Biogeosciences, 10, 3543558 2013
www.biogeosciences.net/10/3547/2013/
doi:10.5194/bg-10-3547-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Tracing atmospheric nitrate in groundwater using triple oxygen
iIsotopes: evaluation based on bottled drinking water

F. Nakagawd, A. Suzukil, S. Daital, T. Ohyama?, D. D. Komatst?, and U. Tsunogaf

1Earth and Planetary System Science, Faculty of Science, Hokkaido University, N10 W8, Kita-ku, Sapporo, 060-0810, Japan
2Graduate School of Environmental Studies, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan

Correspondence tdJ. Tsunogai (urumu@nagoya-u.jp)

Received: 26 October 2012 — Published in Biogeosciences Discuss.: 20 November 2012
Revised: 13 April 2013 — Accepted: 29 April 2013 — Published: 3 June 2013

Abstract. The stable isotopic compositions of nitrate dis- 1 Introduction

solved in 49 brands of bottled drinking water collected

worldwide were measured, to trace the fate of atmospheric ) o ] o ]
nitrate (NGj,,) that had been deposited into subaerial A_nthropogenlc activities have increased emissions of fixed
ecosystems, using th&O anomalies £170) of nitrate nitrogen from I_and to the atmosphere. Indeed, thg amount
as tracers. The use of bottled water enables collection oPf these emissions has almost doubled globally, with much
groundwater recharged at natural, background watershed§r€ater increases being observed in some regions, and this
The nitrate in groundwater had smali’’0 values rang- fixed-nitrogen flux is expected 'Fo douple again by ZQSQ (Gal-
ing from —0.2 %o to +4.5%0 (1 = 49). The averageA1’0 loway et al., 2008). Excess fixed-nitrogen input is linked

value and average mixing ratio of atmospheric nitrate to to-to various environmental problem_s, including forest declin_e
tal nitrate in the groundwater samples were estimated to b&-9-» Fenn et al., 1998), degradation of groundwater quality
0.8 %o and 3.1%, respectively. These findings indicated tha{€-9- Murdoch and Stoddard, 1992; Williams et al., 1996),
the majority of atmospheric nitrate had undergone biological®Utrophication of the hydrosphere (e.g., Paerl, 1997; Duce

processing before being exported from the surface ecosys%gg)’ 2008), and shifts in biodiversity (e.g., Tilman et al.,

tem to the groundwater. Moreover, the concentrations of at- . . .
mospheric nitrate were estimated to range from less than Previous detailed studies of forested catchments have of-

0.1 pmol LY to 8.5 pmol -2, with higher NG, concen- fered considerable insight into the link between atmospheric
. - ! atm

trations being obtained for those recharged in rocky, arid oritrate deposition and nitrate discharge to streams (Grenn-
elevated areas with little vegetation and lower jyQ con-  felt and Hultberg, 1986; Williams et al., 1996; Tietema et
centrations being obtained for those recharged in foreste@!- 1998; Durka et al., 1994). Although water chemistry has
areas with high levels of vegetation. Additionally, many of been routinely measured through many programs on regional

the NG;,, -depleted samples were characterized by elevated international sca!es, our understanding pf the mgqhanisms
515N values of more thar-10 %.. Uptake by plants and/or that regulate the discharge of atmospheric deposition from

microbes in forested soils subsequent to deposition and thgurface ecosystems is still limited. This is because the fate of
atmospheric nitrate deposited onto the subaerial ecosystem

Eirgor?htﬁ:zsn?]; cﬂg?:rgzgig?:oz/v;hé? Iglgundwater likely plays a is determined through the complicated interplay of several
try processes that include (1) dilution through nitrification, (2)
uptake by plants or microbes, and (3) decomposition through
denitrification.
In a previous study, we determined th@® anomalies of
nitrate in groundwater recharged on the island of Rishiri,
Japan to trace the fate of atmospheric nitrate NQ

that had been deposited onto and passed through the island
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ecosystem. In that study, we estimated the average mixing raa basic background data set for evaluation of the amounts
tio of atmospheric nitrate to total nitrate in the groundwater of NO; ., eluted into groundwater from subaerial ecosys-
to be 7% (Tsunogai et al., 2010). Based on this mixing ratio,tems in general, including the same watersheds under ele-
we estimated that direct drainage accounts for #682%  vated NG, input in the future.

of atmospheric nitrate that has been deposited onto the is- In addition to clarifying the fate of atmospheric nitrate,
land, and that the residual portion has undergone biologicathis study was also conducted to gain insight into the pro-
processing before being exported from the island ecosysternesses controlling the total nitrate concentrations in ground-

at the groundwater recharge zones. water. Because nitrate enrichment of drinking water causes
Anomalies in'’O can be quantified using th&!’0O sig-  infantile methemoglobinemia, major factors controlling ni-
nature, which is defined by the following equation (Miller, trate concentrations must be clarified for each groundwater
2002; Kaiser et al., 2007): system. The determination of stable isotopic compositions of
17 nitrate in groundwater will provide insight into the processes
Ao — 1+45~0 1, 1) controlling the nitrate concentrations in natural groundwa-
(1 + 3180)’3 ter, especially for the contribution of atmospheric nitrate into
groundwater.

