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Abstract afせ1eDi.SSE三rta封印1

In白 isd鼠田rta位:)11， origins of nitrous 0氾de(N20)泊 di丘紅白1t

environments with emphasis of a groundwa住立 werediscussed from thE~ 

view point of natural abundances of s七ableおotopes.The study 

江1七回1ded匂 develop the application of nitrogen and oxygen iso七opic

characterization of en vironmen国 1N20 to rea且zing廿1ebiogeoch創出cal

N20 cyde. 

New methods to analyze both nitrogen and ほ ygen話。ωpic

composi世.onsin N20 were developed. N20 was conver回 d to N2 and C02 

by using∞pper or graphiti.c carbon as a reduc回nt.15N/14N in N2 and 

180/160 in C02 wer芭 measuredmass spectrometry， then the abundances 

of s回 ble主犯七opeswere expressed as variations f工oms回 ndardin 

性三rmsof δ-values主1per m江 notation.Atmospheri.c N2 and Standard 

Mean Ocean Wa七erwere used as the sじまndard.Analytical precision of 

δ15N and δ180 were :!: 0.2 and :!: 0.5私， respectively. 

N20∞nα三ntrationsin豆Lgroundwa恒 rsin Kan七o P泊担， Nag呈旦g

pre長rtureand New York State were 0.02七o 7μ M，∞rresponding 1.3 

七o 540 times of the atmospheric equilibria at立'lsi.tu wab江

恒 mperatures.These groundwa七erswere oxygenated (20-300μM) and 

∞n回 minatedwith N03-(530μM in average). Low ∞nαョntrationsof 

dissolved organic carbon (40μM泊 average)and deple位.onsof N02-

and NH4+ suggest an inhibit孟onof ni七raterespiration in the 

aqu正ers.ムN20/N03-molar ratios (0.02-0.9宅)泊 theground waters， 

where "6" means measured αコnα三ntrationm江lUSatmospheric equilibrium 

at 加 situ wa七er七回nperature，agn担 d with the reported N20 yield 訂1

aerobic nitrification (く 1%).δ15N of N20 and N03-in the 

groundwaters were -32 to +3私 and-1七o +8 %.， respec位vely.δ 180

of the groundwa七百 N20 ranged from +31 七o +42 %" with exceptions of 

the lowest (+22私)and the highest (+50 %，) values. S主lC泡 δ180 of 

+3七o +10私 wasreported立)rN03-in oxic groundwa七:ers，廿1eN20 

αコuldbe characterized by its 15N-depletion and 180-enrichment with 

respect to theα美江is民ntN03-. In the lig ht of evidence that 

A在位。回Iffionaseuropaea produ白 s 15N-depleted N20 七o a substra七e NH4+ 

and an end product N02-， the nitrogenおo七opicfindings suggest 

nitrifi.cation as a major source for the gorundwater N20， because the 
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δ15N of N03-in an oxic groundwater is equal to that of the source 

material. If the groundwater N20 with lower δ15N than N03-were the 

product of an initi.al st.age of denitrtfication， when the N03-→N20 

S七epoverwhelms the N20→N2 in ra七e，such N20 should be depleted in 

180 asαコmparedwith the N03-. Thus， the N20 with higherδ 180 than 

N03-αコuldnot be explained by assuming denitrifica位。nasa

mechanism of N20 produc口.on.Therefore， the two-isaωpic data 

identified nitrification to be a dominant mechanism producing the N20 

accumulating in oxic groundwat:ers. As nitrate∞n回 m加 ated

groundwaters globa且y spread， the results depict groundwater旬 be

evaluabョd as a biogecx;hemical pa廿1wayof N20. 

At the Monterey Bay， California， depth profiles of N20， N03・ and

u2 sugges回 d nitrtfica包.on as a source for N20 (0.01-0.05μM) 

through廿1ewater∞J.umn. There were two ofδ15Nーδ180 ma記majust 

below a photic layer and at 02 m江孔mum江1an aphotic zone. The 

shallow ma足mum(δ15N of +8 %"δ 180 of +42私)was a result of 

nitrtfica也.on of heavier iso切 picallyenriched NH4+ and， which were 

owing to an ac也veregeneration of nutrients at the expense of 02 

with担 thepha位c zone. The deep ma氾mum(δ15N of +9 %"δ 180 of 

+47私)was due probably切 N20produc世onv泊 nitrifi.er

denitrtfication under low 02 stress， in which N02-is used as a 

住主rm江国1electron accep凶 rin place of 02・Inan ox:i.c surface layer 

of the f呈yg口ivilleGre担 n L出 eI New York， 15N depletion in N20 (-3 to 

-6私)was demonstrated as it accumula七edwith depth (0.02-0.07μM). 

In the Lake Tgg主目盟主， Chiba， N20 (0.08μM) with a nega位veδ15N(-1 

私)was observed in the upper basin water where N20 and N03-were 

produced atαコnsumptionof riverine NH4+. At the lower bas江1，where 

an active denitrification in sediment had been工-evealed，N20 

∞nぼ ntrationdecreased (0.02μM) and highδ15N (+15 ~ゐ )was

obtained. In the River M[nami-Asakaw~ Tokyo， significant江1Creaseof 

N20∞n偲 ntrati∞ (0.25μM)wi仕1∞ncurrentdeple目。n ofδ15N (-38 

為)was observed in the lower工Bachesof the s位BelIIl， where ac位ve

nitrification of an externally lc泊dedNH4+ had been∞nfirmed by the 

nitrogen mass ba泊nα=.Acα)rding匂口1eabove δ15N determination， 

aqua世CN20 can be explained by productions of 15N-depleted N20 via 

nitrification and 15N-enriched N20 via deni位 ification.
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Two-七犯凶pemap of N20 from di丘町entenv江口nmentwas∞mpiled. 

The tropospheric NzO (δ15N of +7 見込， δ180 of +36 私)is simil.ar in 

δ15N凶 theα:::eanicN20 (δ15N of +匂 +9%，)， wh町田s close in 

δ180 to the groundwater N20 (δ 180 of +31 to +42 %，). Combustion 

origin N20 (δ15N of -23匂 +2私， δ180 of + 15 + 17 %，) was lighter in 

both δ15N and δ180 仕1anthe ambient atmospheric one. Because the 

isotopic composi世.on of the位。posphericNzO is controlled by 

rela位vesource strength of the above sources isotopically 

dis註nguishedand possibly by an泊otopeeff，配tin N20 de∞mposi位on

in the stra也 sphere，such two-isa匂 piccharacteriza位onof N20 is 

be1ieved匂 helpin construc世nga r凶泊blebudget of N20 as well as 

江1identifying reason for the tropospheric accumulaロon.
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C.l'王A.PT'EI'司~ 1 

GENERAL 工NTRC>DUCT工C>N

A N D  L工τ司王三EミATUFミE FミE豆、r工E'W

1-1_ 1N宝'1'司~ODU仁三T王仁:>N

Many plaas in the world have su丘'eredpollutions of airs， waters 

and soils after the indus仕ialrevoluti.on inせ1elate 18thα三ntury・

They are ma江uyattribu也 d to waste ma民主ialsoriginated form 

varie位.esof mankind practi偲 sincluding mining and manufacturing 

indus出 es，agricultural practi岱 s，and domes位caffairs as well. 

These rather regional deteriorations of natural environments田 nbe

1 

resolved or improved匂 someex:旬ntby human intelligence tagged with 

modem technologies. And today， we a工e facing world-wide rapid 

environmental changes we never experienced. Such phenomena as forest 

decline， acid rain， climate change， destruc世onof ozone shield are 

国 lledglobal en vironmental ma仕ers.A且 ofthese are not independent 

but significan口Y affected by each other. The global env江口nmen回1

mat也rsa工e internati.onal， inter∞n位nentaland inter-cultural issues. 

We do must manage our planet before the Earth will be inhabitable 

world. 

It is widely known that the α)na.ntrations of some atmospheric 

trace gases have changed steadily， mostユy increased， over the last two 

d配 ades，which is believed匂 d包turbせ1eatmosphere's ste王bility.They 

are principally the tropospheric elevation of carbon dioxide， me廿1ane，

nitrous oxide and chlorofluorα:arbons， and the deple位.on of ozone江1

廿1estratosphere. These traa gases accumulated in theロロposphere

trap more p坦ne'七aryinfra工edrad阻む.on，then return the heat to the 

Earth. That will result訂1temperature increase of仕1eEarth's 

su工face民， which i泊s so ca且.ed"globa品1war口延ng

巴丘ectof the tropospheric traα~ gases other than carhon diぬox垣ide

rivals or even exc飽 dsthat of the carbon dioxide alone. The 

stra凶 sphericozone depletion causes more perturbation of UV light 

from the spaa to the planet's face， which is hazardous to life. 
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Nitrous ox:ide must be paid careful at也n世onbecause of i也

par世cipa位onin both仕1eglobal warming and口1estratospheric ozone--

chemistry. Despite of加 tensive studies， it must be said that a 

re1iable estimate of the global budget of nitrous oxide has yet to be 

established. The failure is due mainly to di主包cul位.esin es位ma出 19

the soura strength because of variety and complexi.ty in generation 

of the gas. Sina nitrous oxide is produad larger from b凶 ogi回 l

processせ1anabiotic ones， both temporal and spatial fluctuaロonsof 

circumstantial∞nditions strongly a丘ectthe emission of nitrous 

oxideな)the atrnosphere. Thus， full understanding the breath of the 

Gia is vital to protect life on the Earth from the expec匝 d damage. 

It is believed that s七ableisotope finger print is a suitable 

clue to realize orig担 andbehavior of nitrous oxide泊 natural

environments. This dissertation mainly deals with nitrous 0氾de

dissolved in groundwater， "a forgot回n αコmpa工旬lentin the 

biogeα:::henucal cycle". The nitrous 0氾deisおotopically

characterized， then its source mechanism is identified. By 

performana of case studies in some different environments， rather 

包 d定 nsivediscussion on development of stable isotope study on 

nitrous oxide is achieved. 

1n白血 chapter，a literature review will be performed to clarify 

the contribu厄onof this thesis in the field of biogeochemistry of 

nitrous oxide. 1nせ1efirst halE， 1 will desc工ibethe previous 

knowledge on biogeochemical cycle of nit:rて)usoxide with emphasis on 

its microb泊1aspects. The discussion includes an atrnospheric 

chemistry of nitrous oxide and its e丘ectson the progressing c江rna位三

change. 1 w訂1se∞ndlyassert an臼nportanaof stable iso仕事e

signatures in αコnstruc也ngthe global budget of nitrous oxide after 

an introduc位。n of general aspects of stable isotope study. Then， thB 

goal and contents of the disserta世onwill appear. 

I-2_ BIOGEOCHEI'任王CAL CYCLE  OF  NITROUS  OXIDE  

Atmospheric Conc巴ntration

Nitrous oxide (N20) is the most abundant nitrogen ox:ides in the 

present atmosphere. A thermodynamic equilibrium calculation based on 

廿1e∞mpositionof major∞ns也.tuentsin the present atmosph位芭 (N2= 
0.78 atm.， 02 = 0.21 atrn.， H20 = 0.01 atm.， and C02 = 3.3 X 10-4 

atm.) gives a mi足ngratio of N20 in the su:rfaa  a回 ospherを of2 x 

3 

10-19 [Chameides and Davis， 1982]， whereas the worldwide measurements 

of柱。posphericN20αコnantrationhas∞n verged a rcrb丘ngratio of 3 x 

10-7 (Table 1-1). The overwhelmingn笛 sof measu児 d∞n偲 ntration(3 x 

10-7)出仕1ecalculated (2 x 10-19) m回 nsthat almost all N20 was 

produα~d 訂1 the biosphere [Levine and Augustsωn， 1985]. 

The工B is no doubtせ1atthe mole frac位。n of N20 in the troposphere 

is now inc:reasing by annual rate of 0.2-0.4宅・y-l(Table 1-1). 

Analysis of vertヰ.calprofiles of N20 conantration in bubble air 

αχ:::luded担 theAnta工C位cia∞問問vealedthat the elevation had 

begun after the IndusむialRevoluti.on [pearman et aL， 1986J. Weiss 

[1981] reported higher mi足ngra也oof tropospheric N20 in the 

northern hemisphere than the southem hemisphere by 0.77 ppbv. A 

slightly larger differena of 1.97 ppbv was observed by Bu也eret al. 

[1989J. Such interhemispheric di丘.e:renc担加 N20∞n偲 ntra世.on is 

probably reflect the fact口出thuman activity is k氾 alizedin northern 

hemisphere. These observations reflect the factせ1atthe elevation of 

tropospheric N20∞nantra口.on closely rela包~ to expansion of human 

acti vities. 

Atmospheric Chemistrv 

N20 is chemically i工1ert江1仕1etroposphere aga江1Stboth an 

ul七rav幻Iletrad泊世on(UV) and a hydroxyl radical (OH). S江1aN20 

forms no ionic chemical species， un且ke0せ1ernitrogen oxides，せ18gas 

is not easily washed out by rainfall. There is no identi:fi.ed sink in 

the位。posphe工'8， then almost all N20 enutted匂 the位。pospherewill 

ul位matelyen民 r世1estratc沼 ph町 B.

In the s仕 atosphere，N20 is known to dessociate mainly by 

photolysis af恒 ra reaction (1) and pa:r包y 仕10ughreactions wi廿1.pn6 
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αコntinuedTABLE 1-1 Troposphe工icConcentrati.on of N20 and its Annual 1ncrease 

3Anal. 4Ref. Locati.on n Annu. 1nc. 
(pppv) (毛)

πlean Conc. 
(ppbv) 

PeIiod 3Anal. 4Ref. Locati.on 

TABLE 1-1 

Pe工iod n Annu. 1nc. 
(pppv) (毛)

mean Conc. 
(ppbv) 

7
8
9
0
1
2
3
 

「

3
円

4
d

吋コ
A
せ

必
ι
I
Aせ

A
せ

ECD 
VM 
ECD 
ECD 
ECD 
USD 
ECD 

Kobe 
Japan， N.Pacific 
Japan 
Kobe 
Antarctica 
T . Atlanti.c 
W.Pacific， E.1ndian 

31 
48 
60 

4300 
190 
15 

2000 

0.24 0.7 

319 
315 
325 
311 
301 
311 
305 

1980 
1980-1983 
1982 
1982 
1982-1985 
1986 
1988-1988 0.3 0.9 

1
2
3
4
5
6
7
7
8
9
 

D
D
D
D
D
3
D
 

R
S
R
c
c
c
c
c
n
s
 

I
M
I
T
T
T
T
T
H
U
 

Texas 
A工izona，England 
N.A口anti.c
Pacific 
Gerrnany 
N . Atlanti.c 
Gerrnany 
Atlanti.c， CaIibbean 
California 

2NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
20 
NA 

0.15 0.5 

400 
470 
350 
300 

1) 299 
246-292 
247-280 

285 
328 
296 

1938 
1949 
1953 
1961 
1961-1974 
1967-1969 
1970-1971 
1970-1971 
1972 
1974 [1983]. 

3 Analytical methods: 1R一江1fra工edabsorbana; MS-mass spectrometry; 

TCD-thermalαコnducti.vi匂， detector gas chromatography; HID-helium 

ionizati.on detector gas chromatography; USD-ultrasonic detector gas 

chromatography; VM-volumetry. 

1 Value extrapolated to Jan. 1975 by by Kah五1and Rasmussen 

2 NA: not available 

4 Tlus table is mainly after the工-eviewsby Kha且1& Rasrnussen [1983] 

and Tamaki [1983]. Literature cited are as follows: 1. Adel [1938]; 2. 

Slobod [1950]; 3. Gαコdy& Walshaw [1953]; 4. Craig [1963]; 5. Craig et 

a1. [1976]; 6. Schultz et al. [1970]; 7. Hahn [1974]; 8. Yosh江1aIi

[1976]; 9. Weiss & Craig [1976]; 10. Pierotti. et al. [1977]; 11. 

Rasmussen et al. [1981]; 12. Rasmussen & Khalil [1986]; 13. Rasmussen 

et aL [1976]; 14. Pierc北口&Rasmussen [1978]; 15. Singh et al. 

[1977]; 16. Rasmussen etδ1. [1978]; 17. Tyson et a1. [1978]; 18. BIice 

et al. [1977]; 19. Goldan et a1. [1978]; 20. Roy [1979]; 21. Goldan et 

al. [1980]; 22. W回ss[1981]; 23. Ciarone et al. [1978]; 24. Cohen & 

Gordon [1978]; 25. Kaplan et a1. [1978]; 26. Hi工uta[1978]; 37. S江19h

et al. [1979]; 28. Ma仕hiaset al. [1979]; 29. Lemon & Lemon [1981]; 

30. DeLuisi [1981]; 31. Cronn et a1. [1982]; 32. Muramatsu et a1. 

[1981]; 33. Kh記立&Rasmussen [1981]; 34. Khalil & Rasmussen [1983]; 

35. Connell et al. [1980]; 36. Piero出 &Rasmussen [1980]; 37. Hiraki 

et al. [1980]; 38. Yoshida [1984]; 39. Hirota & Murarnatsu [1982]; 40. 

Hiraki et al. [1983]; 41. Cronn et al. [1986]; 42. Oudot et al. [1990]; 

43. Butler et al. [1989] 
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O工-egon，Tasmania 
Colorado 
E. T .Pacific 

S.Hemisphere 
England 
Colorado 
Michigan 
Australia 

N .Hemisphere 
E.T.N.Pacific 
Massach usetts 
Japan 

Pacific 
10wa 
Great Lakes 
Japan 

21 
100 
NA 

212 
207 
148 

9000 
59 
17 
27 

52 
NA 
75 
47 
NA 
14 

418 
12 
14 
14 

NA 
NA 
12 
90 

600 
140 
500 

9000 
26 
NA 
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329 
330 
328 
312 
329 
306 

1975 
1975-1980 
1975-1985 
1976 
1976 
1976 
1976 
1976 
1976 
1976 

0.4 
0.3 

1.2 
1.0 

0.6 
0.2 

0.3 
0.4 
0.3 
0.3 

1.8 
0.5 

0.8 
1.5 
0.9 
0.8 

314 
280 
326 
330 
338 

1) 316 
1) 299 

287 
294 
327 

316 
305 
300 
310 

1) 299 
1) 325 
1) 303 
1) 302 

298 
332 

1976 
1976 
1976-1977 
1976-1977 
1976-1978 
1976-1979 
1976-1980 
1977 
1977 
1977 

1977 
1977 
1977-1978 
1978-1979 
1977-1980 
1978-1981 
1979-1981 
1979-1982 
1980 
1980 
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e1ectrically excited singlet oxygen， (2) and (3). 

