of MEXT, Japan.

References

Akata, N., F. Yanagisawa, R. Motoyama, A. Kawabata and A.



The origin of sulfur in the lake Fukami-ike, Japan

Ueda (2002): Sulfur isotope ratios of non-sea salt sulfate in wet
deposits in Japan. Journal of the Japanese Society of Snow and
Ice, 64 : 173-184 (in Japanese with English abstract).

Cook, R. B. and C. A. Kelly (1992): Sulfur cycling and fluxes in
temperate dimictic lakes, p. 145-188. In Sulfur cycling on the
continents, R. W. Howarth, J. W. B. Stewert, and M. V. Ivanov
(eds.): 145-188. John Wiley & Sons.

Kiba, T., T. Takagi, Y. Yoshimura and I. Kishi (1955): Tin (II)-
strong phosphoric acid. A new reagent for the determination of
sulfate by reduction to hydrogen sulfide. Bulletin of the Chemical
Society of Japan, 28 : 641-644.

Limnology Comittee of Shimoina Kyoiku-kai (2009): Shimoina-
shi. Editorial Committee of Shimoina-shi (in Japanese).

Mizota, C. and A. Sasaki (1996): Sulfur isotope composition of
soils and fertilizers: Differences between Northern and Southern
hemispheres. Geodema, 71 : 77-93.

Nakagawa, M., Y. Ueno, S. Hattori, M. Umemura, A. Yagi, K. Takai,
K. Koba, Y. Sasaki, A. Makabe and N. Yoshida (2012): Seasonal
change in microbial sulfur cycling in monomictic Lake Fukami-
ike, Japan. Limnolology and Oceanography, 57 : 974-988.

Nagai, A. (1993): Estimation of pan evaporation by Makkink
equation. Journal of the Japan Society of Hydrology and Water
Resources, 6 : 238-243 (in Japanese with English abstract).

Robinson, B. W. and S. H. Bottrell (1997): Discrimination of sulfur
sources in prostine and polluted New Zealand river catchments
using stable isotopes. Applied Geochemistry, 12 : 305-319.

Shikama, T. (1954): On the Tertiary formations of Tomikusa in
south Nagano prefecture. Science Reports of the Yokohama
National University, 3 : 71-108 (in Japanese).

Szaran, J., H. Niezgoda, and S. Halas (1998): New determination
of oxygen and sulphur isotope fractionation between gypsum
and dissolved sulphate. RUDARSKO-METALURSKI ZBORNIK,
45 : 180-182.

Thode, H.G. and J. Monster (1965): Sulfur isotope geochemistry of
petroleum, evaporites, and ancient seas. In Fluids in Subsurface
Environments, Memoirs American Association of Petroleum
Geologists, vol. 4, Young, A., Galley, J.E. (eds.): 367-377.

Yagi, A., I. Sshimodaira, H. Terai, and Y. Saijo (1983): Seasonal
change of chlorophyll a and bacteriochlorophyll in Lake
Fukami-ike. Japanese Journal of Limnology, 44 : 283-292.

(Editor: Dr. Jun MURASE, Graduate School of Bioagricultural

Sciences, Nagoya University)

19

m =

REM (RFR) OMEARLIRIEE

IS Y - BB —BR Y - ML Y - TORBE Y
HHHLY

FEHRICH D EREW, BAMITERESEOTERR LR
585 = 56 umol L' & — A7 W/KIBT X 0 18 VR BRI BE e
FLTWS, ZOWOMERREZHEE T 272D, HAMIIS
PP, FRERI L 22 FT Ok B K& ORRER IR EE DWIE 21T - Tz,
R L O R g i K S SR KIR D ok & L IZIERIE TH D |
IR DB E DK 9 FISH T AL UTHRAMIZHEA LT
D2 LGRS LT, BREBCCEIRIC R v, FEPEKREDOZ
DI D B3, RIE T & O] 2 IR RKETRAKD Sk
MBS, EVITHT2ALOMAKEZE L THEShTnd 2
L BRI 72 o Te. AT OHE T 7K o O R R FE v A
(#1400 pmol L) X AbM (49 1400 pmol L) & TH:f % i
CTRELER->TRY, ST ORMHEGHEORENT
XA, FREER & U CRRK L IERHIRER O &G B> D
HINES L ET2Z2 D Z LI R AL AR EZ W (> +6 %)
ZEDD LRSI, DE Y, MO IT I LM
JE A PR RS (<28.3 %0 - +9.1 %0) DAFIBAK T OV F 7k
KIEH L b OB ST 5, HICHiEaaEENE <,
T R D/ N S WK T GRIB OE 6 D% 523 7 FIPL L
ThD I EMHHEGHE L FMELOREAR2 D AEL 60
7.

F—O— R EER, GEFACE, R, RS, R

VT 226-8502 FhZ3 1| A TR X HE T 4259 BUR T3 K
PR T LY — B E b

2 F 152-8551 HUER B R K AR 1L 2-12-1 BUR T¥#KFAFE
BEEE T2 JE R Bk 2 R LR B I

Y T 162-0813 HUFHERHE X AT 3257 4 — 4 —=—V =
v u— R att

YT 470-0392 B4 IR T VBLHT UT-EL 1247 B TR

VT 226-8502 %11 A I T A X R T 4259 BUR T
KFRFHR G LA R P BRI K

GHEAE S F)IFRE T E-mail: nakagawa.m.ae @m.titech.ac.jp)