where 8 is 0.5247 (Miller, 2002; Kaiser et al., 2007),
8180 = Rsampld Rstandard— 1 and R is the *80/180 ratio (or
the 170/480 ratio in the case af'’O or the!>N/1N ratio in
the case 081°N) of the sample and each international stan-
dard. By using the’O values of nitrate, we can distinguish 2.1 Sample description
NO3 ,, (A0 > 0) from the remineralized nitrate (N

3atm
(A’0=0). Additionally, AY’O is stable during usual mass- We collected as many bottled drinking water samples as
dependent isotope fractionation processes; therefore, we casossible from supermarkets in Sapporo and Nagoya, Japan.
useA'’O as a conserved tracer of Q) and trace NQ,,,  Because of increasing numbers of people becoming health-
irrespective of partial removal through denitrification and/or conscious in Japan, it is possible to obtain a wide variety
uptake reactions that occur after deposition. Previous studef bottled drinking water from supermarkets. In addition to
ies of theAl70 values of nitrate in freshwater environments samples collected from Japanese supermarkets, we asked ac-
demonstrated that1’O values can serve as robust tracers of quaintances abroad to send bottled drinking water to Japan.
the fate of NQ_,,, deposited onto a surface ecosystem with-  We collected a total of 48 brands of bottled drinking wa-
out using artificial tracers (Michalski et al., 2004; Tsunogai etter (Nos. 2 to 49 in Table 1) that had been sealed in either
al., 2010, 2011; Dejwakh et al., 2012). Measuring 460 polyethylene terephthalate bottles or glass bottles and dis-
values of nitrate for water eluted from various watershedstributed on the market as drinking water. About 70 % of the
can increase our understanding of fixed-nitrogen processingamples collected were from abroad (Fig. 1). The longest
and fixed-nitrogen retention efficiencies for surface naturalstorage period between bottling and analysis was less than
ecosystems that are subjected to atmospheric fixed-nitrogea year. In addition to the water being collected in this study,
deposition. a brand of bottled drinking water collected and analyzed in
In this study, we determined tha'’O values of nitrate  Tsunogai et al. (2010) (Rishiri water) has been included in
in various types of bottled drinking water collected from our discussions (No. 1 in Table 1).
different markets by applying those representing ground- The methods of sterilization are presented in the table as
water recharged at natural watersheds worldwide (Tsunowell. Because the EU directive for bottled mineral water pro-
gai and Wakita, 1995, 1996). Using bottled drinking water hibits sterilization, most of the samples from Europe were
for the samples reduced the time, labor, and costs relativéion-sterile. Conversely, most samples from Japan were ster-
to those that would be required for direct groundwater samslized by either (1) microfiltration (0.2 um), and/or (2) heat-
pling. Moreover, the use of bottled water enables collectioning to 130°C for at least 2 s; therefore, both concentrations
of groundwater recharged at natural background watershedsnd stable isotopic compositions may have been altered from
where there have been few artificial alternations and littlethe original to some extent. We previously determined both
contamination. The use of bottled water also prevents samthe concentrations and stable isotopic compositions of nitrate
ples of groundwater systems recharged in declining or damin four sets of the same brand of bottled water (Rishiri water)
aged forested watersheds as well as anoxic nitrate-exhaustegld at supermarkets together with those sampled directly at
groundwater. the source well (Meisui factory) (Tsunogai et al., 2010). The
Using the A0 tracer, we quantified the fraction of differences between the average concentratid®y, 5180
NOj ,;my Within the total nitrate output in groundwater to gain and A70 in the bottled water and those in water from the
insight into the processes controlling the fate and transportource well were less than 2 %, 0.2 %o, 0.2 %o, and 0.2 %o, re-
of NOz,;, deposited onto natural subaerial ecosystems. Thepectively (Tsunogai et al., 2010). Because the Rishiri water
quantified NQ_,,, output will be useful in future studies as had been sterilized by a combination of filtration and heating