N20 + hv → N2 + O(1D) 

N20 + O(lD)→ N2 + 02 

N20 + O(lD)→ 2 NO 

く 240nm • (1) 

• (2) 

• (3) 

The reaction (3) is the major 田町僧 forthe stra凶 spheIicnitrtc 

G垣de(NO) that contro1s the photochemical des出 lctionofせ1e

stratospheric ozone (03) viaせ1eNUx ca匂 1yticreaction [McElroy and 

McConnell， 1971; Crutzen， 1976; Liu et a1.， 1976]. NO is once 

generated， stra匂 spheric03 is d自 刃mposedv国 acydic reac目on，(4) 

and (5). The net reaction is given as an equation (6). 

NO + 03→ N02 + 02 

N02 + O(lD)→ NO + 02 

03 + 0 → 2 02 

(4) 

(5) 

(6) 

The stratospheIic ozone is vi回 1to all living things， becauseは1e

gas absorbs the short-wave ultraviolet radiation that is harmful for 

life. 1t is estimated口1a七社1e25毛 inc工Baseof the tropospheric 

αコnantrationof N20 will result in decrease of the stratospheric 03 

concentra位onby 0.7切 3.9毛 withan average value of 2.2毛 [N:L∞l

and VisαJnti， 1982; Callis et a1.， 1983; Owens et al.， 1985; 1saksen 

and Stordal， 1986; Kinnおonand Jhonston; 1988]. While mul包ple

∞nsuming proc:ess of N20 have b田 n suggested， reactions (1)， (2)， and 

(3) are thought旬 bethe bigg'笛 tsink in口1egeocherrucal cycie of 

N20. The annual de∞mposi.tion of N20 in the stratosphe工-eis estimated 

at 11 Tg (1012 g) N20-N. y-l [Crutzen， 1983; Cice:rone， 1987].立 the

stratospheric decomposi.tion is an only evaluative sink fo工 the

tropospheric N20， which is probablyαコrrect，the atmospheric life-

位meis calculated as long as over one hundred year (Table 1-2). 

Temporal and spatial we1l mi足ngof柱。posphertcN20 [Levy et al.， 

1979; 1982] may be due to such long residenaロmeof N20江1the 

tropospherち.

TABLE 1-2 Atmospheric Life-time of N20 

一 一 一一ー

Investigators 

Schutz et a1. [1970] 
Junge [1974J 
McElroy et a1. [1976J 
Sze 長 Wu[1976] 
Schmeltekopf et a1. [1977] 

Rasmussem & Piero口三 [1978]
Levy et a1. [1979] 
Weiss [1981] 
Levy et a1. [1982] 

Ko 后 Sze[1982] 
Crutzen， P.J.， & U. Schmailzl [1983] 
Jackman & Guthrie [1985] 
Jackman et a1. [1988] 

year 

70 
8-12 
10-20 
10-100 
100 
11-30 
150 
100-140 
131 
159 
155-240 
156-196 
120-134 

7 



9 

F
 

押
.

A

、.
1

一ー1.".
"ι  ・・'. も 、"':::1
.ー
‘ー'ー・ー.ー -
ー ー竺・ .~ -‘..' ・一 .... .. .:， ・:白.

:-~ ( c: :: :; ，. J.:ー.・ よー・・.;""" ..' ._ 
J ・一 ，.' 二・=・.:..: ー二

、 .、 . . " ・， "・_ _. ，; . .・，・ー φ. ‘ ・

， -ー
ー.'，
・ー 、

1.0 

8 

Role in Clima包 Svs包 m

The Earth's heat budget isαJntrolled by the balanCE between 

0.5 μm) and long-江話回目d 田 llarrad泊己.onin short wavelength (0.3-4 

μm) from the surfaa of the Eart:h. wave infrared re-rad泊.tion(4-100 

μm μm and 10nger than 12 Both plane回 ryradiations shorter than 8 。
1.0 

are absorbed by the abundant water vapor. The atmospheric carbon 

dioxide absorb the re-radia也onof wavelength泊ーbetween12 and 1B 

μm. The planetary radiation廿日tis trapped by吐1ewater vapor and 

C02 

0.5 

03 。
C 

O 

cf) 

(/) 

E 
ω 1.0 
C 
口、』
ト

μm 

which is so called "green house 

e匠ect"preventing drastic drop of民mperatu工ein the biosphere 

during the night位me.The remaining spectral region from 8匂 12

is called as仕1e"atmospheric window" (Fig. 1-1). 

carbon dioxide heat the Earth， 

What is surpris江19is that growth in concentra世onsof trace 

N20， 03 and CFCs have serious atmospheric gases註1cludingCH4， 

affec口onon the c1Unate sys昆 m besides of their 1ess abundances， 

because those gases have st工ongabsorption bands in廿1ea出 lospheric

0.5 window region. It is expected廿1atthe 25宅 incrementof tropospheric 

N20 will cause the elevation of tropospheric temperature by 0.04 to 

et a1.， Wang 1976; K with the mean value of 0.09 K [Yung et a1.， 0.11 。et a1.， 1980; Lacis 1980; Donner and Ramanathan， 1976; Wang and Sze.. 

. .可、，1.0 Rarnanathan et 1983; 1982; Cal且set a1.， 

1986]. 1985; Dickinson and Cicerone， 

1981; Nico1i and Visconti， 

a1.， 

1500 

"Atmospheric Window" and the transrrussion of thermal 

radiation by N20. From W.C Wang et al. [1976] in Science. 
Water vapor e丘ec也velyblocks the planetary radia包.on

except for the "window"， 700-1400 cm-1 (7-14μm). Gases 

with absorption band within thお 工egion，making the window 

have significant e工fecton the global wa工ITUng.

1000 

ν(cm-I) 

500 

一一一-NH3 

・ HN03

C2H4 

SOz 

.95 

.9 
0 

Fi，伊U"e1-1 

dirty， 
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AbねticSource and Sink 

A. Source 

Unti1 the end of the 1980's，αコmbust:ionorigな1N20 had been 

cons註deredas a top reason forせ1eeleVd'口on泊 the位。posphere

[Piero出 andRasmus誕 n，1976; Weiss and Craig， 1976， Hao et a1.， 

1987]. The growth of tropospheric N20 after the Indus住ialRevo1u位on

江1deedseems bコαコrrespondwith a dramatic e玄pansion泊 useofα)a]_ 

and petro主.eumfor energy. The global N20 r凶 easefrom the foss立 fuel

∞mbus目。n had prev泊uslybeen estima也 dat 2-3 Tg N20-N. y-l in the 

above papers. However， the surprising overes世.mation訂1these earlier 

assessments has been depicted recen也y [Muzio and Kra叫ich，1988; 

Muzio et a1.， 1989; Lyon et a1.， 1989; Linak et a1.， 1990]. This is 

due to an artifactむ1gas sampling in the earlier sutudies， which 

results in signifi.cant formati.on of N20 in sample con七ainers.Linak 

et a1.. [1990] suggested世1atthe N20 emission from fossil fuel 

combustion must be lower by a fac句 rof 50 to 100世田n 仕1eprevious 

es白.md'七e.If 80， the source strength of fossil fuelαコmbus也onshould 

be 0.02-0.06 Tg N20-N. y-l and be insigni宣cantin仕1eglobal budget. 

Flux from biomass burning has b使 nes包matedat 1-2 Tg N20-N. y-l 

[Cru包 enet a1.， 1979; Crutzen et a1.， 1985]. While the same artifact 

is expected江1this case， Cofer et a1. [1991] has confirmedせ1e

earlier assessments， and recommend the flux of ~ 1 Tg N20-N. y-l. 

other abiotic p工oductionsinvolve 0.01 Tg N20-N. y-l from a lightnin9 

[Levine et a1.， 1979; Hill et a1.， 1984; Levine and Shaw， 1983] and 

0.02 to 0.5 Tg N20-N. y-l fromαJrona discharge in air during 

transmission of high vo1tage elec出 city[Hill et a1.， 1984]. B配 ause

the numberお rthe ∞rona discharge is restricted泊 theUnited 

States alone， it may be underes註ma位三d.Based on the above estima七es，

せ1eglobal abiotic source of 1-2 Tg N20-N. y-l is probable. 

B. Sink 

Abiotic sinks for atmospheric N20 excep口ngthe stratospheric 

decomposition are photochemical and thermal decomposi包onof N20 at 

su工facesof particulate matters in the troposphere [Rebbert and 

Auslc氾 s，1978; Pierotti et a1.， 1978J. However， its global 

signifi.canc定 isnot exactly known， but is probab1y negligible. 

Microb泊1AeP旦豆匡

A. Produc位onand consump世on

N20 is produc:ed by vartous kinds of microorganisms involving 

nitrifiers [Yoshida and Al邸ander，1970; 1971; Richie and Nicholas， 

1972; Bremner and Blackmer， 1978]， denitrtfiers [Delwiche， 1970， 

Knowles， 1982]， non-deni仕立yingnitrate redu由工s[Yoshinart， 1980; 

Smiせ1and Zimmerman， 1981; Kaspar and Tiedje， 1981; K部 pa工， 1982; 

Bleakley and Tiedje， 1982; Srnith， 1982; 1983; Anderson and Levine， 

11 

1986]， fungi [Bollag and Tung， 1972; Bleakley and Tiedje， 1982]" gn翌 n

algae [Weathers， 1984]， cyanobacteria [Wethers and Niedz凶.ski，1986] 

and methane 0姐dizers[Hanson， 1980; Yosh江1ari，1985). Among these， 

nitrifica世onand denitrification are the predominant rou也詰.

N20 is a by-p:roduct in an ammonia oxidati.on to niロiteand is 

neve工江1∞rpora也 d 訂1nitrify廿19pro偲 ssanymore. Follow泊 9 reacti.ons 

are believed as the m配 hanismsof N20 producロonin nitrification. 

(1) (II) 

N20 N20 

NOH NO 

NH3 --+ NH20H ー-+ N02- ー..... N03- . (7) 

There are two pathways bJ genera包~ N20 by Nitrosomonas europaea 

[Hynes and Knowles， 1984]. The reac口on(1) is an abiological 

produc口onof N20 via a hypo廿leticalprecursor of NOH [Fall∞ne et a1.， 

1963; Anderson， 1964; Hα)per and Terry， 1979]. The reaction (11) is a 

reduction of N02-ro N20 by ni仕立ereductase [Hαコper"1968; Richie 

and Nicholas， 1972; 1974]. While fairlyα)nstant yields of N20 to NOr 

in molar basis from 0.02切 0.5も areob田町edfor N. europa目白1an 

aerobic ∞ndi世on，low oxygen∞nantration (く 56μM02) enhan偲 S 廿1e

production up匂 5毛[Goreauet a1.， 1980; Lipschul也 eta1.， 1981]. 

The yield increment is believed as a result af change in dom江1ant

pathway of N20 producti.on from (1)句 (ll).The n迫 C也on(工1)，which 

isoc団副onallycalled "nitrtfier deni位 ifica世on" [Path and F∞ht， 

1985)， is r百 ngnizedas an al回 rna世veutiliza位onof N02-as a 
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国 rminalelect:ron acロョp凶 rin pla偲 of02 under ∞ndi口onof oxygen 

stress. Con田 quenロy，N20 yield泊 nitrifica位。nchanges wi出

availab出 .tiesofaxygen. 

Deni位ifi.cationis presented as a following sequen出 1r回 C目on

[Knowles， 1982]. 

N03- → N02- → NO → N20 → N2 . (8) 

The N20 produαョdas an obliga也恒回rmedia恒 willeventually be 

reduα姐凶 N2.Because a nitrous oxide reductase is an inducib1e 

enzyme， size of N20 Pα)1 depe.nds on the dynarrucs of the工eaction

governed by environmen国 1factors， such as redox potential， pH value， 

temperature and availabili.ty of NOr [Fochじ 1974].The fi.nal step in 

denitrifica位on(N20→ N2) is a possible biologiα1 sink for N20. 

Consump位onof N20泊 soils[Bria et al.， 1977; Freney et a1.， 1979; 

Ryden et al.， 1981]， wetland sediment [Richey et al.， 1988]， paddy 

ria field [Minami and Fukushi， 1984]， and泊 aqua世csyst自国 [Coh自 1，

1978; Cohen and Gordon， 1978; Elkins et al.， 1978] must be attribu恒三d

to thus microbial denitrifying ac位羽目.es.However， an u凶 npor也 nt

豆nkstrength of denitrifi.ca厄onfor the atmospheric N20 is 

目指onable，because of t∞ low ∞ncentration of N20 in an ambient a.:i.r 

for denitrifying bac匝riato u口且ze.Additi.onally， there must be a 

αコmpetition江1utiliza位onby bac七eriabetween the t工oposphericN20 

and other elec位。nacapな)rs江1Sα1， such as nitrate， nitri包~ and 

elevated N20 in the soil air as well. 

1n many of natural environments， ni仕ifi.ca也onand 

deni仕ifi.ca世ona工芭 seldom isolated 泊 spaa， but ∞mmonly close む3

each other or even overlapped. Coupling of nitrifica也onand 

denitrtfica也onwas revealed in aquatic田 diments[Jenkins and Kemp， 

1984]. This indicates，江1tum，せ1esimultaneous contrtbution f工om

these two processes on in si.tu N20 PαコL 1t should be noted口1atN20 

which is produad whether by nitrification or denitrification is 

invo1 ved as a terminal electron acaptor for denitrtfication. So 

that， it is hard to evaluate the rela位vecontribu位onin N20 

production betwa:ョn r首位ifi.cationand denitrifi.cation江1nature. A 

∞naptual model named 11 L伺 kypiJ.沼 51 (Fig. 1-2)， which was ori.ginε心y

Nitrification 
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Denitrification 

Figure 1-2 tI Leaky Pipes"∞nceptual model. of Mary K. Firestone. 

The illustration from O.C. Zafiliou [1990J in Nature 

presents N 20 metabolism by nit工ification-denitrification by 

three me回 bolicallydiscre七etypes of micr，∞rganisms. 1t 

nicel.y demonstrates that the N20 leaked by arnmonia-a氾dizing

bacteria is possibly incorpo工atedby denitrifica世on

reaction that also erruts N20. Thus仕1esource eluci.dation of 

natural environmental N20 betw使 nnitrification and 

denitrificab.on is α)mmonly di圭包cult.
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presented by Mary K. Firestone， niα~y demonstrates∞nfusion in 

identifying mechanisms of N20 produc也on江1natural envi工unments.As 

a resu1t， buほ めoeIIUSSIon from e∞systems is highly variab1e. 

Nitrogen fi垣ngbacteria can in∞rporate N20 (N20→ NH4+) [Hardy and 

Knight， 1966; Yamazaki et a1.， 1987]. However，∞nsumption of口1e

atmospheric N20 by nitrogen fixation is泊 questiDn，because N2 which 

isせ1ealtemative substrate for nitrogen fixers is far much abundant 

訂1廿1eair. The magnitude of sink strength of nitrogen fixation must 

be negligible. 

B. Terrestrtal Systems 

Majority of the teロestrialぽ:::osys回 msis∞vered with natural 

soils註1cludingforest， grassland and we世and.Reported N 20 emission 

rate are summarized in Tab1e I -3. Tropical forests from 1.1 to 2.5 kg 

N20-N・ha-1・y-l，回mpera也 forestsfrom 0.01 to 3.2 kg N20-N . 

ha-1・y-l，grass国ndsfrom 0.06 to 9.1 kg N20-N・ha-1・y-l，and 

wetlands from 0.06-13.1 kg N20-N・ha-1・y-l are calculated as N20 

flux. The N20 errussiα1 from natural soil systems are so variable that 

it seems hard匂 extrapolateせ1eavailable data to assess the global 

N20 emission fromせ1enati ve soils. 