2 Experimental section
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Table 1. Sample descriptions.

3549

No. Name Location Bottled date Sterilizatfon Note
Japan
1 Rishiri wateP Rishiri, Hokkaido, Japan 18 Mar 2009 F&H
2 Furano natural water ~ Furano, Hokkaido, Japan 10 Oct2008 H
3 Moiwa natural water ~ Sapporo, Hokkaido, Japan 28 Jul 2008 F&H
4 Niseko water lwanai, Hokkaido, Japan 3 Mar 2009 H
5  Sapporo water Sapporo, Hokkaido, Japan 23 May 2008 H
6 Yotei Spring Kyougoku, Hokkaido, Japan 6 Jan 2009 H
7 Okushiri water Okushiri, Hokkaido, Japan 11 Dec 2008 H
8 Yumemizuki Nanae, Hokkaido, Japan 10 Feb 2008 F
9 Ryusendo water Iwaizumi, lwate, Japan 30 Jul 2008 F subterranean lake
10  Okushimizu Kiso, Nagano, Japan 1 Aug 2008 H
11  Gorogoro water Tenkawa, Nara, Japan 5 Aug 2008 F
12 Hou-jun-sui Nobeoka, Miyazaki, Japan 2 Sep 2008 H
13  Hotspring 99 Tarumi, Kagoshima, Japan 4 Aug 2008 H hot springG47
14 Joumon water Yakushima, Kagoshima, Japan 15 Sep 2008 F&H
15  Higashi-son water Higashi-son, Okinawa, Japan 28 Nov 2007 F&H
Asia
16  Tibetan Magic Water ~ Gangba County, Tibet, China 26 Sep2010 F
17  mim Kedah Darul Aman, Malaysia 1 Nov 2010 RO treated tap water
18 Water 0 Kandal, Cambodia 1 Sep 2010 uv
19 Aura Chiang Mai, Thailand 21 Dec2010 NS
20  Natural Spring Solan, Himachal Praesh, India 1 Feb 2011 -
21  Damla Uludag, Turkey 15 Dec 2010 -
Africa
22 Aqualine Zaghouan, Tunisia 28 Oct 2011 -
23 diMA Tajerouine, Tunisia 1 Nov 2011 -
24  safia El Ksour, Tunisia 8 Nov 2011 -
South America
25  \Vital —, Bolivia 3 Feb 2011 -
26 cielo Cielo, Peru 25Jun 2011 -
27  sanluis Lima, Peru 18 Jul 2011 -
28  \Vivant Lima, Peru 26 Jun2011 -
29 SOCOSANI Arequipa, Peru 8 Apr 2011 F&UV
Europe
30 Iceland spring Heididrk, Reykjavk, Iceland 1 Mar 2008 F
31 VOSSs Voss, Norway 10 Feb 2011 NS glass bottle
32  Rosbacher Bad Vilbel, Germany 27 May 2011 NS
33 Dobra Voda Bynov, Czech Republic 24 Jun 2011 -
34  Bonagua Piestany, Slovakia 250ct2010 -
35 \Vittel Vittel, France 25Feb 2011 NS
36  Contrex Contreaville, France 11 Feb2011 NS
37  \olvic Auvergne, France 23 May 2010 NS
38  Perrier Vergze, France 3 May 2011 NS glass bottle
39 PARADISO Friuli-Venezia Giulia, Italy 31Jul 2011 NS
40 ACQUA Filette Filette, Guarcino, ltaly 1 Mar 2008 NS
41  S. Maria degli Angeli  Rionero in Vulture, ltaly 1 Apr 2011 -
42  Jana Sveta Jana, Croatia 18 Jun 2011 NS
43  Studena Lipik, Croatia 28 Nov 2010 NS
44  SUZA Kolasin, Monteneguro 19 May 2011 -
45 UEIMIRE Kllokot, Kosovo 28 Mar 2011 —
46  Jeta Kllokot, Kosovo 17 Dec 2011 -
47  GORSKA Konopishte, Makedonija 30 May 2011 F
48  Spring Nepravishta Nepravishta, Albania 17 Apr2011 -
49  Loutraki Loutraki, Greece 13 May 2011 NS

&NS: non-sterile water; UV: ultraviolet irradiated; H: heated; F: filtered (0.45 um or 0.2 um); RO: filtered through a reverse osmosis
membrane; — : treatments not publically available.

b pata from Tsunogai et al. (2010).
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N _ 2.2 Analysis

The concentration of nitrate together with chloride and other
major anions was determined by ion chromatography. The
stable isotopic compositions were then determined by con-
verting the nitrate in each sample te® using the chem-
ical method originally developed to determine tv&l/24N
and80/160 isotope ratios of seawater and freshwater nitrate
(Mcllvin and Altabet, 2005), with modifications (Tsunogai
etal., 2008, 2010, 2011).

The stable isotopic compositions were determined for
N2O using our Continuous-Flow Isotope Ratio Mass-
Spectrometry (CF-IRMS) system (Tsunogai et al., 2008;
Hirota et al., 2010), which consists of an original helium
purge and trap line, a gas chromatograph (Agilent 6890) and
a Finnigan MAT 252 (Thermo Fisher Scientific, Waltham,
MA, USA) with a modified Combustion Il interface (Tsuno-
gai et al., 2000, 2002, 2005) and a specially designed multi-
collector system (Komatsu et al., 2008). An aliquot gfON
was introduced, purified, and then carried continuously into
the mass spectrometer via an open split interface to moni-
tor isotopologues of BDT at m/z ratios of 44, 45 and 46
Fig. 1.Maps showing the distribution of the source wells worldwide to determines*® ands#6. Each analysis was calibrated using
(a), and regionallyb) and(c). a machine-working reference gas (99.999 4O\ that was

introduced into the mass spectrometer via an open split inter-
face according to a definite schedule to correct for sub-daily
(Table 1), we concluded that alternations in both concentratemporal variations in the mass spectrometry. In addition, a
tions and stable isotopic compositions of nitrate in responseyorking-standard gas mixture containing a known concen-
to these treatments were small enough to enable bottled watgfation of N,O (ca. 1000 ppm RO in air) that was injected
to serve as samples of its source groundwater. from a sampling loop was analyzed in the same way as the

In addition to filtration and heating, some of the samplessamples at least once a day to correct for daily temporal vari-
were sterilized by UV radiation for several seconds (Table 1).ations in the mass spectrometry.

UV sterilization could reduce nitrate and increase both the After the analyses based onp®" monitoring, another
815N ands*®0 of residual nitrate; however, the extent of any aliquot of NbO was introduced to determine the'’O for
reduction during the short reaction period would be Sma”NZO (Komatsu et al_, 2008) Using the same procedures as
because the decomposition rates of nitrate estimated for thgygse used in the »D monitoring mode, purified pD was
wastewater treatments were small, especially under neutrahtroduced into our original gold tube unit (Komatsu et al.,
conditions (Kosaka et al., 2002). Moreover, the triple oxygen2008), which was held at 78C for the thermal decompo-
isotopic compositions remained stable during the reductionsition of NoO to Np and Q. The produced @purified from
Therefore, we used these UV sterilized samples to repren, was subjected to CF-IRMS to determine #3%8 ands34
sent groundWater fr0m each Site. HOWeVer, Caution Should b%y Simultaneous monitoring Ofpisotopcﬂogues ah/z ra-
taken before applying the values obtained from such samplegos of 32, 33 and 34. Each analysis was calibrated with a
to detailed discussions, especially those based on the valugfachine-working reference gas (99.999 %das in a cylin-
of §15N ands180. der) that was introduced into the mass spectrometer via an
Many of the bottled water samples produced in North gpen split interface according to a definite schedule to cor-
America and Asia were sterilized using ozone, which isrect for sub-daily temporal variations in the mass spectrom-
known to cause largé’O anomalies (Mauersberger et al., etry. In addition, a working-standard gas mixture containing
1999). To exclude those with altered triple oxygen isotopic N,0 of known concentration (ca. 1000 ppra®in air) that
compositions of nitrate, bottled water sterilized using ozoneyygs injected from a sampling loop was analyzed in the same
was EXC|uded. As a I’eSU|t, no Samples from North Americavvay as the Samp'es at |east once a day to correct for da”y
were evaluated (Fig. 1). temporal variations in the mass spectrometry.

The obtained values of!®N, §180 and A0 for N,O
derived from the nitrate in each sample were compared
with those derived from our local laboratory nitrate stan-
dards that had been calibrated using the internationally

50°F

|yt

Q
2
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distributed isotope reference materials (USGS-34 and * @ 2 ol 5 ©
USGS-35) (Bhlke et al., 2003; Kaiser et al., 2007) to cal- " ] _

ibrate thes values of the sample nitrate to an international ” ®

scale, as well as to correct for both the isotope fractionation & s 15 s
during the chemical conversion t,® and the progress of & -
oxygen isotope exchange between the nitrate-derived reacE " 10 10

tion intermediate and water (ca. 20 %). Alvalues are ex-

5 5 s

pressed relative to air (for nitrogen) and VSMOW (for oxy- | |_
gen) In thIS paper- 0 S50 +5 +10 +15 +20 ! -5 0 +5 +10 +15 +'Zl]_ 0 +0.5 +1.0+1.5 +2.0 +2.5+3.0
In this study, we adopted the internal standard method for 103 515N 103 5150 103 A0

accurate calibrations to determine %N, §180 or A1’0
values of NO derived from our laboratory nitrate standards.
Specifically, we added each of the nitrate standard solution
(containing ca. 10 mmolt?! nitrate with knowns°N, §180

or A0 values) to additional aliquots of the samples until
the nitrate concentration was 3 to 5 times larger than the orig-

inal, and then converted it toJXD and determined the values gponded to NQ/NOj ratios less than 10 %. Thus the results
of 81N, 5180 or AT70 in a similar manner as was used for \ere used without any corrections.

each pure sample. After correcting the contribution gON The sD and §180 values of HO in the samples were
from the nitrate in each sample, we could obtain the stableyso analyzed using Cavity Ring-Down Spectroscopy (Pi-
isotopic compositions for pO derived from our laboratory  carro 1L2120-1 with an A0211 vaporizer and autosampler)
nitrate standards. The'>N, §'%0 and A'7O values in the  ithin an error of:£0.1 %.. Both VSMOW and VSLAP were