There a工e numbers of工eportson N20 emissions fmm fer口lized

soils. Tab1e I-4， mainly after Eichner [1990]， lists the percent N20 

Z凶easefrom ferti且zernitrogen. The ra厄.osvary over口江田 orders

of magnitude acαJrding to the kind of fertilizer， but typically less 

than 1宅.Assumingせ1eaverage emission ratio of 1毛， an annual N20 

production from a fertilizer nitrogen is es註matedat 0.7 Tg N20-

N . y-l， based on the worldwide ∞nsumption of fer世lizer-nitrogenof 

70 Tg N・y-lin 1985/1986 [FAO， 1986]. R臼:::entincr田 seof

cul世va世onlands ac∞mpanied with defores回世onand burning of 

vege回目onsmay di工ec口yenhanα三位1eemission of N 20仕立'Oughthis 

paせ1way.
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TABLE 1-3 Nitrous Oxide Emission Rates from Native Soils 

μgN20-N・
m-2 • h-1 

Fo:ast 
Tropical 

13士28
15.6 
28.5 

Temerate 
10.2 
1.7 
27.7-36.4 
5.4-15.5 
3-11 
0.17:t0.25 
0.27::t 0.28 

Grassland 

25.0-104 
0.7-2.5 
9.4 
20.8-58.3 
2.2-2.5 
2.3-66.2 

Wetland 
3.5 
5.5 
6.3 
30.6 
0.7-1.1 
65-149 

Location 

Amazonia 
Amazonia 
Amazonia 

New York， hardwood 
New Hampsher， hardwαコd
Wisconsin， coniferous 
Wisconsin， deciduous 
Germany， deciduous 
Massachusets， coniferous 
Massach usets， hard wood 

grass sward 
Germany， grass sward 
pralne 
Denmark， grass sward 
Wisconsin， prairie 
UK， grass sward 

Louisiana， salt marsh 
Louisiana， brackish rnarsh 
Louisiana， fresh rnarsh 
Wisconsin， wet rneadow 
Wisconsin， fresh rnarsh 
Wisconsin， drained-

一一一

Reference 

Livinglton et al. [1988] 

Goreau & deMello [1986J 
Kel1er et al. [1986] 

Duxbury et al. [1982] 

Kel1er et a1. [1983] 
GooOIl伺 d & KI目 'ny[1984] 
Goodroad & Keeny [1984] 
Schmidt et al. [1988] 

Bowden et a1. [1990] 
Bowden et al. [1990] 

Denmead et a1. [1979] 
Seiler & Conrad [1981] 
Mosier et al. [ 1981] 
Christensen [1983] 
G∞drr日d & Keeny [1984] 
Egginton & Smith [1986J 

Smith et al. [1983] 
Smith et a1. [1983] 
Smith et aL [1983] 
白刃droad& J(eeny [1984J 
Goodrr沼d 長 Keeny[1984] 
Gαコdroad& Keeny [1984J 

一 一 一
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TABLE 1-4 Production Ratios of Nitrous Oxide from Nitrogen 

Fer甘lizers

Fertilizer 
type 

NH3 

NH4+ 

NH4Cl 

(NH4)2S04 

NH4N03 

CaN03 

KN03 

NaN03 

CO(NH2)2 

口lanure

1 Percent N20 
enusslon 

0.86 - 6.86 

0.04 -0.12 

0.03 -0.90 

0.08 -0.18 

0.04 -1.71 

0.01 -1.75 

0.02 

0.00 -0.50 

0.07 -0.18 

1. 78 -1.80 

1 Nitrogen basis 

Reference 

B思 mneret aL [1981] 
Breitenbeck & Bremner [1986a，b] 

Breitenbeck & Bremner [1986a] 

Conrad & Seiler [1980J 
Sei1er & Conrad [1981J 
Conrad et a1. [1983] 

Breitenbeck et al. [1980J 
Conrad et al. [1983] 

Conrad & Sei1er [1980] 
Mosier et al. [1982J 
Christensen et al. [1983J 
Slemer et a1. [1984] 

Brei.tenbeck et al. [1980J 
Websar & Dowde1l [1982J 
Brei.tenbeck & Bremner [1986aJ 

Conrad et al. [1983J 

Conrad & Seiler [1980J 
Sei1er & Conrad [1981J 
Conrad et al. (1983J 

Breitenbeck et aL [1980aJ 
Mosier et al. [1981] 
Slemer et al. [1984] 

Bei.tenbeck & Bremner [1986] 

Cates & Keeny [1987] 
一一 一一

C. Aqua位csyst，日間

Since the α:::eanαコcupiesabout 70毛 ofせ1eEarth's surlaα三， it is 

the biggest site for ru柱。genme回 bolismamong various types of 

hydospheric∞mponents. N20 produc世onfrom both nitrification 

[Yoshinari， 1976; Cohen and Gordon， 1979; Elkins et al.， 1978] and 

deni出.fica位on[Hahn， 1974; Singh et a1.， 1979; Piera出 and

Rasmus田 n，1980]， and ∞nsump位onby deni仕i.fica位on[Cohen， 1978; 

17 

Cohen and Gordon， 1978; Elkins et a1.， 1978] were observed江10α坦IUC

sys包当ns.

Anthropogenic impacts affect freshwa民主 env江口nmentsmore 

dir配 位ythan廿1eoceanic ones. Considerably high∞n四 ntra世onsof 

dissolved N20， which assα:iate wiせ1disposal of human waste， were 

repor性三d加工iversystems [Kaplan et a1.， 1978; Ci，α江口neet a1.， 

1978]. Hemond and Duran [1989] reported出 at廿1ehigh level N20加

工iverwater was produα三dma江uyin the waste water treatment plant 

and par也y in the river sediments. They estimated口1eN20 P工oduction

during treatment of waste waters from 50 bi1且onsof population as 

0.02 Tg N20-N. y-l. N20 supersaturated in discharge waters from 

agricultural泊ndsw出 probablyorigjnated from fer甘lizerIUtrogen 

[Dowdell et al.， 1979; Minami and Fukushi， 1984]. Forest clear-

cutti.ng resulted註1elevation of N20αコn口三ntration臼1seepage waters 

[Bowden and Bormann， 1986]， which is probably a result of enh出 Eα三ment

of nit己主cation.

Lake ecnsystems can act as回廿1ersour，仁:esor回nksfor N20 

depe.nding on those位。phics回国sand other proper包.es[Kaplan et al.， 

1978; Know1es et a1.， 1981; Lemon and Lemon， 1981]. Both productions 

by IUtrification [Vin国 ntet a1.， 1981; Downes， 1988， Yoh et a1.， 

1988] and deni住 ification[Yoh et a1.， 1983] are∞nsidered forせ1e

lacsturine N20. 
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Sinks of Nit工DUSOxide Sources and TABLE 1-5 

Imbalance of Global Bugg~壁土

Fig. 1-3 illustrate a si.mplified biogeochemical pathways of N20 TgN. year1 

1.4-2.6 
2.2-3.7 
0.7-1.5 
0.1-0.3 
0.02-0.2 
0.01-2.2 

and Table 1-5 surnmarizes appro垣rnatefluxes for major pathways 

reported by WMOjUNEP， IPCC [1990]. One can s飴位1edeficient of the 

source strength with respect句 thesum of the stratospheric 

decomposiロonand the tropospheric accumula位on.Because the 

straむ)sphericreaction is an only predorr註nantwell-established sink 
4.4-10.5 TOTAL 

sink 
Removal by soils 
Photoly回sin the stratosphe陀

WMOjUNEP， 

1PCC， 1990]， this m回 nsunderes世ma也onof釦 urcestrength. 

Oppositely， there are some reports to show an excess泊 thetotal 

1987， 1983， Cicerone， of廿1e柱。posphericN20 [Cru也 en，

つJτょ

っ・ワ'

且imospheri.cInα'9a盟主

1987; 1984; Cicerone， et a1.， [Crutzen， 1983; Bar吐neIDlSSlon 
3-4.5 1991a]. Ac∞rding toせ1eindividual strengths of major Yosh訂1ari，

IPCC Report [1990] WMO/UNEP， From sources presented泊廿1eprevious sec目on，せ1eglobal emission should 

by sumrning the annual aαumulation of 3-6 Tg be 14-17 Tg N20-N. y-l， 

N20-N. y-l and the stratospheric deαコmpositionof 11 Tg N20-N. y-l. 

STRATOSPHERE 口1ebiogenic N20 ernission is∞unted as 1-3 Tg On the other hand， 

1985; Cline et [Codispoti and Christen艶 n，N20-N. y-l江1theα三支m

photochemica I 

decomposi I ion 

The 1984]. et a1.， and 4-29 Tg N20-N. y-l in lands [BaIlin 1987] al.， 

5-32 Tg N20-N. y-l， is severely unbalan口三dwith tbe sum of these two， 
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toteヨ1biogenic source of 12-16 Tg N20-N. y-l that is calculated by 
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emission from terrestrial ecosystems. 

It has been suggested that some seepage and ground watersαコn国民

1979; Bowden and Borman， 1986; Ronen high level N20 [Dowdell et a1.， 

1990; 1988; Davidson and Swank， 1988; Davidson and Fi工estone，et a1.， 

1991b]. These reports suggest worth while to 1991a; Ueda et al.， 
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determine a groundwater env江口nmentas a candida句 fora forgotten 

compartment泊 biogeochemicalcycle of N20. Details will be discussed 

Suboxic Suboxic 
江1Chapter 11. 

Biogeocheπ吐calpathways of N20 in the global cycle. 

Anoxic 

OCEAN 

Anoxic 

LAND 

Figure 1-3 
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.I-3_ STABLE ISOTOPE STUDY  

General prtnctples 

Most af the bioelements∞ns泊taf several主犯凶peswi仕1

different atornic weight. 1t is widely known that a natural abundana 

of st:cョble詣otopein a gi ven∞mpound is used匂 identifyi也 origin

and七o traa i也 fate泊 naturalenvironment. The idea behind this is 

the fact出 atstable iso也 pic∞mposi目。n of an element is determined 

by口1e泊。匂pic∞mpositionof soura material andせ1edeg工-eeof 

回ob:コpiCfractionation during its generation， then we can read the 

source of a given∞mpound and its re∞rd of the past behavior. Lots 

of bi.ogeochemical applica位.onsfor vari.ous compounds can be found， 

which involve atmospheric gases， such as oxygen， argon， arbon 

dio姐deand methane. General princtples of the stable isotope study 

will be firstly discussed below. 

The abundana of s也 ble註幻仕)pes泊 a given∞mpound is expr，四sed

in terms of δ-values in per mil notation: 

δ(私)= (R担 rnple / R自 nd副-1) X 103 (9) 

where R is a ra包0 註1content of rare-isatope to the major-主犯tope.

They are 15N/14N and 180/16() or 170/160 for nitrous oxide. The 

analyむcalprecision of the measurement ofδ-value for nitrogen an<1 

oxygen by using ratio rnass spectrometer is typically wi廿un::t 0.2 

月ら， 註lVol.v廿19preparations to convert sample matE三rialsin N2 or C02 

gas， respec包vely.The atmospheric N2 is generally used as a primary 

standard for nitrogen国otopicanalyses because of its globally 

uniform 15N∞ntent as 0.3663老 [Nier，1955; Junk and Svec， 1958; 

Mario出， 1983]. For oxygen泊otopics回 ndard，P田 deebe1emnit怠 (PDB)

andS回 ndardMean 0α坦 n Water (SMOW) are internationally accepte<i as 

a primary s回 ndard.The PDB s凶ndardis a samp1e of belemnite from 

P自主d自主 Formationin North Carolina and is normally used in 

palωtemperature studies inα:eaD. The SMOW standard is originally a 

hypo口1e邑田1water sample defined by Craig [1961]， which iso切 pe

ratios of oxygen and hydrogen are similar to those of an average 

sample ofα::ean water [Craig， 1957]. The atmospheric 02 is 

occasionally used for standard because of its isotopic un:iforrnity in 

the surface atmosphere [Krlαコpnik，1971]. Throughout this study， 

15N/140 and 180/160 are deterrnined and位 pressed笛 devia也.on from 

the atmospheric nitrogen gas andせ1eSMOW， respectively. 

Differenα三位1isotope α)mposi位.on between a substrate and a 

product of reaction is called "isotope effect" or "isotopic 

fractionation". To express the degree of fractionation， an isotopic 

fractiona也.on fac切 r (α) or an isotopic enrichment factor (ε)are 

αコmmonlyused. They are defined as follows: 

α = Rs山由ヨ匝/ Rproduct 

ε=  (1 -α) X 103 

(10) 

(11) 

Sina theおotopicallylighter mo1ecules react faster than the 

heavier ones， .， αn is generally observed more than 1.000 and Uε" 

takes negative values. Such iso匂 picdiscrimina口onisα)mmoruy 

deterTIUned by two types of mechanisms， an equilibrium国0むコpe

fractiona也.on and a kinetic isotope fractionation. The equilibrium 

isotope fractionation arises from the thermodynarnic di丘erenα三 of

註ゎltopicallysubstituted∞mpounds. This mechanism is加 por凶 ntin 

g臼)logic.alaspect， but less∞ntro1of国otopic∞mposiロonby this 

mechar吐smis expected in bio1ogical metabolic reacロons.The other 

one， kine-世cisotope e:匠ectis more determiningせ1ebiologic.al 

包め匂pefractionation in nature through the pro自民 ofsubstrate 

uptake and enzyma包c rちac口on.These kine包c fractiona世onare due to 

the di丘町en自主1ratE主s of transpor回目onor reaction arnong 

isotopically subs世.tuted∞mpounds.

Iso包peFrac邑onationduri!!g N20 Metabolism 

The isotopic∞mposition af env江口nmen匂 1N20 is mair吐Y

deterrruDed by a k臼1etic国otopee:丘町tbecause (1) N20 is not at all 

泊主氾ltopeexchaIlge equilibrium wiせ1other nitrogenous∞mpounds 

[Yoshidaザ 1984]，(2) the nitrogen equilibrium iso匂 picenrichment 

factor during dissolution of N20 in wa七eris as small as -0.8私

[Yoshida， 1984]， and (3)ほ ygenisotope exchaIlge betw艶 n N20 and 

wa七eris negligible [Wahlen and Yoshinari， 1985]. Repo主tson nitrogen 
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and oxygen kine-也c旭0句 pefrac位。na也onin ni仕ificationand 

denitrifi.cati.on are summarized in Table 1-6. 

The nitrogen u:氾凶picenrichment fac加工s (εN) during 

denitrifi.ca也on(N03・→ N2)is in the -14 to -39為 range，with a 

single exαョpti.on of the smallest fractiona厄onof Miyazaki et a1_ 

[1971]. B配 ausetheεN of -20 to -37 ~ゐ泊 the step of NOr→ N20 

is similar匂せ1erange of世1een包工e denitrificati.on (N03-→ N2)， 

εN in the宣nalstep of N20→ N2泊 a∞urseof denitrifica目。n

should rival the value of N03-→ N20 step. Because the εN of N20→ 

N2 step should be∞me negligible under low N20∞n偲 ntrati.on

[Yoshida， 1984]， the fractiona位onof N20→ N2 must be sma1l in 

usual natural environments. 

For nitrificati.on， the author knows only one report about 

nitrogenおotopefractiona位onby Yoshida [1988]. In which， rather 

uniform εN from -60 to -68 ~ゐ were observed for NH4+→ N20 wi世1

Nitrロgフmonaseuropaea， which was工egardlessthe 02 concentrati.on. He 

exp泊お1edsuch an extraordinary large discrimination by assuming a 

double stage fractiona位onduring∞nsequential process of NH4+→ 

N02-followed by N02-→ N20 (nitrifier deni仕祖国也on).As 

referr凶切 thefact that this type of N20 producロonby 

nitrification dominates under the oxygen stress， some uncertainties 

sti.ll rema江1.Unfortunately， there is no r琶portonεN in the other 

N20 production via direct oxidation of NH20H in nitrificati.on. 

To the author's knowledge， there has been only three studies on 

the k註leticoxygen isotopic frac厄ona也nnfor nitrtEication and 

denitrification_ Olleros [1983] ob回inedan oxygen国0匂 pic

enrichment factor of ε0=-15 !%ら duringnitrate reduc位onby 

laboratory experiments with isolated nitrate reduc回 se.Bottcher et 

a1. [1990] estimated the enrichment factor for nitra回工educti.on江l

groundwater by deni位 ificationas -8.0 ~ら. Wahlen and Yoshinari 

[1985] calculatedεo for N20 reducti.on as -37私 (10OC) and -42私

(26 'C) by cultures of Pseudomonas aerug古羽田.
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TABLE 1-6 1sotopic Enrichment Factors in Nitrous Oxide Metabolisms and 

Relating Procたses

Reaction εru仕て勾en εα"ygen Organism Reference 
(%. ) (込)

主主区豆9盟主xa世on

N2U→田II -17 - -34 A. v立le1andii YaIηazaki et al. [1987] 

Nit:rifica口on

NH..+→ N02- -18 - -36 N. europaea Del悶 ch& StEyn [1970] 
-21 - 0 marine ni位"ifier Miyake & Wada [1971] 
-33 --37 N. europaea Yoshida [1984] 
-35 N. europaea Mariotti. et a1. [1981] 

NH4+→ N20 -60 --68 N. europaea Yoshida [1984] 
( N02-→ N20) -34一一35 N. eurvpa田 Yoshida [1984] 

E尼ni七rification

NOr→ N2 -20 P. sp. WellJηan et a1. [1968] 
-17 P. denit丘ticance Delwich & StEyn [1970] 
-21 - 0 s. marinorubra Miyazaki [1971] 
-40 maL羽 eni仕i:tier Cline & Kaplan [1975] 
-14 - -23 soil deniむifier Blackmer & BL芭mner[1977] 
-39 S. mar古lorubr.δ Miyazaki et al. [1980] 
-25 - -29 soil deni位itier Mariot訂 etal. [1981] 

N03-→ N20 -33 --37 P. f1UOL芭sc怠ns Yoshida [1984] 
N02-→ N20 -20 --30 P. stutzeri Mariot巨 eta1. [1982] 
N20→ N2 -1 一-27 P. denitrifi.cans Yωhida [1984] 

-37 --42 P.記 ru炉nα沼 Wah1四 & Yoshinari [1985] 
Nit工ヨtereduction 

N03-→ N02- -29 -0 S. ma丘norubra Miyazaki [1971] 
-11一一17 natura1 soil Blackmer & Bremner [1977] 
-30 -15 nitrate reduc白se Oller田 [1983]
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previous Studies on Stable 1sotopic ComPQsi目。ns泊 EnvironmentalN20 

The first measur芭mentof nitrogen stable主犯七operatio in 

environmental N20 was made by M∞re [1974]. He repor回 d theδ15N 

values of 5.2 :t 2.0 !%ら forthe tropospheric N20 and 19.2売らおr廿1e

stratospheric one. Yoshida and Matsuo [1983] reported廿1emeanδ15N 

va1.ue of 8.1 ::t 1.0為 forthe tropospheric N20. Further data-base 

for δ15N of N20 was owing匂 Yoshidaand hisα五nvestiga句 m 加 the

Pactfic 0但 an[Yoshida， 1984; Yoshida et a1.， 1984; 1989]. They 

reported 15N-deple恒三d N20 wiせ1respect to the atmospheric ones in仕1e

surface layers and 15N-enriched N20江1the deep ocean masses. They 

αコncludedせ1atthese N 20註1surfaa wa住江 andin deep sea wer芭

produad by r首位ifi.cationand denitrification， respecti v邑y.

Wahlen and Yoshinari [1985] and Yoshinari and Wahlen [1985] 

emphasized口1eadvancement of using oxygen国otopesignature than 

niむogenone in eluci.dating the soura mechanism of N20. The idea 

behind thお isbased on口1efacts口1a七位 yg，四回0胎 picexchanges of 

nitri七e and nitrate with water are negligible [Hall and Alexander， 

1940] and a larger variety inδ 180 白血 δ15Nof N20 from different 

environments. Actually， the repor也 dδ 180 range of envi工onrnen回 l

N20， +21為 [Yoshinariand Wah民n，1985] to +93払 [Wahlenand 

Yoshinari， 1985]， is larger than that ofδ15N， -38.0私 (seeChap回 r

V)也 +19.2込 [M∞re，1974]. However，せ1emeasurements ofδ 180 in 

N20 falls behind those ofδ15N. 

Reαmロy，せ1epioneering approaches to characterize natural N20 

by both nitrogen and oxygen stable :U:氾旬pe∞mpositi.onshave been 

tried泊 oceanicenvironments by Kim and Craig [1990) and Yoshinari 

et a1. [1990]. Kim and Craig [1990]∞ncluded by their two-isotope 

characterization tha士N20in deep ocean is p工oduadfrom 

nit工ification.1t is arising as cont工oversywhich prc氾essprovides 

the nitrogen and oxygen iso切 picallyheavier N 20凶 deepα:.ean;

denitrificati.on [Yoshida et a1.， 1989)， nitrification [Kim and Craig， 

1990]， or both. 1n order回 answerthe question，δ15Nーδ180

charac図工izati.on of rnajor terrninal∞mpounds in ni柱。genrne也 bolisms，

such as nitrate (N03-)， nitrite (N02-)， ni住 ic0岨de(NO)， and 

hydroxylarrune (NH20H). However， stable isotopic information on the田

∞mpounds are sever凶 y 工程stric七ed.

1t is expected that stable isotope signatures of N20 rnust be a 

key to i也氏)urα~ iden世直cation.The better way is to start the 

strategy at cherrucally simple systems， otherwise somewhat 

difficulties in preparations for the isotopic analyses may arise. A 

groundwater appears to be best suited for this criteria， because the 

pr凶且n江larysurvey suggests that N20ロコnantrations訂1nitrate 

αコntaminatedgroundwaters should much exceed the atmospheric 

equilibria [Ueda， 1988]， and b配 au田 ch臼 nical∞mpositi.onsof 

groundwaters are simple and stable in general with respect to other 
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surface waters. Such charac回risticsof groundwater environments make 

me free fromαコmplicauヨd physical and chernical preparation of the 

sample for stable isotopic analyses. The goals of thお disser回 tion

are in it臼n(1)匂 iden口fythe sour四 rnechanismsof gmundwater N20 

by the nitrogen and oxygen stable iso凶 piccharacterization， and (2) 

to examine the ability of the stable isotope study in evalua口ngthe 

bぬg臼x:hemicalcycle of N20. 

Conαmtrations of N20 and other chemical ∞nstituents in 

groundwaters from various location are described in Chapter 1I. 

Origins of the ground wate工 N20are工oughlydiscussed based on their 

ch自 国calcharacte討sticstherein. A possible role of ground water 

env江onmentsin biogeochemical cycle of N 20 is suggested by 

deternuning a possible charging of N20 to an aqui王:erbased on a long 

term observation at a natural spring. In ChaptE証工工1，the nitrogen 

stable isotopic charac民rizationof仕1e9工oundwater N 20 is carried 

out. SOUD偲 mechanismsof廿1eelevated N20 are discussed form世1e

∞mparison of nitrogen isotopic ra柱。sof N20 and NOr. The new 

method句 analyzenitrogen and oxygen s泊 ble包otopic∞mposI'ロonsin 

N20 a工e developed泊 Chap也 rIV. Elucida恒.on of produc:.ing rnechanisms 

of the g工oundwaterN20 is perforrned by determiningδ15N and δ180 of 

N20 and N03-訂1groundwaters. Chapter V provides the two-isotope 

mapping for N20 from di丘erentenv江onments，includ泊 g a出 losphere，

sea， and fresh water sys也ffiS. Chapter V1 depicts the future problerns 

切 developthe application af the two-isotopic diagram for re-

evaluating the current global budget of N20. 
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〈三E歪Z弘.PTl三E司t 11  

CONCENTRAT工O N S OF  N 工T R.OUS

OX工DE 工N GROUND"WATERS  

ABSTRACT一 Concentrationsof N20訂1groundwaters were surveyed. 
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Samples were∞Uec七edfrom 61 plots in central Japan Islands and New 

York S七atedurtng five years from October 1986. N03-， 02， NH4+， N02-

and dissolved organic carbon (DOC)時四 analyzedwith a portion of 

the samp1es. 

N20 concentra世.onsfrom 16 to 7060 nM (690 nM in average) 

corresponded 1.3 to 540位mesof the atmospheric equi1ibria at in 

situ wa包~r temperatures. The studied groundwaters are ch自 国cally

characterized by (1) sub-oxic to .0姐c∞ndi目。ns，(2) N03-

∞ntarrunations， (3) absen偲 sof N02-and NH4+， and (4) deple世.on of 

DOC. These observa世onsstronbly indica七elow ac世vitiesof nitra七e

respiration in the aquifers. ~N20/NOT molar ratio betw健 n 10-4 and 

10-2， where "~" p工-esentsthe exα三ssgas over that whlch would be江1

equilibrium with the atmosphere， did not contradict the N20 yield江1

aerobic nitrif:ica口.on.Thus nitrif:ication was suggested tcコbea

likely mechanism of N20 production， although ~N20 nor N03-were not 

propor也.onalto -~ 02・

In a two-year frequent observation at one of the sp工包19si七es，

J19， N20∞n図工1七回世ondepended on neither changes ofーム02nor water 

discharge. This means independenα= of the N20 produc口onto the 

organic matter decay as well as江nplyan ~ence of N20 pαコ，1free 

from dilution by the wa位三rr芭chargeby rain falls within the so立ー

groundwa七ersystem. If the N20 were derived from nitrifi.cati.on， in-

between subsoil and unsatura七edzone would be a probab1e site of 

ni仕 ilica也.on ut:ili.zing ammonium supplied from sha1lower to d民主per泊

the回 ilαコll.umnas downward movement of the water. The assumption 

∞nsists withせ1eview from vertical profile of N 20 in soil∞Ilumn 

that the deep production was irrelevant七.0the N 20 emission from the 

soil surfaα三. A possib1e N20 charging匂仕leJ19 aquifer is estima七ed

as 1.2-2.3 mg N20-N . m-2 . y-l by dividing annual N20 discharges with 

the ca七chmenta工ea，whlch ∞rresponds 0.5七.015毛 ofthe reported 

soil eITUSsion七.0the atmosphere. Wha七everthe true mechanism of N20 

production is， the result suggests meaningful role of groundwa七erin 

the biogeochem詑alcycle of N20， especially when the wide-spread泊 g

ni仕掛e∞ntaITUnationof groundwa七.erand the posi位ve∞rrelation

between N20 and N03-αコnantrationsare examined. 
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玉工-1_ INTROD1 JCTION 

Recent accumu1a目。nof N20 in the位。posphereis be.lieved as a 

result of sn expansion of various kinds of human prac也a5.Consider 

仕1eglobal nitrogen budget， today' s加 dustrialnitrogen fixa恒onis 

∞mparable or even exα担 dthe biological one. A significant po出 on

of such ar百ficiallyfixed nitrogen from the atmospheric Nz en位rely

reaches to fresh waters as un-incorporated chemical fer世lizersor 

organicα)mpounds through f，αコdwebs， which eventually causes 

imbalance of nitrogen dynamics therein. Eu柱。phica世onof rivers， 

lakes， fresh reservoirs and groundwaters are the αコmmonexamples. The 

nitrate contamina恒.onof groundwater is well known as a worldwide 

matter of en vironmental αコnα~rn.

Through the pr凶おn江larysurvey， the author discovered a 

remarkable accumulation of NzO in spring and well waters in the 

western part of Tokyo [Ueda， 1988]. Almost at the same time， Ronen et 

a1. [1988] repo武edthat nitrogen∞n回nullatedaqu丘ersin Israel and 

Netherlands ∞n回inedN20 in extremely hig h ∞ncentration with 

respect to the atmospheric equilibria. Most recen也y，8mith [1990J 

and 8mith et a1. [泊 press]have observed elevated N20江1世1eCape 

Cod anoxi.c aqu立erwhich is polluted with secondary treated sewage 

effluent. These observations suggest wor位1while to evaluate 

groundwater environments as reservoirs for N20. However， inforrnation 

on distribu世onof N20む1groundwater environments is scarcely found 

excep也ngthe above studies. 

1n this chapter， N20αコncentra厄onsin groundwaters a工esurvey.ed 

along with those of some chemical αコns位.tuents.Possi.ble sourα三

mechanism ofせ1egroundwater N20 and a biogeoc:hemical role of 

groundwater environment as a pathway in the N20 cyde are d迫cusε氾d.

I.I-2_ I'任ZミT:E三Eミ工Z弘LS AND  I'ペ[Eτ・E王仁::>DS

studγArea 

Groundwater samples were七akenat 31 plc丈sin Japan (Fig. II-1) 

and 30 plots in the United States (Fig. II-2). Table 11-1 and Table 

29 

II-2 respec也velylist the sampling si七esin Japan and U8 with their 

information. Yet the depths of surveyed aquifers range from 1 to 250 

m below the land surface， their gωIlogical properties were not fu1ly 

examined during the choice of the si七es.Followings are the 

descrip位onsof the study area. 

A. Japan 

Samples were collected from wells and natural springs sca世:ering

泊 the偲 ntralpart of Japan工slands(Fig. II-1) from October 1986 to 

September 1991. Th註t-y-oneplo也 locatein Tokyo Metropolis and 

Kanagawa， Saitama and Nagano Prefectures. 

JOl -J02: Two daヲ!pmul丘leve1we11s on the ccヨmpusof Tokyo 

Universi匂T of Agriculture and Technology at Fuchu; Tokyo. Waters 

extracむedfrom the two wells are mixed to be used as an only source 

for water supplement in the campus. Observation by the author's 

laboratory shows that NOT∞ncentration of these well waters has 

been inc工easedby factor of th工eefrom 1976 to 1988 [Ogura， 

unpub且sheddata]， although the nitrogen source is nat iden白宣ed.

J03 -J18: Sha110w wells in Tokyo Metropolis and Kanagawa; 

Saitama and Nagano Pref8(尤ures.J03-J06 wells we工芭 recen也ydug in 

parks on the Musash担 oPla也 auby廿1ecity government of Kokubunji. 

They provide raw waters only for management of the parks. J07-J12 are 

p工ivatewells. J07 and J08 10田.teon the Musashino Plab回 u.J07 water 

is some恒1nesused only for a garden management. J08 daily supplies 

water for a Japanese sty1e public bath. J09 and J10 areαコnti.nuously
used for both drinking and domestic purposes. Jl1 water is 

αコcasionallyused only for a private garden management. J12-J14 are 

sur工Dundedby工iapaddy fields. J12 is extracted by a food industry 

manufacturing pickled vege旬以.es.J13 and J14 are public wells凶

distribute water for drinking and domestic usage. J15-J18 wells 

locate in the City of Tokyo. Only J15 is 0任eredto domestic 

purposes， whereas the others were terminated to be pumped up. 
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J19 -J25: Natural sp丘ngsin the western part of Tokyo. Springs J19-

J21 1α:::ate along the Kokubunji Cli丘 asthe southem edge of the 

Musashino Terrac:e. The waters flow rapidly from a few meter thick 

Musashino Terrace Grave1 Layer that underlies a 5-7 m thick Kanto 

Loam Layer∞mposed of Andosol derived from volcanic ash materials， 
then the waters are discharged訂1to River Nogawa. Topographic and 

hydrological江lformationsuggests that each spring has own smaU 

catchment and that the spring is probably a only source of discharge 

for the shallow aquifers. 

An intensi ve observa位onwas performed at J19， spring site NKM， 

for two years from December 1986. Its recharge area of approxi.mately 

2.0 km2 is a dense1y populated residen位aldistrict [Ogura and 

Morikawa， 1985]. The aquifer is recharged mainly by a rain fall on 

the permeable surface because工'Oughlytwo-thrモ~ of the catchment is 

covered with impervious rnatters， mostly buil.dings and pavements. 

S江lcesewage produc:ed in the catchment had been treated by septic 

匂 nksfor a long period up to recently， significant contaminations by 

nitrate and chloride were demonstrated in these spring waters [Ogura 

and Morikawa， 1985]. 

Springs J22-J23 gush out beneath the Aoyagi Cliff which is the 

boundary betw田 nthe Aoyagi Terraa and the Tamagawa Alluv日l

Bottorruand. A part of their catchment is used as an agricultu工品

land. These spring waters are discharged into Yagawa River. Springs 

J24 and J25 appear at the Tach此 awaCli丘 andthe Fuchu Cliff， 

respec也ve1y，both divide the Tachikawa Terrace and the Tamagawa 

Alluv泊1Ba仕omland.Waters frorn J24 and J25 are respectively 

discharged凶 YagawaRiver and to Fuchu-Yosui River. 

J26 -J27: Natura1 SpI却 gsin Kanagawa Pretecture. J26 water 

effluents at the foot of the Hayama Goyou住三i. A portion of its 

probable catchment is offe工edas a go立∞u工'Se. J27 water was used by 

visitors to the Yadorogi Shrimp. 

J28: Seepage water from a forest却 RollingLand Laboratory， Tokyo 

University of Agncu1ture and Technologyシ HachiαコIji，Tokyo. J28 

catchment of 2.15 ha is CQve工edwith plan回 dforest ∞rnposed of 

coniferous 江 田s(0.6 ha) and deciduous trees (1.55 ha). 

J29 -J30: Drainage waters from cropping lands at Sugadaira， NagaJ.'1o 

Pretecture. J29 water was taken from a trench just beside the 

cropping fi.e1ds， whereas J30 sample was∞立ecteddirectly from the 

drainage pipe buried beneath the culti vated soil. 

J31: Seepage water discharged into the Kokkai-Gijido-Mae sta白・on.

This is the d使 pestsubway s回世onin Japan (97 m below the ground 
level). 

B. USA 
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Samples were∞Uected through March to May in 1990 from twenty-

nine wells providing raw wa包括 without specific t工eatmentsand one 

natural sp工i.ng.The sampling si住三slocate in Albany， Rensse1aer， 

Oneida， Oswego and Nassau Counties in New York State， as shown in 

Fig. II-2. These plo也 aregener剖lycategorized as following three 

groups based on each type of land usage. 

U01 -U16: Private we11s in A1bany and Rensselaer Coun百'eS.The 

waters extracted frorn UOl， U02 and U03 are used for both drinking and 

domes也cpracロ.ces.Others provide water only主orgarden managements. 

Their surrounding land is residen包aldistricts. 

U17 -U20: Spring and we11 waters却 agricu1turalregions in Oswego 

and Oneida Counbes. U17 is a natural spring whose catchrnent is used 

as a pasture. U18-U20 are private wells. U18 waterお usedonly for 

domestic purposes， whereas the others are terrninated to be extracted. 

U21 -U30: Public wells in Nassau CounむT in Long Island. Th邸 epla也

we工B selected because of the nitra回∞ntaminationsof underlying 

aqu立ers.Samples were∞Hected from th工eeaquifer layers from the 

upperrnost， the upper glac:i.al， Magothy， and Lloyd aqu立ers.The 

nitrate αコntarrdnationdue bコalong term fertilization and an 

infiltration of a sewage from septic tanks is proα担 dingfrom廿le

upper to the lower aquifers [Kreitler， 1978; Ragone et a1.， 1981]. 



33 32 

List of Sampling Plots of Groundwaters in Japan TABLE ll-l 
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Figure II-l Sampling lcx;ations of groundwaters in the mid-part 

of Honshyu-Island. Numbers a工ち the αコuntof wells and 

sprigs. Individual information appears in TABLE 1-1. 

subway station 

Pb-public well， Pr-private well， Sp-natural spring， 
Distana in meter from the ground level. 
R-residential district， A-arab1e land， P-park， F-forest 
Dr-drink訂19，Md-domestic managiments， Mp-park managements， 

Fm-flαコd manufacturing 
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List of Sampling Plots of G工oundwatersin New York State TABLE II-2 

Remark Land3 Pur~ Loca位onTypel Depth2 Code Name 72 74 76 78 80 
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Figure n -2 Sarnpling loca世.onsof groundwaters in New York 

State. Names af coun世.eswhere samples were collectAョd and 

the number of sampling plo也 appearin the illustraじon. For 

Pb-public we且， Pr-private well， Sp-natural spring. 
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see TABLE 1-2. an individual information， 



36 

N20 Concentrat泊n

A. Sample Collec口on

Af也r回mperatu工芭 and specific ∞nduc回nceof a w凶1wa也 rhad 

stabilized， the water was poured into a glass vial (100 or 50 mL) 

from the bottom without agitati.on廿1roUgh a tube attached to仕1etap. 

Af回rove工flowingat lE泊 stequal volume of water to the botロe

α)ntent， the vial was capped with a butyl rubber stopper without 

bubbles江1the bottle by allowing them to escape through a SyringB 

needle. The sample was poisoned with satura回 dHgCb solu位。nfor 

Japanese one or 10 M NaOH for US oneな)cease mic工ubialmetabolism. 

The s七opperwas fina江yfixed with an alum江1umcap then brought back 

匂 thelaborab:コryand s匂 redat the room出 mperatureuntil analyses. 

工ncase of spring water， a 250 mL glass syr江1gewith two ports 

which is so-called "Nishimaki-type Syringe" (Fig. II-3) was used. 

One side was used for sucking wa七erand the other for dispensing it. 

After repeat of sucking and discarding wab笠 forseveral世mes，thB 

water was put into the v泊1from the bot七om.Further口-eatmentsare 

as same as for well wa七ers.

B. Purge and trap gas extraction method 

The Japanese samples were analyzed by the method desc工ibedhere. 

Schematic diagram of廿1epurge-trap ext工actionsys也 m is illustrated 

註1Fig. 11-4. All the pipes註1St語ledwere made of stainless s包担l

and grease-less Teflon valves were used. The apparatus was originally 

devised by Cohen [1977] and modified by Nishio [1982]. 

Wa恒三rwas transferred frorn the bottom of the vial through a 

sy丘ngeneedle to two of volume known glass reservoirs connected泊

series by pushlng the sample with ai工 (Fig.II-5). The工eservoi工 was

equipped wiせ1two of 3-way Tefl.onα:x::ks and a bypass for purging gas 

in the訂lletsystem. Both ends of the reservoir were attached回目時

systern by Teflon匂 perfittings. Air in廿1einlet part was f:irst 

purged with pure nitrogen gas (> 99.999毛)for 5 rninu恒 s.By changing 

the 6-way valve (A) and subsequently tum江19the 3-way cα::ks at both 

ends of the工ese工voirsimultanaコusly，the sample water was car工ied

凶 toa gas stripping chamber as the carrier gas fl.ow. Dissolved gases 

were extracted by flushing the sarnple by the gas for 10 minutes. 

vial 

Spring Water 

200mL Nishimakト type

glass syringe 

Figure TI-3 Sampling devia used for αコUectingsp主主19water. 