samples were then simply calibrated using calibration curveg;sed to calibrate the values to the international scale.
generated from the 2O derived from the nitrate standards.
Most samples had nitrate concentrations of more than
1 umol L=, which corresponds to nitrate quantities of more 3 Results and discussion
than 30 nmol in a 30 mL sample and is sufficient to determine
819N, 5180 andA 170 values with high precision. Indeed, we 3.1 Groundwater nitrate: overview
even attained similar high precision for nitrate-depleted sam-
ples showing concentrations of less than 1 umdithrough ~ The concentrations art®N, §180, andA170 values of ni-
repeated measurements using another aliquot of water. Thugate in the samples are presented in Table 2 with their CI
all isotopic data presented in this study have an error betconcentrations and th#?O and 580 values of water. We
ter than4-0.3 %o for $1°N, 0.5 %o for §180 and+0.2%. for  could not determine thal’0O values of nitrate for one of the
A0, water samples (No. 18) that had a nitrate concentration of
Because we used the more precise power law (Eq. 1) tdess than 0.3 pmolt?!.
calculateA1’0, the estimatec\ 1’0 values were somewhat  The average andvlvariation for concentratiors}°N, and
different from those estimated based on traditional linear ap-3180 of nitrate were 84- 197 pmol =1, +5.8+ 6.6 %o, and
proximation (Michalski et al., 2002). While the differences +1.24 7.6 %o, respectively (Table 2, Fig. 2), which are typ-
were insignificant for groundwater samples newly evaluatedcal values for nitrate in natural groundwater free from arti-
in this study (less than 0.05 %), the differences would beficial pollution (e.g., de Walle and Sevenster, 1998; Hiscock
0.94 0.2 %o for theA170 values of NQ,, (Tsunogaietal., etal, 1991; Kendall, 1998; Moore et al., 2006). A very low
2010). When using the linearly approximata4’O values of ~ 8*°N value of —11 %, was found for No. 13. This is a hot
NO; ., available in the literature, we recalculated th&’O  spring water with a temperature of 4C at the source well.
values based on the power law. Some unusual nitrate production such as microbial nitrifica-
Nitrite (NO;) in the samples also interferes with the fi- tion could be responsible for tHéN depletion observed at
nal N,O produced (Mcllvin and Altabet, 2005) when the this site.
chemical conversion method is used to determine the sta- The average and maximum!’O values of nitrate were
ble isotopic compositions of nitrate (NO. Therefore, itwas ~ +0.8 %o and+4.5 %o, respectively (Table 2, Fig. 2). While
necessary to correct for the contribution to accurately de-most of the samples showed positivd ‘O values, seven
termine stable isotopic compositions of the sample nitrate (Nos. 15, 28, 29, 34, 37, 40, and 45) showed negatit&
However, all samples analyzed in this study were originallyvalues as low as-0.2 %.. Because tha'’O value of tropo-
for drinking water, and were characterized by oxic conditionsspheric Q is around—0.2%. (Luz and Barkan, 2000), the
and little biological activity. As a result, they contained NO ~ contribution of the oxygen atom derived from tropospheric
at concentrations less than the detection limit, which corre-O2 during the production of remineralized nitrate from am-
monium or organic nitrogen could be partly responsible for

Fig. 2. Histograms of thes’®N (a), §180 (b), and A170 (c) of
itrate in the bottled mineral water samples. Those classified to
e outside of each histogram were included in the nearby upper-

most/lowermost classes.
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Table 2. Concentration and stable isotopic compositiaiSIy, s180, andA170) of nitrate dissolved in the bottled water samples, together
with the other parameters.

No. NO; 8N 680 A0  Cam/Ciotal Cam  8'®pm20 Dm0 cl

pmol L1 %o %o %o % pmolL~1 %o % umolL~1
1 30 -23 431 +22  88+17 2.6+06 -105 -68.7 620
2 11 +16 -64 406  23+1.0 0.3+0.1 —98 -76.7 163
3 32 456 —34 407 26+1.0 0.8+03 -94 —67.8 196
4 11 417 +04 414 57+1.3 0.6+0.2 -88 —62.3 287
5 27 +53 —11 +06  23+1.0 0.6+0.3 -10.1 -70.6 293
6 46  +18 26 +11  44+12 2.0+06 -84 —650 156
7 27 401 —-21 403  1.3+09 0.3+0.2 -73 -530 21
8 62 +26 —27 +15 61+14 0.4+0.1 -79 -59.1 352
9 49 437 53 +10 41412 2.0+06 -85 —64.2 526
10 93 +04 403 420 7.9+16 0.7£0.2 -121 817 157
11 58 —1.4 +20 408 32+11 1.9+0.7 -80 -56.4 51
12 26 450 —20 403  1.1+0.8 0.3+0.2 —-6.1 —47.2 218
13 11 -11.0 -14 +10  41+12 <0.1 -59 —405 134
14 14 +26 —07 +14 58+13 0.8+£0.2 —48 -335 228
15 48 407 425 -02 <0.1 <0.1 -35 -—233 620
16 90 410 +62 445 17.9+26 1.6+£0.3 —18.8 —1408 9.2
17 16 +96 —47 +07  3.4+13 <0.1 -6.6 —434 13
18 0.3 +192 +444 - - - -79 -56.6 527
19 77 +70 +18 +05 26+12 2.0+1.0 -73 -506 21
20 21 +119 02 +00  0.0+0.7 <0.1 —6.2 —410 58
21 20 -12 -15 414 56+13 <0.1 -10.6 —68.0 21
22 101 457 +32 405  21+09 21+1.0 -63 —36.9 1819
23 369 476 +39 400  0.1+07 0.5+26 —7.4 —499 849
24 231 476 +76 401  0.3+0.7 0.6+1.7 —75 —486 543
25 33 +154 —-34 401  05+09 0.2+£0.3 —15.1 -1159 83
26 87 +107 -21 404  20+11 1.7£1.0 —14.1 -106.9 471
27 28 489 407 404  19+11 05£03 —136 -1025 158
28 1271 +87 -57 —0.0 <11 <151 —-13.9 -1045 2143
29 63 +116 —6.6 —0.0 <11 <0.1 —13.7 -100.9 6025
30 34 +02 410 422 74413 0.3+0.1 -59 -50.6 282
31 30 436 +90 439 132418 0.4+0.1 —91 -63.7 324
32 47 458 51 400 0.1+0.6 <0.1 -88 —619 1564
33 73 459 —-19 +03  1.1+08 0.8+£0.6 -11.0 -79.1 16
34 84 449 -02 -0.1 <05 <0.4 -104 -72.9 39
35 03 +155 —40 403  1.0+08 <0.1 -83 -57.3 98
36 41 +133 +15 403  12+08 05:04 -80 -539 289
37 123 +40 -16 -0.2 <0.1 <0.2 -9.0 -588 394
38 133 467 +36 +03  1.4+09 1.8£1.2 -63 -394 647
39 332 436 +27 406  25£1.0 8.5k35 -80 -538 158
40 38 +230 -38 —0.0 <0.8 <0.1 -6.2 427 128
41 433 +19 -0.8 +02  0.9+08 4.0+35 -81 -53.7 185
42 16 +44 492 401  0.2+07 <0.2 -109 -736 24
43 16 +16 +63 +36 145+23 2.3+05 -96 —659 46
44 82 -12 -11 409 37+11 03+0.1 -98 —620 15
45 20 +224 +65 —0.0 <08 <0.2 -106 -72.6 203
46 12 4184 +116 +01  0.4408 <0.2 -105 -72.2 198
47 92 414 417 408 31+10 03+0.1 -98 —615 19
48 96 +48 +08 405 21+0.9 2.0+£1.0 —71 —430 47
49 106 +44 —24 407  27+10 28+1.1 -63 -394 470
Avg. 84 +58 +12 +08  3.1+39 - - - 4474927