Somple 

R 昨

Gos stripping 

Chamber 

Gas Chromotogroph 

MS 13X 

Figure TI-4 Purge and trap extrac世ngsystem used to measure 
dissol ved N20∞ncentra包on.Fo工 theoperation， see text. 
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As water vapor and C02 were rernoved by silica gel-Asca工ite-

perchloride magnesium (Mg(CI04)2)∞Ilumn， the stripped N20 was 

α)llected on Molecular Sieve 13X (60/80 mesh) in a U-shaped stainless 

steel trap by cαコi}ingit at 0 "C by ia with water. At the end of the 

extraction， the U-trap was isolated from the stripping gas fl.ow by 

chang訂19せ1eposi也onof 4-way valve (C)， then the 6-way valve (B) 

was adjusted to the measuring position. The trapped fraction on the 

Molecular Sieve 13X was desorbed and expanded江1the U-shaped trap by 

hea厄ngthe trap at 200 oc for 10 minutes. By back江19the valve (C) 

to the original posi世on，the gas in the U-trap was introduced to the 

gas chromatograph (SHIMADZU GC-7C or GC-8A with 63Ni-elect工uncapture 

detectors) equipped with a 2 m sta江uesssteel column packed with 

Molecular Sieve 5A (60/80 mesh). The column and detector we児

maintained at 240 "c and 320 oC， respectively. 

As standard， seven commercial tanks with N20 concentra也ons

around 5 ppmv (4.4， 4.7， 5.2， 5.4) and 50 (52.7， 50.7， 50.4) ppmv 

were used. These tanks wer芭 balancedby ultra-puI芭 gradeN 2 or HB 

gases. Two tanks with mi足ngra也osof 4.4 and 52.7 ppmv prepared by 

TAKACH1HO KAGAKU KOGYO CO.，Ltd. weI刃包rstlypurchased. The 

guaranteed values agreed with each other when concentration of one 

tank was determined by using the other tank as standard. Other five 

tanks were p工'Oducedby N1PPON SANSO Co.， Ltd.. When a new tank was 

provided， i匂 N20concentration was calibrated with an older one. 

Such caribla也onswe工e perlormed at renewals af the tanks. Because of 

agreement of guaranteed N20 concentrations among different tanks 

within an experimental error， no collec国onwas made with analY也cal

results in this study. These standard gas was taken in the glass 

reservoir from the回 nkthrough the∞nnec世ngtube after flushing 

inside for several minutes. Back flush of the ambient air was avoidE~d 

by venting the gas through water. Later treatments were absolutely 

same as the water samples already mentioned. Typical ECD-gas 

chromatogram is as Fig. 11-6. Detec也onlimit of N20 concentration 

was 0.1 nM. Analy世calerror was less than土 2 毛 againstmean. 

-

くシ

Air 

d 

Figure II-5 Transference of sample water from a glass vial to 
reservoirs which are used to introduce water to the purge 
and trap extracting system. 

N20 

。 5 10 min 

Figure II-6 ECD-gas chromatogram of N20 after the purge and 
trap extracting method. First two small peaks are due to 
switch江19the 4-way valve. No oxygen peak appears in the 
ch工umatog工ambecause oxygen is not adsorbed on MS13X at 
the ia-water temperature. 
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C. Headspace technique 

Allせ1eUS samp抱s were determined by this method. 20 mL of water 

was withdrawn by a glass syr訂1gethrough a rubber stopper as allow江19r

an ambient air to flow泊 a head-spaa. The water was injec回 dina

50 mL vial which had been previously flushed and filled with He. 

Standard was prepa工edas follows. 20 mL of N20-free dis白日ed

water was injected in the vial containing He with a且owingequal 

vo1ume of He to escape. Cornmercial N20 standard gas (owned by Dr. T. 

Yoshinari， New York State Department of Health) taken in a gas tight 

sy丘ngef工oma tank was injected toせ1eprepa工edvial. 

These vials for samp1e and standard we工芭 shaken vigorously by 

hand， then leave them for several hours at 25 "C to achieve gas-

liquid equilib工iumin the bo七回.es. 1 rnL of gas was sampled frorn the 

headspace by a gastight syrtnge， then injected to a gas chrornatograph 

(SH1MADZU GC-2 mini) with 63Ni-ECD. The sample gas was dehurnidified 

in a dry-ice ethano1 ∞11d trap installed be町田n 廿1einjec也onport 

and a MS5A∞Ilumn. Opera位ngcondi口.on of the gas chrornatograph was 

same as for the previous purge and trap extracti..on method. Detecti..on 

limit was 0.3 nM. Analytical error was less than :t 3宅.

D. Calculation of atmospheric equilibria 

Atmosphe丘cequilibrium conantration was calculated after Weiss 

and Pria [1980]七ak江19七hetropospheric N20 rn民主19ratio of 305 

ppbv， as a mean value of reported values (see Chapter 1)， and in situ 

water temperature. 

Other Chemicals 

Dissol ved 02αコnα三ntrationwas measured by Winkler' s method. 

N03-， N02-and NH4+ concentra也onswere de七ermined∞，lorimeロically

a主terW，∞d et a1. [1967]， Bendschneider and Robinson [1952]， and 

Solorzano [1969]，工espectively.C1-was analyzed by mercury 

thiocyanate method. Dissolved organic carbon conantration was 

de'七erminedby the method of Menzel and Vaccaro [1964]. 1n regard to 

the US samples， N03-， NOz-， and NH4+ concentra世.onswere analyzed by 

Techniαコn Autoanalyzer II. DOCαコncentrationwas rneasured as carbon 

dioxide after ultravio1et-oxidation of the sarnple. 
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並立宣旦pgrsab.ユrationin Groundwaters 

Concentrations of 02， N20， and N03-訂1groundwaters are presen七ed

in Tab1e 11-3 and Table II-4 for Japanese and US sarnples， 

工especti..vely.Some a工e results of sing1e de七erminationsand others 

a工'epresented as mean values with SD三ndarddeviation. According to a 

summary of the present su工vey(Table II-5)， the groundwaters are 

charac回丘zedin item (1) 0氾C 匂 sub-o姐c∞ndi厄on，(2) significant 

N03-∞n回 rruna世on，(3) N02-and NH4+油田nces，and (4) 10w DOC 

ロコncentration.

N20∞nantrations ranged from 16切 7060nM， corresponding to 

1.3七o 540也mesthe calculated equilibria. The 10west ∞ncentration 

was observed in U24 w凶1water extracted from 115 m deep Magothy 

aquifer on the Long 1s1and， in which N03-concentration was also 

qui七elow (4μM). Surprisingly high∞nα:mtrations were measured in 

J30， J14 and U05 wa七ers.The J14 and J30 are a direct reflecti..on of 

fer甘且za包.on to the c工uppingfield， whereas the U05 may be expla江led

by ∞nsidering廿latthe 1∞ation was formerly used as an arable land. 

However， as a whole， the degree of N20 supersatura世ondoes not 

d註ec也y correspond tcコthec:ircums七anti.alland usage， w hich means 

rnultiple sources of nitrogen for the groundwa七erN20.工n other words， 

the groundwater N20 is derived not only from the ferti且zernitrogen 

部 depictedby 1PCC report (Table 1-6) but also from variety of 

nitrogenous compounds. 

N20 conantrations in di丘erentaquatic systems were illustra七ed

as Fig. II-7. The data presented include results of the author's 

preliminary survey [Ueda， 1988] and 0七her訂lVes也ga匂ぉ. Gr四七

at凶 ntionmust be paid七othe elevation of N20 in groundwa七:ersas 

∞mpared to the rest environments. 1t is impor七antthat the N20 

accurnulations in 9工oundwa七.ersa工'e widE註y observed江1geographica且y

おola七ed1ocations regardlessせ1ecatchrnent ∞ncitions. The 

supersaturations were also measured江1well wa七erscollec七edat the 

cen仕 a1part of the Ko児 anpeninsula [Oh and Ueda， unpublished da匂].

These findings strongly suggest a possib1e concern of groundwa七er

environments with the biogeoc:hemical cycle of N20. 
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N20 and N03-江1New York State Con使 ntrationsof 02， 

Groundwaters 

TABLE II-4 N20 and N03-in Japanese Groundwaters Concentrations of 02， TABLE 11-3 

N03-j-.d.02 .d.N20j-.d.02 
( X 10-3) 

.d.N20jN03-
( X 10-3) 

N03-
〔μM)

N20 
(nM) 

02 
(μ 日)

Tw 

("C ) 

Code 

n .d.N20j-.d.02 N03-j-_d.02 
(x 10-3) 

δN20jN03-
(x 10-3) 

N03-
(μM) 

N20 
(nM) 

02 
(μM) 

Tw 

('C ) 
Code 

n 

ー
ム

1
ム

1
晶
、i
1
4

1.63 
4.93 
1.68 
1.62 

4.01 
0.80 
0.50 
14.7 

2.47 
0.16 
0.30 
9.09 

勺，

r
b
フ』

4
a

2
8
2
7
 

2
8
2
4
 

160 
572 
155 
78 

4318 

190 
150 
194 
36 

11.5 
11.5 
12.0 
11.7 

UOl 
U02 
U03 
U04 
U05 

8

8

1

1

4

1

 

4.32::t 0.85 
1.30::t 0.35 

5.02 
6.17 
13.6 

4.25:t 1.63 
4.50:t 1.79 

16.6 
3.48 
5.38 

0.90土0.17
3.92::t 1.13 

3.31 
0.56 
0.40 

506土75
222::t 10 
373 
436 
701 

472土120
873:t 321 
1240 
256 
287 

182土8
85::t 47 
221 
230 
246 

16.1土0.9
16.4:t 1.0 

16.6 
15.7 
16.2 

J01 
J02 
J03 
J04 
J05 

1
-
1ム
守

i

1
ム
司

i

2.25 
22.7 
11.7 

9.00 
2.37 
6.56 

4.00 
0.10 
0.56 
1.03 
0.99 

412 
1643 
1229 
542 
907 

1661 
182 
701 
570 
908 

147 
243 
230 

11.4 
13.5 
10.8 

U06 
U07 
U08 
U09 
U10 

司

i
1
4
1ム
胃

4
1
i

14.9 
14.9 
7.80 

17.8 
12.9 
3.38 
0.48 
1.40 

1.20 
0.86 
0.43 

730 
493 
624 
ND 

ND 

885 
434 
280 
69 

119 

249 
259 
203 
165 
220 

16.1 
17.2 
18.7 
17.8 
16.2 

J06 
J07 
J08 
J09 
J10 

噌
ー
ム

Tよ

1
ム

噌

i

T
ム

21.5 
4.44 
5.45 
5.73 
6.80 

56.8 
4.53 
6.79 
13.1 
15.5 

2.64 
1.02 
1.25 
2.29 
2.28 

292 
366 
186 
561 
519 

781 
385 
243 

1294 
1194 

308 
245 
289 
228 
248 

12.6 
11.8 
12.4 
12.0 
12.2 

U11 
U12 
U13 
U14 
U15 

1

1

1

1

1

 

0.84 
0.96 
4.80 
154 

0.26 
2.68 
3.58 
23.5 
198 

3.20 
3.72 
4.89 
1.28 

ND 

213 
274 
1079 
615 

81 
690 

1032 
5280 
800 

25 
42 
24 
81 

293 

16.6 
16.5 
14.3 
14.9 
16.3 

J11 
J12 
J13 
J14 
J15 

ー
ム

1
4
1ょ

τ上

1
ム

2.35 
3.55 
2.36 
0.84 
0.62 

7.89 
4.21 
0.43 
1.54 
0.87 

3.35 
1.19 
0.18 
1.83 
1.42 

299 
121 
621 
165 
96 

1013 
155 
125 
315 
149 

193 
294 
73 

153 
198 

12.8 
11.7 
10.6 
9.0 
8.5 

U16 
U17 
U18 
U19 
U20 

1 
1 
1 
95 
9 

20.7 
7.02 
2.11 

21.1:t 39.1 
19.8:t 85 

5.48 
3.03 
0.81 

10.7::t 15.7 
12.1:t 6.8 

0.26 
0.43 
0.38 

0.56:t 0.14 
0.60:t 0.12 

601 
814 
327 

548:t 49 
709:t 92 

169 
361 
135 

316:t 85 
435:t 113 

273 
186 
144 

260:t 19 
262::t 10 

15.5 
15.5 
16.0 

15.6:t 0.2 
15. 7:t 0.2 

J16 
J17 
J18 
J19 
J20 

噌

i
l
l
-
-

9.15 
2.46 
1.08 
0.02 
4.47 

7.51 
2.75 
1.58 
0.02 
4.39 

0.82 
1.12 
1.46 
1.03 
0.98 

397 
217 
91 
4 

258 

337 
254 
145 
16 

265 

281 
234 
247 
125 
272 

12.2 
12.5 
11.3 
10.8 
11.5 

U21 
U22 
U23 
U24 
U25 

ヴ
'
Q
U
A噌

Q
U
R
J

20.3土14.6
8.40土3.01
13.5:t 0.9 
4.86:t 3.12 
100:t 47 

l1.4:t 6.7 
7.19::t 1. 04 
8.07::t 1.05 
14.1土12.8
12.6::t 7.99 

0.53:t 0.19 
0.94:t 0.35 
0.60:t 0.04 
2.80:t 1.34 
0.21士0.26

711:t 103 
557::t 112 
565:t 54 
343:t 83 
536:t 72 

387::t 153 
485士119
335:t 56 
913:t 398 
119:t 115 

254土18
231士17
262:t 12 
212:t 22 
290:t 13 

15.8:t 0.3 
16.4:t 0.6 
16.2:t 1.3 
16.6:t 0.5 
16.3::t 1.3 

J21 
J22 
J23 
J24 
J25 

守

1
-
T
i
T
i
t
i
T
i

5.15 
2.33 
0.31 
2.75 

5.76 
1.92 
0.36 
2.77 
0.15 

1.12 
0.82 
1.17 
1.01 

392 
152 
60 

294 
n.d. 

450 
137 
81 

308 
55 

253 
266 
125 
219 
31 

11.6 
11.3 
12.7 
12.0 
11.8 

U26 
U27 
U28 
U29 
U30 

可

i
可
ム
可
よ

t
i
1
4

1.93 
15.4 
64.9 

2.84 
0.91 
0.70 
6.13 
214 

0.36 
0.40 
3.29 

ND 
ND 

181 
1200 
2143 

108 
32 
76 

490 
7060 

273 
285 
216 
252 
288 

14.7 
14.5 
14.3 
11.4 
12.7 

J26 
J27 
J28 
J29 
J30 

and "not determined" mean Forム-value，see text. "NO" and "n.d." 
"not detected"， respec也vely.

1 12.2 

Forム-value，see text. Numbers in the most right∞，lumn present 
times af N20 concentration analyses.市 D"means川 otdeterIIUned 

6.04 0.50 291 153 253 19.9 J31 
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TABLE II-5 Summary of the Observation of Groundwaters 

ITUn. max. mean s.d. n 

Tw ("C) 8.5 19.9 14.0 2.6 55 

pH 5.5 8.6 6.5 0.6 55 

02 (μM) 24 308 209 75 55 

N20 (nM) 16 7060 688 1210 61 

NOr (μM) 4 2140 530 400 53 

DOC (μM C) n.d. 150 42 42 17 

ー

N20 (μmol.l-1 ) 

10-2 10-1 100 101 

Unpolluted estua r i ne 2 

Freshwa ter ponds 3 

Sea and Ocean4 

Anaerobic aquifer 5 

Rivers 3 

Flooded r ice f ield 6 

Polluted lake 7 

Rivers7 

Sewages 7 

Drainage of 
fertiliz-ed fields6

，7 

Aerobic aquifersB 

Aerobic aq uif ers 5 

Organic polluted anaerobic aquifers9 

Seeps in c 1 e ar -cut forests' 

10-1 100 10' 102 

N20 (μgN.l-1) 

Figure II-7 N20αコncentrationsin groundwaters with those in 
various aquatic systems. The shade p児 sentsequilibrium 

∞nぼ ntrationwith the ambient air (305 ppbv， Butler et a1. 
[1989]) at 0-30 "C temperature range. Referen偲 s are 1. 
Bowden & Borman [1986]; 2. But1er et a1. [1987]; 3. Kaplan 
et a1. [1976]; 4. many; 5. Ronen et a1. [1988]; 6. Minami & 
Fukushi [1984J; 7. Ueda [1988]; 8 This study; 9. Smith et 

al. [in press]. 
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Possible Source Mechanisms of Groundwater N20 

none of the studied groundwaters was 

deoxygena也 d (10-96 percent of satura包on)and the most we四 polluted

significantly with N03-(Tab1es II-3 and II-4). Contrary， 

As alrちadymentioned above， 

NH4+ and 

• 

。

• 。
• 。-o 

。. . ... ・・._ -CT 

.~-・-。。 o •• 0 

• •• ii 0 O.。
....・ ....‘噌 ...... ............. ....;-:・・:守....・:世;-:.:(!-

• • 0 

N02-we四江1trace amounts or not detected (da回 notshown). DOC 

8∞o mg μmol C・L-l(ca. 1 concentrations were typi，句llyless than 80 

C . L-l) (s田 Appendix1). Tb笛 echemical prope出 esof groundwaters 

6000 suggest a strong inhibi世onof nitrate respiration including 

denitrification and dissinulatory nitrat.e reduction in the studied 

4000 (
芝
C
)

aquifers. 

means the and N03・("ム"-d.02， Correla位onsamong d.N20， 

difference between measured concentra位onand calculated equilibriurn 

2000 O
N
z
d
 

at an in si.tu water temperatu工ewith a tropospheric rni足ngratio of 

II-9 and 1工-10.There is no clear Figs 11-8， 305 ppbv) are shown in 

dependence of d.NzO and NOr∞nαn仕 ationson廿1e-d.02 change (FiCJs 

1000 Molar frac口onsofムNzOto NOr concentra世onvaries II-8 and II-9). 

This rneans only 1ess than 2も ofbetw田 n 10-4 and 10-2 (Fig. 11-10). 

nitrogen江1nitrate exists as N20 even江 N20accumulates at high 
::1;)::. E・..

。
・...較

<<l 。
level in the studied groundwaters. 

Because N20 is the obligate intermediate product江1

300 200 100 。denitriEication and because a N20 工泡ductaseis an inducible enzyrne， 

ーム02(μM) 
江口1ernost groundwater N20 were produα~d by denitrifica位on，one can 

theore世句llyexpect仕1eムNzOjN03-ra世obetween zero and unity 

Srnith et a1. [in according to dynamics of the reaction. 1n fact， 

× observed dramatical change of the d.N20jN03-ratio frorn 5.0 prl笛 s]

Figure II-8 6，N20 vs. -6，02 r凶a柱。nshipin ground waters. 