+197 +£6.6 £7.6 £1.0

—: not determined

Biogeosciences, 10, 3543558 2013 www.biogeosciences.net/10/3547/2013/
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+15 in 8180, the A0 values were always close to 0%o. Al-
though theA1’0 values of nitrate are stable during the post-
o depositional isotopic fractionation processes, 8K val-
=5 ues of nitrate can vary. The isotopic fractionations during
L4 4 the partial removal through nitrate uptake or denitrification
° 7 / likely play a significant role in thé®0 enrichment because
o © // ° o many of the®0-enriched samples in Group B showed the
* . y; / 15N-enricheds'®N values of more thas-11 %o (Fig. 3).
2= PY \ / @ / As shown in Fig. 3, some data in Group B did not show
=
—

+10 |

® / 15N enrichment, despite showin§O enrichment of up to
+0 | o,/ : e /A +9.2 %o. Without theA 7O data for these samples, sué-
0 % // enrichment would be interpreted as the result of the contri-
- bution of atmospheric nitrate (Durka et al., 1994). However,
sk /‘ o,/ since theAl’0 values of these samples were close to zero,
( o)) we must assume alternative processes for them, such as re-
~ ducings!®N values through the contribution of some highly
15N-depleted nitrate as well as their partial removal through
2 +0 +2 +4 15 +8 nitrate uptake or denitrification. The presence of such data
implies that interpretation based only on the values§0
103 A170 and 815N of nitrate is not always straightforward. Accord-
ingly, A17O data would be essential to quantify the contribu-
Fig. 3. Relationship between!’0 ands!80 in NOy from bottled  tion of atmospheric nitrate in the hydrosphere.
water samples. The open circles denote those shositlg values
of more than+11 %o. 3.2 Mixing ratios of atmospheric nitrate within total
nitrate in groundwater

the observed negatival’O values less than 0. However, The A0 data of nitrate in each sample can be used to esti-

even if the contribution was significant, the possiplé’0  mate the mixing ratio of NQ,, . to total NG; (Ciotar) in €ach
value of produced remineralized nitrate would include 0%, 9roundwater sample by applying Eq. (2):

within the error of our analytical precisiontQ.2 %o). Ac-

cordingly, 0 %o is used for thev1’O value of remineralized @ _ At’o @)
nitrate and observed 1’0 values less than 0 %o are consid- Ciotal  A17Oayg’

ered to be 0 %o for the remainder of this paper. In other words,

possible errors in our further discussions derived from thewhere Gn/Ciotal is the mixing ratio of NQ ., to NO3, .
deviations in theA’O values of remineralized nitrate from and A’O,q denotes the averagal’O value of NG,

0 %o were included within the error of the analyses. (Tsunogai et al., 2010). In a previous'’O study con-
To verify that atmospheric nitrate was responsible for theducted on Rishiri Island, we used thé’O,q value obtained
elevatedA'’O values up to 4.5 %o in the samples, €0 through continuous monitoring on the island. However, in
values of nitrate in the samples were plotted as a functiorthis studly, th%”Oavg value at each recharge area was not

of AYO (Fig. 3). Because atmospheric nitrate is also en-available for most samples. Because th&O value of at-
riched in180 (Durka et al., 1994; Kendall, 1998), we can mospheric nitrate varies primarily as a result of the reaction
anticipate'80 enrichment for those showing elevatad’O  path from NO to nitrate in the atmosphere (Michalski et al.,
values. As shown in Fig. 3, those showing high’O val-  2003; Morin et al., 2009; Alexander et al., 2009), it is difficult
ues always accompanied higHO values; thus, we can find  to apply the values obtained from monitoring at distant sta-
a linear correlation for the samples categorized as Group Aions. Therefore, we used th:e”oavg values of+204 3 %o,
in the figure. By extrapolating the linear correlation to the 4254 3 %o, and+304 3 %o for samples collected at lati-
region of NG, having AY’O=+20 to +30 %o, we ob-  tudes of 20S to 20 N, 20° N to 5¢° N, and 50 N to 7¢° N,
tain 680 = 480+ 30 %o, Which corresponds to the values respectively, based on the glob&}’O distribution of atmo-
for NOg ;, (Durka et al., 1994; Morin et al., 2009; Alexan- spheric nitrate estimated by Alexander et al. (2009) as well as
der et al., 2009; Tsunogai et al., 2010). These findings indithose determined in previous investigations of atmospheric
cate that thé180 values primarily reflect the contribution of nitrate (Michalski et al., 2003; Savarino et al., 2007; Kaiser
NO3 i, as well asAl’0 for the samples in Group A. et al., 2007; Ewing et al., 2007; Kunasek et al., 2008).
Conversely, data plotted outside of Group A (hereafter re- Because theA’O value of NG, is a function of the
ferred to as Group B) did not present such a linear correteaction path from NO to nitrate in the atmosphere (Michal-
lation. While they showed®0 enrichment up to+11.6 %o ski et al., 2003; Morin et al., 2009; Alexander et al., 2009),
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the A0 values could be different on days when NQ,