Closed and open circles represent Japanese and US da回，

工モspectively.A shaded area shows an ernpiIical α)r工el.ation

between the two variables in ocean which was supposed by 

But1er et a1. [1989]: 6，N20 (nM) = -13.5 + {0.125 + 0.00993 

T CC)} x -6，02 (μM)， w here 11 T" means water 

回 rnperab.ユ児.0 く T < 30 "C. 

10-3 to 66宅 verticallyabove to below the N20 ma羽murnlayer (16.7 

Massachusetts which is at a 3 rn depth in a Cape Cod aquifer， μM) 

deoxygenated as a result of the organic pollution oy，丘ngto sewage 

infiltration. According to their results of the laboratory incubation 

the N20 is produced by the aqu迂erof the aquifer sediments， 

× denitri主ca位on.Rather uniforrn d.N20jN03-in the prl回 entsub-oxic to 

oxic groundwaters as compared in the Cape Cod aqu立erprobably 

suggests minor contribution of in situ denitrification to the N20 

production. 
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Figure II-IO 6N20 vs. N03-r凶 a位onshipin groundwaters. 

Close and open circles represent Japanese and US data， 

工芭spectively.
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Figure ll-9 N03-vs. -602 relati.onship江1 groundwaters. Close 

and open circles represent Japanese and US data， 
respecti. vely . 
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Fig. 11-11 shows a relationship betw飽 n-d，02 and d，N20jN03-

molar ratios in the ground waters with those obtained by cultures of 

et a1.， 

1981] and sea water [Gorealユ eta1.， 1980]. The agreernent of 

ムN20jNOT between the groundwaters and the labora匂 ryexperiments 

Nitrosomonas europa創出ora回 dfrom natural soil [Lipschul包

suggest dominance of nitrification in the production of groundwater 

(
釦
「
』
一
」

0
ε
)
o
boaOLコ
釦

Z

。

11川Ilftll!!山!!IWWI側liI l ll~~11 11 11剛I I ~IIIIIIIWIIIIIII I IIIII~III削

N20. A frequency distribu也onof the d，N20jN03-molar ra位.osin 

50 groundwaters do not contradict the N20 yields of aerobic 

40 (
門

1
0
↑
X
)

nit工ifica也.onreported in di丘:erentkind of natural environments 

(Fig. 11-12). 

(i.e. 

ムN20)and N03-∞ncentra包onwas obtained in the case of Long Island 

(Fig. 11-15). The 9'∞d linear relationship between the two variables 

More clear correlation between the apparent N20 production 

30 

。一戸
σ」

probably a suggests a single mechanism of N20 produc也on，

20 
.d，.N20 and N03-negatively corr凶 atewith nitri.fica位on.However， 

」

O

一o
E

which appears to αコntradictthe ーム02(Figs 11-13 and II-14)， 

10 
accumulation of nitrificaロonorig担 N20.This discrepancy may be 

realized by ∞nsidering following hydrological feature and a nit工ogen

budget in the Long 1sland. These sandy aquifers are recharged mainly 

by a rain fall and par吐yby a per∞，lation of sewage effluent. On the 
• 。

other hand， nitrogen sources for the groundwater nitrates a工芭

300 200 100 。supplied through the田 U layer from fer也liza世.onand seepage from 

Since the aquifer wa包~r is an only sourα3 for water septic tanks. 

ーム02(μM ) w hen the a shallower aquifer had supply for the Long Island area， 

been b:三rminatedto be pumped due bコthenitrate contamination， a 

Relationship betweenムN20jN03-molar ratios and 

-~02 in groundwaters. Close and open circles 工ちpresent

Japanese and US data，目specロvely.Change in N20 yield of 

nitrifying bacteria under culture condiむonis together 

presented as a shaded area. Close and open squar壱sshow the 

results for Nitrosomonas europaea isolaad from so立

[Lipschultz et a1.， 1981] and marine environments [Go.aau et 

a1.， 1980]. 

deeper aquifer was 0:宜eredto public water supply instead. These 
Figure II-ll faets rnay enhance an oxygen recharge to the nitrifica位onsite 

(N03-and N20) to a together with a rapid escape of the products 

nitrification-free deeper zone. The lower concentra也onsof N20 and 

N03-with lower 02∞ncentra位.onsin the Long Island samples are仕lUS

explained by the rapid transportation of N03-and N20七othe aquifers 

註1 which 02αコncentrationwas originally low. 

Thus nitrification is suggesヒedto be a more likely route of N20 

production in the sub-oxic and oxic groundwaters as cornpared to the 

This hypothesis will be further examined by the 

stable isotopic strategy in Chapter 1工1and Chapter VI. 

denitrtEi.ca世on.
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observati.ons in other oxic environrnents whe工B nitrification 

is believed as a predOITUnant route of N20 production 
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a-oxic soil: Bremner & Blackmer [1978] 

b一α支~: Cohen & Gordon [1979] 

c-o氾c80:山 Keenyet a1.， [1985]. 
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producti.on Site of Groundwa恒三rN20 

Accord担 9 to the review for mechanisms ∞n七rolling∞ncentrations

of common dissolved gases江1groundwa七ersby Almon and Margaritz 

[1990]，廿1eN20∞ncentration江1groundwa七ermust be∞ntrolled by 

one or more of the following mechanisms. (1) Biological and chemical 

produc口onand∞nsumption of N20 in an aqu立er. (2) The equili.brium 

solubi1ity of N20 at a given図 mperatureand i回 a回 ospheric

∞ncentra世on. (2) Downward movement of small bubb1es ∞ntaining N20 

entrapped by工echargewater from the soil， subsoil， and unsaturatEヨd

1ayer匂 agiven aqu江er.A possib1e prod ucti.on site of the 

groundwater N20 will be discussed below as taking these mechanisms 

into account. 

The:re are many observa厄onsof a proportionalαコロ世ationof 

.6.N20 to -.6.02 担 aqua恒c sys七回nsin wluch N20 are produced by 

nitrification [Yosh江lari，1976; E1kins et aL， 1978; Cohen and 

Gordon， 1979; Cline et a1.， 1987; Yoh et a1.， 1988; Butler et a1.， 

1989]. On the∞ntrary， the most p10包 ofムN20versus -，6 02 in the 

groundwate工's 1c:x:;aむe upper posit土onthanせ1eline presenting an 

empirical relationship between the two variables江1ocean water 

∞，1umn at 0-30 oc七emperatu:rerange (Fig. II-8). Assuming aquifer 

nitrification as a donunant route of the producti.on of groundwa七er

N20， higher yield of N20 to N03-producti.on due bコtheenhancement of 

N20 yield via N02-:reduc也onunder oxygen stress [Goreau et a1. 1980; 

Lipschultz et a1.， 1981; Downes， 1988] would account for such位 cess

produc位onof N20 to the oxygen consumption. However， because these 

ground waters we:re rather 七o well oxygenated (Tab1e 工工ー5)and becaUE氾

，6N20 /N03-ratios in groundwaters agree with the range四 por也 d for 

aerobic niむification(Figsロー11and 11-12)， such type of aquifer 

nitrification seems to be only of minor importance江1the production 

of N20 dissolving in the groundwaters. The absence of substra七:e NH4'~ 

in the groundwa七ersalsoαコntradictsthe却 situnitrification in the 

aquifers. Thus，七heN20 elevation in aerobic groundwa七ersas a result 

of an aquifer nitrification should be el主ninated.

Seiler and Conrad [1981] observed that the N20 mixing ratio 

eleva七edin the soil atmosphe:re as depth inc:rease七o 60 cm by factor 

of two as compared七othe ambient αコncentration.They conduded that 

55 

the N 20 emission from 80:註 surfacemust be due七o the N20 productユon

in仕1euppermost soil layer or at the soil surface， because the 

extent of N20 produc位on江1deeper soil layers and its mo1ecu1ar 

di丘usionto the so:立 surfacedid not affect the soil emission rate. 

Their findings also suggest an e足stenaof N20 source加 asubsoil 

to an aqu丘er，which is apart from the production and ∞nsump也onin 

the tDp sail. Such N20 production in depper part of the soil cx>lumn 

can be assumed as one of major sour，αョsfor the groundwter N20. 

An equilib工iumbetween an aquifer waters and the NiO in a soil 

air is probably not directlyαコrrespondto the de七erminationof N 20 

∞ncentration江19工oundwa加 工s.That is because，迂 N20∞n偲 nt工ation

訂1a groundwater were p工edom江lantlygoverned by this equilibrium 

process， the ，6N20jN03-ratio should deviated from the N20 yield in 

nitrifica位。n ow泊 9 to the substantial diffe:rence泊 solubility

between N20 and N03-. Ac∞rding匂 the10ng term observation at J19， 

of w hich detail will be discussed in世1enext se<カon，廿1eN20 

conantration was訂1dependentfrom the fluctuation in water discharge 

α)r:responding the change in amount of p:recipit五回on.The observation 

indirl配口y suggests a N20 production during perl∞llation of the rain 

water as following description. Sina NH4+ isαコmmonlyadsorbed on 

the negatively charged sites on the surfaa of soil partides， 

nitri宣ca位onis also ac世vein the boundary. The NH4+ supplement for 

the deeper zone is :restric住三d in the period of the water movement， 

mos位y down ward， in a soil∞，lumn. The undetec回 b1eNH4+ 

conc:entrations江1the studied groundwatE証言ヨ p工obablyrefl.ect this 

mechanism and suggest∞mplete oxidation of the NH4+ to N03-and 

par世.ally な)N20 accumulating in the groundwaters. The hypo仕1esI8can 

exp国江1mo:re reasonably the uniformity ofムN20jN03-in the aerobic 

groundwaters than the equilibrium mechanism. 

Although the above discussion is fairly specula也ve，it may not 

be un工-easonableto hypothesize that N20∞ncen仕ョロons担 theoxic 

groundwaters a:re not ∞ntrolled by the production in aquifer waters， 

but by the production in deep soil layers， probably a ni口ifica位on

as downward movement of :rechage waters. Further study is awaited to 

determine this assumption. 
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Possible Chaf:g担9c>f N20七oan ~q旦立己主

Periodical observation at廿1esite J19， a natural sprtng si七e

NKM， is pr壱sentedin Fig. II-16. The -，6.02 tends bコbelarge in 

surnmer七ofall and srnall in winter to early sprtng. Th坦 variation

probably reflects seasonal fluctuation of aerobic organic rnatter 

decay江1soil. On廿1eother hand， such a trend was not clear in ，6.N20 

nor N03-. There is no significant∞ロ叫.ationamong -.d.02， ，6.N20 and 

N03-(Figs 11-17， 11-18 and II-19). The res凶tssuggest均orationof 

sitE三sbetween minerarization and nitrification. Another possib1e 

reason for that is the fact found recen也ythat the spring water is a 

rnixture of two of different aquifer wa住吉shaving each small 

ca七chment.The idea has been revealed by the deviated rela位ve

abundance in volatile cluorina七:edorganic matters of each spring 

water [Miyazaki and Ogura， unpublished data]. 

The supersaturation of N20な)the atmospheric equili.bria was 

continuously observed irrespective of the significant seasonal 

fluctuation in water discharge. Because the wa七erdischarge changed 

as the amount of rainfall， this rnay be a reflection of aα:msiderab1y 

big size of the N20 pαコ11in the soil-groundwa恒 rsyst日nor a 

production of the gas during infil仕 ationof the recharge water as 

briefly mentioned in the previous sec也on.The annual discharge of 

N20 fromせ1esi七eJ19 was calculated at 2.4 kg N20-N for 1987 and 4.7 

kg N20-N for 1988， by summ江19up the products of .d.N20 and wa七er

discharge. Assuπti.ng廿1ata large proportion of N20 in groundwa七.erwas 

produced in the over1ying soil α)lumn， subsoil， or unsatura住~d layer 

then transported匂 せ1eaquifer， N20 charging ra匂 canbe estimated 

at 1.2 and 2.3 mg N20-N. yr1 for 1987 and 1988， by simply dividing 

the annual discharges with the catchment area of 2.0 km2 [Ogura and 

Morikawa， 1985]. When∞mpared with reported N20 emission from 

terrest工ialecosys匂~ to the atmosphere of 28-190 mg N20-N. yr1 

[Banin et al.， 1984] and emission from tempera回 forestsoils of 15-

240 rng N20-N. yr1 [Bowden et al.， 1990]，せ1echarg加 9ra七e

∞rrespond加 0.5-15毛.When the fact that soil∞vers less than one-

third of the catchment is taken in七o∞nsideration，the ratio 

increases by factor of three. Although the soil emission ra七e江1the 

J19 catchrnent was not deterrn加 ed凶 thisstudy， the工esultimplies 
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Figure ll-16 Periodical observations of ，6.N20， -.d.02， N03-

∞ncentrations (closed circles) and water discharges 

(vertical bars) at the spring J19 (NKM) [Ueda et alり

1991a]. Water temperature was quite constant at 15.6 :t 
0.2 "C. The change of water discharge α)rresponded to 

that in amount of rain fall. 
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that ground water may not be crucial but s口IIbe a significant 

時 servoirin the global N20 cycle. 

Whatever the mechanism of N20 production is，七hedegree of N 20 800 800 

accumulation in groundwater can be reロコgnizedむ)some ex住~nt as a 
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ABSTRACr -Nitrogen stable話otopera凶os(δ15N) of N20 and N03-in 

2 wells (J01， J02) and 6 natural springs (J19， J20， J21， J22， J23， 

J24) wa七:ersαコUectedin the wes包主rnpart of Tokyo were de住~rm江led by 

mass spectrome仕 Y to discuss the mechanisms producing the excess N20. 

δ15N values af the N20 from -5.8 to -21.3 %， were significan口y

lower than those of coe垣stentN03-， +3.8 to +8.3私. It is widely 

known that δ15N of groundwater N03-isαコmmonlyclose tcコthatof 

source nitrogen， on condi也onthat degrモ抱 of nitrate αコnsumptionis 

negligible in an aquifer. Because plenty of dissol ved 02 and low DOC 

な1these groundwa七.erssuggest strong inhibition of nitra七e

respira世ons(Chapter II)， theδ15N N03-must be nearly equal to 

せlatof source nitrogens. In that case， assumお19nitrtfication as a 

producing mechanism of N20， theδ15N di丘erencebetween N20 and N03-

is a result of a apparent鼠otopeeffect in N20 producti.on from 

ammonium. The 15N-depletions in N20 as comparedな)N03-in the 

studied groundwa七ersαコnsis区三ntwith the evidence that N 20 genera七ed

frorn nitri宣cationis highly depleted in 15N as cornpared to the 

substrate arnrnonium. The 6N20jN03-mole frac位。nsin these 

groundwaters do not αコntradictthe reported yield of N20 in pure 

cultu児 sof nitrify白 9 bacteria and field observations (CHapter II). 

工n derutri主cation，on the 0セherhand， the production of 15N-

depleted N20 is restricted only泊 theperiod when the N03-reduc口on

to N20 ove工whelmsthe further reduction of N20也 N2・Because

derutrification in natural en vironments恒 ndtcコbein quasi-s七eady

s七時e，and because of similar iso七opeeffects 註1both produc厄onand 

∞nsumption of the N20，δ15N in N20 from denitrifica位onis expected 

similar to that of the N03-. The depletions訂115N of the groundwa位三r

N20 mean minor∞ntribution of denitrification as a p工oductionrou回

of N20 accumulating in the present aquifers. 

Thus， nitrogen isotopic findings suggest nitrification to be a 

major mechanism produはngN20 supersaturated in仕1estudied 

groundwa回目.
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王王王-1_ 工NTl:ミ0 1:コ1JC三τ・王ON

Significant accumulations of N20 in soil solu位ons[Davidson and 

Fi四 stone，1988]，民氾pagewaters from different so斗 systems[DowdEill. 

et aL， 1979; l'位namiand Fukushi， 1984; Bowden and Bormann， 1986; 

Davidson and Swank， 1990， Ueda et a1..， 1991b]， spring waters [Ueda et 

a1.， 1991a; 1991b]， and aqu立ergroundwaters [Ronen et a1.， 1988; 

Smi仕1，1990; Smith et a1.， in p:ress; Ueda et a1.， 1991a; 1991b] have 

bel∞me known. These findings suggest signiEicant r叫 .eof groundwaters 

as one of reservoirs in the biogeochemical cycle of N20. 

In Chap包三r11， it has been suggested by the following evidenα2 

that nitrification is a most likely source for the excess N20 to the 

atmospheric equilibria in the studied groundwaters. (1) 6_N20jN03-

molar ratios overlap仕1ereported N20 yield for nitri宣ca也on.(2) 

Low DOC∞ncentra世onand oxygenated condi位onrnust inhibit an ae位ve

nitra回:respi日目ons.(3) No de恒 C旬bleNH4+ and N02-demonstrates 

lit口.epossibility of occur工-enceof dissimila匂 rynitrate四 duction.

Never仕leless，N20 Y理1dduring cultu:res of Nitn克おlfl10naseuropaea 

[Goreau et aL， 1980; Lipschul也 eta1..， 1981] were 50 variable 

obey訂19an oxygen availability that it d回 snot seem enough to 

identify nitrification as an dominant pathway of N20 production by 

せ1eparameter of 6_N20jNOr ratio alone. If N20回 世1eoxic 

groundwaters were produced in soil∞Ilumn andjor unsatura回 dzo:ne 

then rnoved to an underlying aquifer as discussed in Chapter II， N20 

production by 50il denitrif:i.cation is expected as well as by 

nitrif:i.cation. Al5O， even迂 thegroundwa住三rsappear to be well 

oxygena回 d，denitrifica位onin micro anaerobic sites of aquifer 

sediments cannot be ruled out. 