was deposited in groundwater, especially for that deposited

during preindustrial times, when the emission flux of anthro-
pogenic NQ was substantially smaller than current levels

(Duce et al., 2008). This hypothesis was also supported by

the global model ofA1’O values of NQ,,,, which shows
smaller A170 values in remote regions than in those close

to the source regions at the same latitude (Alexander et al.,
2009). However, the regional differences in the annual av-

erageAl’0 values within the same latitude were less than
a few %o (Alexander et al., 2009), while the highest depo-
sition rate of NQ@_,,, was more than 10 times that of the
lowest. As a result, the historical changes in th&'O val-
ues were included within the error of the!’O,yq values
used in this study. It should be noted that m@oavg values
could be revised in the future when a reliable model of the
historical changes in thal’O values is developed. By us-
ing the A10O,q values, we estimated that, on average, only
3.1% of the total nitrate in the groundwater samples origi-

nates directly from the atmosphere; therefore, the remaindet

of nitrate is of remineralized origin (Nf),) and has been

produced through biological processing in soils. The aver-

age mixing ratio of N@Q,,,, within the groundwater nitrate

was smaller than that estimated in an oligotrophic lake wa-

ter column in Japan (9% 0.8 %) (Tsunogai et al., 2011). A
smaller G/ Ciotal ratio corresponds to a larger nitrification
rate under the same deposition velocity of atmospheric n
trate (Tsunogai et al., 2011). Accordingly, the results of this
study imply rapid turnover, and thus more rapid biological
processing of nitrate in forested soils than in the lake wate
column.

When compared with the average y@Ciotar ratio
(7.4+ 2.6 %) estimated for nitrate discharged from natural
forested watersheds on Rishiri Island, the averagg/Ciotal

ratio obtained in this study was much smaller. The value can
also be classified to the lower end of those in basic streanft

flows (3.1 to 7.7 %) and soil extracts (1.9 to 11.4 %) in south-
ern California estimated in a past study (Michalski et et al.,
2004). The possible reasons for these discrepancies are di
cusses in Sect. 3.4.

3.3 Concentrations of atmospheric nitrate in
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Fig. 4. Calculated concentration of NRQim (Catm) in each wa-
ter sample plotted as a function of the total N@oncentration

(Ciota)- Open circles denote those showistPN values of more
than+11 %.. Error bars smaller than the symbols were deleted.

butions of NG .. Specifically, additional contributions of
NO3,, during groundwater flow through the ground were
responsible for the observed differences ip among
groundwater samples.

If nitrate was chemically stable during the processes such
s deposition into surface ecosystems and flow through the
ground, the G in groundwater would be the same or some-
what higher than that in precipitation (wet deposition) due to

oth evaporative concentration and the addition of;\Q
through dry deposition. However, the estimateg{values
were substantially lower than those in precipitation (wet de-
position) in general (e.g., Stensland et al., 1986; EANET,
2008). Thus a substantial portion of NG was reduced

groundwater: implications for recharge zones g
during the processes of recharge at the source and subsequent

To investigate the processes regulating the mixing ratios oflow through the ground. Here, these reduction processes are
NO3,,, the absolute concentration of NQ. (Cam) was discussed based on differences in thex®etween samples.
calculated for each sample using each nitrate concentration One of the striking features of variations inafs is
(Ctotal) and eacml7o value and emp|0ying Eq (2) The cal- that Samples WIthBlSN values greater tham-11 %o alW&yS
culated Gy is plotted as a function of iy for the samples ~ showed low NQ@,, values (Fig. 4). Because partial re-
in Fig. 4. moval of nitrate increased ti#&°N values of residual nitrate
While Ciota varied widely among the samples from through kinetic fractionation, uptake by plants or microbes
0.3 to 1271pmolt!, Cym was relatively uniform and denitrification are likely both responsible for the NQ,
around 1.0pmolt® on average, ranging from 0 to depletion. In other words, even if NQ,, Was incorporated
8.5+ 3.5 umol =1 (sample No. 39). The observed variation into groundwater at its recharge zone to some extent, subse-
in the Gotar Was likely primarily due to different contri- quent nitrate reduction through uptake by plants or microbes
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Fig. 5. Schematic diagrams showing the biological processing of atmospheric nitrate in soils covered with little ve@@tatidiigh levels
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and denitrification reduced N, ,,in the groundwater sam- to that in No. 39, because the sources of these samples are
ples. located in high mountains with little vegetation, such as Mt.
In addition to post depositional reduction of NQ. Rishiri (1721 m) for No. 1, Mt. Yotei (1898 m) for No. 6, the