Stable isotope signatures may provide excellent inforrna世onto 

think about origins and behaviors of targeting compounds in natural 

environments as discussed江1Chapter 1. The nitrogen stable isoな)pe

study is∞nducted here. The objective is to determine the hypothesis 

derived from廿1echemical characterization of groundwatersせlatthe 

excess N20 with respect七othe atrnospheric equ出 briain the oxic 

groundwaters are ma江uyproduced by nitrification. 
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m-2_  r任 Z込TERエALS AND  r-ぞ[ETI-王ODS

豆亘旦P註旦g

Studies we工'econducted at 2 wells on the campus of the Faculty of 

Agriculture， Tokyo University of Agriculture and Technology， Fuchu， 

Tokyo (JOl， J02) and 6 springs (J19， J20， J21， J22， J23， J24) in the 

westem part of Tokyo. The sample identification is as presented臼1

Table II-1. Waters were∞Uected担 polyethyle:nebotロes(ca. 20 L 

in volume) after following rnanners. 

weU waters were taken from七apswhich enable us to ob回inraw 

waters before taatments with 50dium hypα::::hlorite. The water was 

江ltroduαョdto the bottom of the bottle by a polyethylene tube 

αコnnectedto the七ap.Sina the wells are daily used， only several 

minu回 S of discharge prior to the∞Uection was carried out. This 

period seemed adequa七eby monitoring the change in temperature and 

speci.ficαコnductanα三 ofthe e:丘luentwater. After allowing sufficient 

volume of water (usually almost half of the bo口ie∞ntent)to 

over包ow，the bot也ewas capped by a rubber stopper with no head 

spaα~. The stoppe.r was equipped with a sintered glass ball (50 mm 

o.d.， KINOSHITA RIKA KOGYO Co.，Ltd.)匂 fac口itategas dispersion 

du工ingextraction. Twenty mL of 10 M NaOH was added per each bo七tle

in the宣eldto prevent the microbial metabolism and gasification of 

bicarbonate ions. Some samples were poisoned as soon as they were 

brought back to the laboratnry. The bottles were stored at the rlαコm

temperature until extraction. 

1n case of the spring sites， water was pumped up by a por泊 ble

magne位cpump powered by an ellぽ丈ricbattery with a DCjAC invertor， 

and filled from the bo七tomof the bottle. He工-eafter，handling of 

samples are as same as for the weU waters. 

阻止rog~nlsotopζ担昼ysís in N20 

An outline of the measurement is shown in Fig. III-1. To extract 

disso1ved N20， the sample con旬加erwas connected in series to a 

sys昆 m∞mposedof a closed circula位online and a high vacuum瓦ne

(Fig. 1II-2). The circula也online had been previously filled with 

pure He gas (> 99.999毛)which had beE三nfurther purified by passing 
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Liq.N2 

Extraction of dissolved N20 from a sample water 
and its cryogenic CXJllecロon.

Chenucal α)n version of N 20 to N 2 
usmgαコpperas a reductant. 

Cryogenic purifica口onof N2・

Mass spectrometric analysis of 
15N/14N ratio in N2. 

Figure工n-1 Flow-chart of nitrogen isotopic 

analysis of N20江1groundwater. 

Water 
Sample 

Dryice Liq.N2 
Ethanol 

Gas 
Sample 

Fi.gure n工-2 System used to extract N20 

from a groundwater sample. 

. ー

the gas in a glass coil chilled with liquid nitrogen. By open訂19two 

of 3-wayα:>cks betw自主n the sample bot口.e and the system and 
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subsequently star世nga diaphragm pump installed in the system， about 

2 L of the sample water was firs也y pushed away from the top of the 

bottle and 工程cei.vedby a glass reservoir， which make a head space 江l

the sample bo七位e.Dissolved gases were stripped f工omthe wa匂三工 by 

ci.rcula百ngHe gas through the sin回目d glass balls in the sample 

bot世eand the glass reservoir. Helium flow rate was 3 L. ITUn-l. The 

s仕 ippinggas was washed by diluted H2S04 to elim訂1ateNH3・Water

vapor and carbon dioxide in the gas was removed by Drierite and 

Ascarite column， respectively. After further dehumifying the gas in a 

dry-ice ethanol α)ld trap， N20 was frozen out from the He car工ier註1

the series of two 9泊ss∞ilschilled with liquid ni柱。gen.Because 

decline of N 20 recovery was observed when. Molecular Sieve 5A was used 

as adsorber (data not shown)， which happened江1case that C02 and H20 

contaITUnations we工e signi主cant，no rnolecular sieve type adsorber was 

used for the N20 collection in this study. So that the systern used in 

this study is absolu住~y free from a risk ofおotopefracロona位onby 

using SQme adsorbe工句∞UectN20. 

Af恒三r4 hours ci.rculation of He gas， the two 9泊ssα)ilswer芭

包olatedfrom the extrac出 19sys七日nby tuロlinga 4-way valve. The He 

gas and trapped gases in liquid phase in the α)ils we工芭 fully 

evacuated under liquid nitrogen t，回nperature，then the cock匂 vacuurn

was cl.osed. Trapped N20 was expanded in the glassαコusby chang江19

the liquid nitrogen with a dry-ia ethanol slush. After waiting for 

several minutes， the N20 was cryogenically∞llected in a Pyrex 

ampoule which had been previously filled with 1 9 of porousα)pper 

(CUO) wires and been fully evacuated. The ampoule w部 pre-ignitedat 

550 oc for 3 hours to remove any organic∞mpounds. After ∞mplete 

αコUec世onof the αコndensablefraction， the ampoule was evacuated 

aga江1，then fl.ame-sealed. N20 was reduα三d to N2 by heating the 

ampoule in an electric oven. 

After graduallyα刃 11the ampoule to the r∞m temperatua in the 

oven， it was at七achedto the訂吐.etsystern of the mass spectrometer 

(HITACHI RMU-6R， Mitsubishi Kasei Ins世tuteof Life Sci.enas) by two 

of Cajon fittings with a s回inlesssteel b凶lows，廿1enevacuated仕1e
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air臼1a dead space. Af住三rfull chilling of the ampoule with liquid 

ni位 。gen，N2 was expanded in an inlet system切 thecylinder for 

sample by breaking the ampoule. By∞ntrolling the mercu工y piston. 

The sample pressure was adjusted to that of the児島renceside w hich 

had b田 nfi且edwi廿1S国 ndard.Commercial回 nkN2 was used as the 

running standard， which was calibrated with the atmospheric nitrogE~n 

as the p凶 narystandard. The nitrogen iso匂 picabundances were 

expressed in terms of δ15N (私).Its definition was mentioned in 

Chapter 1. 

盟主主Qg~nlso匂pic Analvsis in NOr 

δ15N values in NOr were measured after the method of Wada and 

Hattori [1976]. The preparation involv白: (1)∞ndensa恒.on of N03-by 

dis口llaロ.on under basic ∞ndition， (2) Kjeldahl reducti.on of N03一切

NH3， (3) s七回m dis口llationof the NH3 in匂 dilua H2S04 むo form 

(NH4)2S04， (4) oxidation of the ammonium by KOBr to ob回inN2・

Wa七:er∞ntaining2 to 3 mg of nitrogen as N03-was sampled from 

the 20 L tank which had been used for the N20 extraction. The water 

was first reduced I'回 volume回 severalrrul且literin a glass beaker 

by evaporating it on an electric hot pla七e at 80 "(;. Sinα= the water 

was poisoned with KOH solution at the位meof sampling， NH4 + 

orig訂1ally∞ntained泊 a sample and derived from hydrolysis of 

labile organic ma七回rsshould escape from 廿1esample during the 

evaporation. 

The sample was putな1a Kjeldahl fl.ask， then 2 9 of Devarda's 

alloy was added. Immediately after adding 20 mL of 10 M KOH， N03-

began to be red uced t(コNH3，then the generated NH3 was su坦 m-

dおtilledinto the receiving vessel con回臼孔ng10 mL of 0.05 M H2S04・

Approxima回 ly100 mL of工BCQveredsolution， acid ammonium su立a匝，

was concent工a七ed凶 5mL by evaporating it with mild heat unde工

vacuum cx>ndition. 

The condensed acid (NH4)2S04 solution was 仕組sfer目 d in one side 

of the Ritt臼 lberg's reacting∞ntainer with a vacuum cock 

[Ri仕:enberg，1946]. The other side of the ampoule was filled with 

KOBr and KOH. Theαコnta江1erwas a七回chedなコ thevacuum system， then 

degassed any ambient air from the two solutions， by freezing， 

67 

evacuating， thawing， then evacuating aga江1.After the confirmation of 

∞mplete degassing by a Pirany gauge， the container was detached from 

the vacuum system. By rru氾ngthe two solutions， NH4+ was oxidized to 

N2 after the following reaction. 

2 NH3 + 3 KOBr→ 3 KBr + 3 H20 + N2 

Small amount of N20 isα:r-produαョd during the above reac位on.Because 

of the small nitrogenおotopefrac世ona位onin this branch泊 g

reacロonwhen the reac回ntNH4+ is su:fficient， H20 and N20 produced 

wea frozen out in a liquid nitrogenαコ，ldtrap in this study. The 

zモmaininggas was further purified by circulating it through the 

furnaces packed with Cu and CuO which were heated at 400 oc and 600 

"(;， respec且vely，using a mer，αlry Tα=plar pump for 15 rruI1utes. 

Oxygen， carbon monoxide， organic gases， and any gasec:コusnitrogen 

oxides wasαコnvertedto C02 or Nz， then C02 was frozen out訂1the 

liquid nitrogen∞，ld trap江lS回lledin the sys包却し F訂lally，N2 gas 

wasαコmpressed江1an evacuau三d Pyrex ampoule by a mercucy Toeplar 

pump and flame-sealed. The measurement and notation of nitrogen 

isotope ratio are as same as stated in the p工evioussection. The 

analy也calerror is wi廿註n :t 0.2 %'. 
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II王-3_ RESULT S  .AN D  DISCUSS王ON

担昼yt;;:1calPreci.sion of Ni位。ggnIso加 p主主omPQg柱。n 泊 N20

Both quan也tative住-eatmentof an aimed ∞mpound and 

performance of s七oichiometricreaction in chemical preparations are 

訂ldispensab1efor a preci.ous analysis of stab1e也0七operatio. 1n the 

present method， N20 was reduced七oN2 by reacting it with me七al

∞pper (CUO) in a sealed Pyrex glass ampoule at 400 oc江1place of 

the method of Yoshida [1984] who car工iedout the conversion江1a 

vacuum sys七emby circula位ngthe gas through Cu (400 "C) and CuO (700 

"C) fumaces by a mercury Toep1ar pump. The arrangement aimed at 

simplifying the system and saving time by multip1e treatrnent of 

samp1es. 

Fig 111-3 illustrates the也 mperaturedependence of N2 yields 

when 10μmo1es of N20 were heated with 500 mg of Cu at given 

包 mperaturesfor 3 hours， thenαJOled ovemight七othe room 

七回perature.One hundred per偲 ntN2 yield was obtained in case that 

the temperatures were higherせlan300 oc. Two of small illustrations 

ctearly demonstrate that the conditionむoheat N20 with 1 9 of Cu at 

400 "C 主コr3 hours followed by ovemight gradual cαコlingensure 

stoichiomet工iccon version of N20 to N 2 when an江U位，alN20詰 less

than 100μmoles. There is no sys包 maticdi立:erenceinδ15N analyses 

between the sealed-tube method in this study and the dynamic 

∞nversion (Tab1e 111-1)， which reveals no significant国otopeeffect 

泊 thepreparaロon臼1this study. The reproducibility of measuring 

δ15N in N20 was ::t: 0.1 "ら.

Efficiency of N 20 extrac位onfrom a water sample was de七ermined噌

Fig. II工-4shows a typical change of dissolved N20 concentration in a 

sample wa七erwith time of the gas extrac恒on.Concentra位。nswere 

measured by the purge-trap-GC method that was described in Chapter 

II. After 2 hours of ci工culatingHe gas， N20 in sample wa七erwas 

below the de七ectionlimit of 0.1 nM. S江凶lar也me∞urseswere 

ob回ined江1other runs. For groundwater samples， 4-6 hours extracb.on 

was performed七omake sure the one hundred percent collec也onof N20. 

Possible nitrogen isotopic frac口onaロοnduring the extrac口on

was七es七:ed.Pure tank N20 with known δ15N value was spiked七othe 
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Figure ill-3 Temperature dependence of the efficiency of 

N20→ N2工-eactionwith αコpperas a rちductant.About 10 

μmoles of N20 were measured volumetrically with p工-eci.sion

of 0.1μL (several nano-moles)， then sealed in an ampoule 

with 500 mg of αコpperwires. After 3 hours heat of the 

samples at given temperatureB， volumes of the produced N2 

wea measured manometrically with the same prec:i.sion for 

N20. Two of small boxes respec位velyillustrate， a)世me

αコur，αョofthe reaction when approx. 10μmoles of N20 with 

69 

500 mg of ∞pper wiers wea heated at 400 "C， and b) approx. 

100μmoles of N20 with 0， 0.25， 0.50， 1.0， 2.0 g of ∞pper 

wiers were heated at 400 oc for 3 hours. 
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Compartson of the Nitrogen Stable Isotope Ratio江1

8tandard N20 after the Dynarruc and Sealed-tube 

Reaction Methods 

TABLE III-1 

δ15N 
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Dynamic reaction [Yoshida， 1984] 

1) N20 was d.rculated over a heated copper 
(400 "C) and cuprous oxide (700 "C， Pt 
catalyst added) using Tαさplerpump in a 
system江1 a vacuum立nefor an hour. 
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[This study] 

1) N20 with porus copper wires sealed in a 
Pyrex glass ampoule was heated江1 an 
elE記位icoven (400 nC) for thr自主 hours，
then gradually αJOled to the rαコm
temperature. 

Sealed-tube reaction B. 

0.1 %， 3) +2.5 :t 
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Ult主a pure grade N20 (> 99.999宅)αコmpressedin a commerd.al 
tank (MATHESON Co.Ltd.) was used in the both runs. The 
standard tank is owned by Dr. T. Yosh江lari，Wadsworth Center 
for Laboratories and Research， New York State Department of 
Health and State University of New York at Albany. 

• 
4 

Figure工II-4 Change of N20α::>nα::mtration in a sample water with 

tirne of extraction. Concentrations we工'8 measured by the 

purge and trap gas chromatlコgraphydescribed in Chap七erII. 

N20 was not detected through 1.5 to 4 hours after the start 

of extraction. Sirrular工'8sultswere obtained in other runs. 
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of Period 

。。Trip1icate measurements we工ecar工iedout by Dr. M. Minagawa， 
Mitsubishi Kasei Ins也tuteof Life Sd.ences. T he data we工e
kindly provided by Dr. T. Yoshおlart.

Measurernents (n=7) in this study. 

2 

3 
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systemせHuugha rubber septum using gas tight syringe， then δ15N of 

the∞Uected N20 was determined.δ15N values of the回nkN20 and 

re∞vered N20 were 1.8 :t 0.2 %， (mean :t SD: n==5) and 2.2 :!: 0.2 !%ら

(n=2)， respectively. 

Reproducibility in measuringδ15N of N20 in natural samples were 

tested with the J19 spring wa位三rsamples collec七ed担 different

bottles on February 23， 1989. Thr，自主 runsgave the δ15N of -13.0 :t 

0.5 %， (n==3). Although the δ15N variety of N 20 in the di丘erent

botロ.esmay acα)unt par也yfor the difference in measurements， the 

anaほ世calpreci.sion of :t 0.5 %， is acceptable. 
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TABLE 111-2 Nitrogen Stable 1sotope Ratios of Nitrous Oxide and 

Nitrate in Groundwate工sat the Western Part of Tokyo 

Code 

J01 

J02 
盟主rog~n1so七QP~ Ratios of N20 and NOr in Groundwaters 

Results are summarized in Table III-2.δ 15N values of N20 ranged 

from -5.8 and -21.3為. Such nitrogen isotopically lighter N20 had 

never been observed in natural en VIronments. On the other hand， the 

δ15N of NOr， +3.6七o+8.3 %" are in the range which had been 

commonly observed in other studies on ground wa七ers.Periodical 

observation at the site J19， sp工ingsi七eNKM， between February and 

July江11989 gave the δ15N val.ues for N20 and NOr at -13.0 :t 0.7 

%0 and +5.5士 0.5私 (mean:t SD)， respectively. Because the 

deviations a工Eα)mparable七othe analytical errors， seasonal 

fl.uctuation of nit工ugenむ:;0セoperatios of N20 and N03-are probably 

small in the studied groundwa七.ers.Thus， these groundwa七erN20 are 

charac七e工izedby its much lower δ15N values than those of the 

α氾訂s匝 ntN03-. 

J19 

J20 

J21 

J22 

J23 
produci!!g Mechanisms of G工uundwa七erN20 

Nitrogen isotopic composition of groundwa七erN03-is typically 

dose七othat of the source nitrogen on condition that NOr 

consumption in an aquifer by denitrification and dissimila匂 ry

nitrate reduction is insignificant like the present groundwa七ers

[Krei也.er，1975; Heaton， 1986， Mario七百I 1988]. Srnall nit工ogen

isotopic discrimina口_onbetween the source nitrogen and the final 

product NOr in natural environments can be explained by α)nsidering 

following facts; (1) natural nitrifica位onac也、rity七ends七obe 

deterrnined by the ammonium availability， (2) the rate of nit工北e

J24 +8.3 14.1 

p
d
h
 

2/23/89 

4/24/89 

6/20/89 

2/23/89 

4/24/89 

6/20/89 

2/13/89 

4/17/89 

5/15/89 

6/12/89 

6/20/89 

7/18/89 

1/13/89 

4/17/89 

71 1/89 

4/17/89 

71 1/89 

71 1/89 

71 1/89 

1/13/89 

N20 
concδ15N 
(nM) (%0) 

423 -10.6 

495 -13.8 

393 -13.8 

1031 

836 

676 

286 

249 

340 

297 

297 

318 

575 

318 

336 

115 

364 

471 

399 

1493 

-21.3 

-19.9 

-19.7 

-12.5 

-12.4 

-12.9 

-14.1 

-13.3 

-12.7 

-17.0 

-19.1 

-17.4 

-15.9 

-18.1 

-11.3 

-16.8 

-5.8 

N03-
concδ 15N 
(μM) (私)

Discrirnination 1 

~δ15N 

(%0 ) 

17.2 561 +6.6 

580 ND2 

442 +6.0 

234 

218 

ND 

勺
J

A

U

A

Q

U

守よ

4a

8
3
3
3
D
n
o
 

5

5

5

5

N

4

 

815 

712 

561 

663 

682 

622 

418 

414 

19.8 

+4.4 

+3.8 

ND 

25.7 

23.7 

+6.0 

+4.9 

+6.3 

+5.2 

+5.6 

+5.6 

18.5 

17.3 

19.2 

19.3 

18.9 

18.9 

+6.0 

+6.9 

ND 

23.0 

26.0 

+7.3 23.2 

+3.6 17.4 

ND 

1 Differena inδ15N between N20 and N03-

2 Not dete工mined
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oxida位onis gene工a且yrnuch faster than that of the ox:i.dation of 

arnrnoniurn. 80 that， generally speaking， one can identify the source 

nitrogen of nitraむein a denitrification-fr，偲 aquiferbased on its 

δ15N analysis; chemical fer世1izer，-4 -+4為， soil organic 

rna仕ers，+4一+10%.， domestic sewage or animal rnanure， +10一+20私

[Krei也.er，1975; Heaton， 1986; Mario出， 1988]. Concerning the 

studied g工Dundwaters，because rnajority of the catchrnents is offered 

句 E回 iden口aldistric凶， source∞ntribution of agricultural 

prac目cesis probably srnall. As referred切 thepa仕:ernof land usagE~ 

and the nitrogen isotopic categorization of nitrate， these 

groundwater N03-derive 1argely from oxidation of soil organic 

rnatters which is the rruxture of litters and domes包csewages from 

sep位ctanks previously used in thお area[Ogura and Yoshida， 1981J. 