within groundwater, vegetation in each recharge area apHimalaya Mountains for No. 16, Doi Suthep (1676 m) for
pears to be an important factor influencingfin groundwa-  No. 19, the Dorsale Mountains (1071 m) for No. 22, Psunj
ter, especially for samples showing elevateg{CThe most (984 m) for No. 43, and the Gerania Mountains (1369 m at
NO3 i renriched sample was No. 39 (&33.5 pmol 1), Makryplagi) for No. 49. The absence of rainfall in the source
The source spring of No. 39 was Paradiso di Pocenia imarea might also be responsible for the low vegetation and
northern Italy, at the foot of the Carnic Alps. Thus the moun- thus less nitrate consumption for water samples produced in
tains in and around the Carnic Alps, which have an eleva-arid areas, such as Nos. 16 (Tibet, China) and 22 (Tunisia).
tion of more than 2000 m, are likely the major recharge zone The NG; . enrichments in Nos. 9 (Ryusendo water) and
of this groundwater. Accordingly, the rocky surface and low 11 (Gorogoro water) were somewhat difficult to explain.
amount of vegetation at the recharge zones are likely reRyusendo is a famous stalactite grotto in Japan located on
sponsible for the N@,,, enrichment owing to the absence Mt. Ureira (604 m height), which is covered with dense veg-
of nitrate consumption by soil organisms and trees (Fig. 5).etation, and No. 9 is taken directly from one of the deep
Because NQ,,,, enrichment was also found at the drainage subterranean lakes in the stalactite grotto; No. 11 is taken
from damaged forested watersheds in past studies (Durka elirectly from a spring in a stalactite grotto (Goyomatsu sta-
al.,, 1994), N@_,,, enrichment in the samples implies that lactite grotto) in Nara Prefecture, Japan. While the source
vegetation and the related surface ecosystem must be highlstalactite grotto is located at the middle part of Mt. Inamura-

responsible for the consumption of NQ  (Fig. 5). gatake (1726 m height) at an altitude of 890 m, the majority
In addition to No. 39, Nos. 1 (260.6 umolL 1), of the mountain is covered by dense vegetation.
6 (2.0 0.6 umol L), 9 (2.00.6 umol 1), The common difference between these samples and the

and 11 (1.9£0.7umolL"Y) from Japan, No. 16 other samples is that they were taken from stalactite grot-
(1.6+£0.3umolL"1) from Tibet, China, No. 19 (28 tos. Thus, stalactite grottos and other related karst topogra-
1.0 pmol 1) from Thailand, No. 22 (24 1.0 umolL1) phy might be present in their recharge zones as well. While
from Tunisia, No. 43 (2.3 0.5pmolL"1) from Croatia, the reason for the NQ), . enrichment of these samples is still
and No. 49 (2.8 1.1 pmol L) from Greece showed 4gn not clear, unique recharge routes (via holes or cracks on the
values of> 1.0 pmolL~1. The NG}, enrichment in Nos. 1, surface, for instance) that lead to the direct addition of pre-
6, 16, 19, 22, 43, and 49 likely occurred for reasons similarcipitation containing atmospheric nitrate to groundwater may
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occur in the recharge zones of the sources of these bottled Summary and conclusions
waters.

Overall, higher N@,,, concentrations were obtained for The average mixing ratio of NQ, ., to total nitrate in ground-
samples collected from sources recharged in rocky, aridvater recharged in natural, background watersheds was es-
and/or elevated areas having little vegetation and soilsfimated to be 3.1%. Thus, we concluded that the major-
while lower NGy, concentrations were obtained for those ity of atmospheric nitrate had undergone biological process-
recharged in forested areas with high levels of vegetatioring before being exported from the surface ecosystem to the

(Fig. 5). groundwater. Moreover, higher NQ) . concentrations were
obtained for those recharged in rocky, arid or elevated ar-

3.4 Implications for nitrogen cycles through eas with little vegetation, while lower NQ, . concentra-
groundwater in general tions were obtained for those recharged in forested areas with

o o high levels of vegetation. Uptake by plants and/or microbes
The water samples analyzed in this study were originally botn forested soils subsequent to deposition and the progress
tled for drinking; thus, most of their recharge zones were nat-of denitrification within groundwater likely plays a signifi-
ural and remote, and they were not obtained from decliningcant role in the removal of ND,.,, (Fig. 5). The quantified
or damaged watersheds. As a result, the estimates'@®®  NO-  output obtained in this study will be useful in fu-

. . 3atm
values, G/ Crotal ratios, and Gm in groundwater generated e studies as a basic data set for evaluation of the amounts

in the present study do not reflect global averages of ni-y¢ NOj,,,, eluted into groundwater from subaerial ecosys-

trate in groundwater, but rather levels of water from aquifersioms in general, including the same watersheds under ele-
recharged under healthy conditions. vated NG, input in the future.

As shown in Sect. 3.2, we estimated that only 3.1% of atm
the total nitrate in the groundwater samples originates di-

rectly from the atmosphere; therefore, the remainder of ni-acknowledgementste thank Soga Sato (Group Gendai Films
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