That is suggested by the high chlorine∞ncentra也onsas well (see 

Appendix 1). 

Ac∞rding to the 6_N20/N03-mo泊rra也osin groundwaters (see 

Chapter II)， nitrifica位onis suggested to be a major route of the 

N20 production. On the assumption that N20 is produced mainly by 

nitrification， the nitrogen isotopic disc工iminationsbetween N20 and 

N03-are comparable to the difference江1δ15Nbetween N20 and 

nitrified nitrogen. A laboratory incuba也onof Nitros{フif1l0naseuropaea 

showed that the N20 from nitri主ca世onis extremely depleted in 15N 

[Yoshida， 1988]. He reported thatδ 15N of N20 was lower than a 

substrate NH4+ by 60私 anda end-product N02-by 30 %.， 

respec世vely.Concerning the soi1 nitrification， small apparent 

IUtrogen isotopic fractionation between N02-and N03-is expected 

because N02-is further oxidized to N03-immed日tely after its 

producロon，which is revealed byぜ1esmall N02-pαコ，1in undisturbed 

natura1 environments. These facts suggest the nitrogen isotopic 

discri.mination between the source nitrogen and N20臼1nitrification 

should be a工Dund30 %'. 8ignificant dep注目。nsof 15N in N20 as 

compar芭dto NOr in the groundwaters are consistent with the results 

of laboratory experiments. However， the degree of 15N-dep1e位onof 

N20 to N03-in the groundwaters， 14.0 to 26.0私， were srnaller than 

the Yoshida's results. The less discrimina也onsin the ground waters 

may be explained as considering the faet that a magnitude of 
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bio1ogical isotope fractiona柱。nis ordinary smaller in natural 

envi工onmentsthan that is obtained by a laboratory experiment because 

of a substra包三五π吐ta位on江1nature. Small apparent nitrogen isotopic 

discriminations are also reported in case of groundwater 

denitrifica柱。n [Mario仕j et al.， 1988; Smith and Du任， 1988， 

Bottcher et al.， 1990; Smith， 1990; Wilson， 1990; Smith et a1り m
press]. 

The less discrtmina厄onin nitrogen国otopesduring N20 

produc世onsfrom nitrification were also observed in other 

environments. In the ox:i.c 1ayers of eastern Tropical North Pacifi.c 

Ocean， approximateδ15N values of the net produced N20 is predicted 

between -5 and -20 %. [Wada et al.， 1991]， based on the mean 

observations of percent satu日位onof dissolved N20 as 110-120毛，

δ15N in the dissolved N20 as +5.2私， and 0 15N in the atmospheric 

N20 as +8.1 %， [Yoshida， 1984; Yoshida et al.， 1984]. δ15N values of 

NH4+ and N03-therein were repo式:edas 6.5-7.5払[Miyakeand Wada， 

1967] and 4.8-7.5私[Miyakeand Wada， 1967; Cline and Kaplan. 1975; 

Liu and Kaplan， 1989]，四spectively.At the 21 rn depth of the 

rnesotrophic a1pine Lake Kizaki， Japan， where nitrificati.on proc支担ded

under low dissolved oxygenαコncentration，δ15Nof dissolved N20 was 

-6.0私， whereas廿10seof NH4+ and N03-were +0.2私 [Wadaet al.， 

1991]. These two find江19Sstrongly suggest that the nitrogen isotopic 

discrimination江1N20 produc厄onby nitrification should be smaller 

訂1natura1 envi工unmentsthan that observed in laboratory expe工加ents.

Therefo工e，the assumption that a large part of the groundwater N20 

deri ves from nitrification is not unreasonable by the nit工Dgens七able

おotopicview point. 

立 anaqu立erdenitrification occurs， the 15N content in 

rema江辻ngN03-should increase due to a favorable reduction of 

isotopically lighter nitrate [Mario七回 et al.， 1988; Bottcher et a1.， 

1990; Smith， 1990; Fustec et alηSrnith et alり inpressJ. Conc担口出g

the studied groundwaters， no 15N en工ichedN03-was observed， which 

consおtswith the αコnclusionbased on the chemical characteris位csof 

the groundwaters that N03-reduction by deni包ificati.onand 

dissimilatory nitrate reduc位onare insigni:ficant in the studied 

aquifers. 
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Even though low denitri.fication activity are expected泊 the

reduction of only a small fraction of the N03-pαコl

is enoughな)sustain the N 20 Pαコilin surveyed groundwaters. 1t should 

present aqu立'ers，

be nO'包ヨd that 15N-deple回 d N20 as compared to the substrate NOr is 

N20 

1.0 produced from an early stage of denitrifica'恒onbecause of 

predonunantly governing by the isotope fractionation relating to the 

N20 produc口on.After the N20 accumu1ation induce its further 。δ15N of N20 depends upon the aduction to N2 in denitri.fication， the 

dynamics and the kinetic国otopeeffect in the produc口onand 

since nitrogenおotopefrac世ona恒on

(NOr→ 

consumption of N20. Namely， 

20 N20) and nitrous oxide factors dur江19reductions of nitrate 

N2) are∞mparable order of magnitude as summarized in Table 一ー参(N20 

10 
0 
0 

0 

Z 
ぱ3

も

δ15N of N 20 should be∞me close to that of NOr as the 

consumption of N20 pαコ11.Such phenomena were revealed by Wada et a1. 

[1991] who traced δ15N泊 N20during the anaerobic incubation of 

1-6， 

。
natural soils under the presence of suffi.cient nitrate in excess 

-10 
(Fig. lli-5). The 15N-depleted N20 was initially observed during the 

-20 
period of high level of N20 accumulation when the N20 production 

rates we工B much higher than those of the N2 production rates. 

the apparent nitrogen泊otopicdiscrimina恒onbetween N20 The工Bafter，

30 

、、I''s
 

uvd a
 

A
U
 

f--
、

ハυ
円
〆

ι

門
Ho

 

-
-
a
L
 a

 

h
u
 

u
 

F
L
 n

 

10 。and NOr presented as a shaded area became smaller as a size of N20 

δ15N of N20 was pool decreased. At the end of the incubation， 

Figure m -4 Changes inδ15N of N20 (open ci.rdes) and 

chemical variables (N03-: closed triangles， N2: dosed 

cirdes) during anaerobic soil 泊 cubation，f工ロm

[1991] with par也almodification. A shaded ar-ea p工BSentsan 

extent of apparent nitrogen isobコpicdiscrimina位onbetwee.n 

N20 and N03-. The large discrimina世onappeaad at the 

紅u世alstage of incuba位on，when a remarkable accumula口on

of N20 was observed. As the N20 production decreased， in 

other words the denitrification r-eaction closed to the 

steady state， the discrimina柱。n became smaller， and δ15N 

of N20 was nearly equal to that of N03-at the end of the 

incuba也on.The results clearly demonstrate that 15N-

depleむさd N20 asαコmpaadto the N03-is produced by 

denitrification only in the period when N20 production rate 

exceeds that of N2・

w hile the r-eaction had not yet 

achieved the steady state. The results clearly demons七回国 thatthe 

similar to that of the substrate N03-， 

15N-depleted N20 than N03-is accumulate only江1the early stage of 

Wada et a1. 
and that the N20 from a quasi-steady state 

denitrification gi ves a similar nitrogen isotope ratio to the 

substrate N03-. 

denitrification， 

Because of well oxygenations of the studied ground waters， 

anaerobic micro sites such as interior of soil aggregates or in 

cracks of sands and gravels in aquifers are probably the sites of 

which will 

result in a steady-state denitrifica世onwhere most N20 produced rnust 

consideration， 

1988]. On the basis of above 

δ15N of N20 should be close to the substrate 

denitrifying 

activity must be determined by an availability of nitra旬，

立 itoccurred. 1n such a condition， 

be further reduced to N2 [Mariot註，

the 

denitrifica註on，
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N03-. The significant nitrogen isotope disc工台国nationsbetwaョn N20 

and N03ーな1the studied grロundwatersthus suggest minor contribu世on

of N20 producti.on from the steady-s回 tedenit:ri宣ca恒on.

By determining natural abundances of nitrogen isotopes of N20 and 

N03-in this chapter and chemical αコmpositionsof the groundwaむersin 

Chap七erII， nitrification is concluded to be a predom江1antmechanism 

of N20 producti.on. Further study is awaited tlコevaluatea possible 

contribution of N20 produced by the early-stage denitri.fi.ca恒onto 

the oxic groundwater pαコll.

〈三E王.A.P官:"1三E司t 王、r

OR工G 工N OF  N 工TROUS OX工DE

工N OX工C GROUND"WATERS:  

N 工TROGEN A N D  O XYGEN  

工SOTOP工C C HARACTER工ZAT工ON

ABSTRAC'1:- Analy世calprocedure七o de七ermineboth nitrogen and 

oxygen stable iso七opicαコmposi泊onsin N20 has been developed. The 

new七:echniqueincludes N20 pu工ilicationby means of gas 
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chromatography and chemical conversion of N20 to N2 and C02 us訂19a 

graphitic carbon fo斗edwith gold as a 工Bductant.δ15Nof the N2 and 

δ180 of the C02 are measured by mass spectrome仕 y.Stable iso匂 pic

charac七eriza口onof groundwater N20 was carried out after this method 

七oα)nfirmthe concl.usion of Chap七ers11 and III that N20江1an 

oxygenated groundwater origina住活 largelyfrom nitrilica'世on.

Concem江1929 groundwa七:ersin New York Sta七e，δ15Nand δ180 

values in dissolved N20 were -2.4 to -32.0 %， and +30.8 to +41.6 %" 

respec目vely.For 14 Japanese groundwa七ers，δ15Nand δ180 of N20 

were -28.4 to +2.3 %， and +22.0 to +50.4私， respec目vely.The less 

con回ntsof 15N in N 20 as compa工-ed to that of the α疋 氾S匂三ntNOT in 

oxic groundwaters as a工-esultof Chap七.erIII was∞n主rmedagain in 

the present observation. The lowest δ180 value was measured with a 

seepage wa住笠 N20 from a cropp江19field， whereas the highest one with 

a shallow groundwa住吉rα)lor芭d b工Dwndue to humic substance. When 

excepting these two distinct由 民s，the δ180 values give smaller 

variationせ1anδ15N.The δ180 of N20 are higher than that reported 

for N03-in aerobic groundwaters， +3 to +10弘. The 9工DundwaterN20 

can be thus己0匂 pica且y charac七erizedby thei工 15N-depletion and 

180-enrichment asαコmparedtxコtheα::>e記s民主ntN03-. 

There was noαコncur工Bntenrichment of 15N and 180 in the 

groundwater N20， which means lack of significant modification of the 

stable国otopecompositions in these groundwa七erN20 through isotopic 

fractionation during N20ロコnsump口on.The 180-enrichment of N20 than 

NOT∞ntradicts凶 thenitrogen isotope fractionation of N 20 

production by denitrification. Thus nitrification has been α)ncl.uded 

to be a predominant mechanism ro de七erminethe iso七opic∞mposition

of supersatura回 d N20 in the ni七日七e∞n七aminatedaerobic 

groundwa七ers.
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玉、T-1_ 工NTRODU C T I O N

Through Chapters II and III， it has beenαコndudedthat so立

nitrificati.on is probably a major mechanism produci.ng N20 which is 

supersaturated in oxygenated groundwatE主主s.The view is suggested by 

the following three findings. The first is the agreement of molar 

fractions of .6.N20 to N03一江1the groundwaters with the工-epor甘さdN20 

yield during laboratory incuba也onof nitrifying bacteria and fi.eld 

experiments with various type of田 lils(Fig. 11-5). The se∞nd 

argument is the signi宣cantdeple世onof 15N in N20 to the 

αJeXistent N03-， which isα)nsistent with the cultu工-eof 

NitroSl.フmonaseuropaea [Yoshida， 1989]. Chemica1 propernes among the 

groundwaters， plenty of dissol ved oxygen and little organic carbon， 

are the third basis sugges仕ngst工Dnginhibi世onof nitrate 

respi工ationsin the aquifers (Table 11-4 and Table 11-5). 

Yet， a possibleαコntributionof N20 produc世onfrom 

denit工ificati.onon a pαコl江1the oxic groundwaters cannot be ruled 

out. Firsじ .6.N20jN03-molar ra也osvary over two order of 

magnitude， then the agreement of observations with the published 

ranges may be not enough to identify nitri宣ca位onas an only souroe 

of the groundwater N20. Second， accumulation of 15N-depleted N20 was 

observed in the ear1y s七ageof denit工ifica位onwhen a produc位。nof 

N20 from N03-overwhelms a reduction of N20 to N2 [Wada et alり

1991]. Considering 50立∞，lumnas a major site of N20 produc位。n，

such type of denitrification with nitrogen isotopically lighter N20 

may happen immediate1.y after a rainfall which should make soil 

column anaerobic temporarily. Also， even迂 abulk groundwater seems 

well oxygenated， denitrifi.cation may prcxヨ担din rnicro anaerobic 

sites like cracks or slits of sands and gravels国 theaquifers 

[Mario性iet alり 1988].

An appropriate approach that may help elucidate producing 

mechanism of N 20 is to deterrnine its oxygen stable isotope ratio 

together with nitrogen one. Wahlen and Yoshinari (1985] and Yoshinari 

and Wahlen [1985] firs吐ymeasured δ180 of N20 by IR-spectral 

method. Their data wiせ1large deviati.on among various environments 

exhibit the power of oxygen isotopic signature to be used in the 

ー
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source identifica位onof N20. Recently， Kim and Craig [1990] 

performed nitrogen and oxygen isotopic characteriza也onof the 

oceanic N20 by means of mass spectrometry. While their study must be 

criticized because of lack of measuring N20 concentration， the工恐喝

no doubt that such a twoー出otopiccharacterization must be the next 

stage of isotope study of N20 [Zafiriou， 1990]. 

Even though， requirements of big si.ze N20 as much as 0.6 cc (STP) 

泊 Wahlenand Yoshinari [1985] and 1.0 cc (STP)担Kimand Craig 

[1990] for their δ180 measurements were an obstade to measure 

numbers of samples in natural envi工unments.One of the objecti ves in 

this chapter is匂 developa new method that enables us to measur泡

δ180 with a small amount of N20， less than 0.05 cc (STP). The goal 

is to re-examine the source mechanisms of the groundwater N20 based 

on its two-isotope charac包丘zation.

The methodological development and the survey of the New York 

State groundwaters are the fruits of cαコpera世vework with Dr. T. 

Yoshinari， New York State Department of Health and State University 

of New York at Albany. 



82 

王、T-2_ r-任ZミT:E三Eミ工A.LS A.N D  r-任正三TI王ODS

豆呈mp~e Identifi.cation 

Groundwa七ersamples were∞nected from the central part of Japan 

and New York S七ate，USA. Serial code of each ploセisthe same that 

listed in Table II-1 and Table 11-2， 工芭spec世vely. Collecti.on of 

groundwater and extraction of N20 from the sample were almost same as 

仕10sedescribed in Chap七erIII. 

主旦ヨ!yticalMethods 

A. N20 

δ15N and δ180 of N20 were measured by mass spectrometry after 

chemically converting the gas to N2 and C02， respectively. An ou口ine

of the analysis is shown as Fig. IV-l. The conversion of N20七oN2 

and C02 was performed by工eactingthe N20 with a hot graphi七ecarbon 

rod (CO) after the next formula. 

Au cat. 

N20 + C→ N2 + 1/2 C02 

Kim and Craig [1990] carried out仕1esimilar∞nversion. They chose a 

platinum wire coiled around a graphite rod as a catalyst， and 

performed the reaction by circulating the gas in a chamber αコntaiping

the rod heated at 700 oc註lstalled註1a vacuum system using a Tα~plar 

pump. CO produced due to high reaction temperature must be e1iminated 

forδ15N measurernents in their method. In this study， on the 

contrary， gold was used as the catalyst to reduce the temperature of 

reaction， and the reactヰonwas achieved in a sealed quartz ampoule. 

The工easonfor the choice of a gold catalyst is its unique character 

to absorb atomic oxygen (0) then release molecular oxygen (02). This 

property helps C02 genera也.onfrom N20 without CO forma世on，which 

results in an oxygen isotope fractionation and interference of δl5N 

measurement because of the equal rnolecular weight of CO to N2. Since 

the sealed-tube method dα~ not require special apparatus for the gas 

circulation， the arrangements also achieve multiple sample 

treatments. 

Extraction of dissol ved N20 from a 
sarnple water and its cryogeruc 

αコnection.

C02 removal from the condensable 
fraction by soda lime立1 vacuα 

Cryogenic dehumidification of the 
collected fraction主主 vacuα

l-ーだd泊 anam叫 e I 

「Lschm…ap比 一一回c
purification of N20. 

[ S旬開din an ampoω | 

Chemical αコnversionof the N20 to N2 and C02 I 
using graphi回 asa reductant. I 

Cryogenic separation of the 
produced N2 and C02・

[min an ampo由 N2 in an ampoule 

15N/14N ra也oanalysis 

Figure IV-l Flow-chart of nit工ogenand oxygen stable 

isotopic analyses of N20 in a groundwater. 
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Two vacuum systems with minor differences from each other were 

used for the prepara世on.One (TY一江ne)is owned by Dr. T. Yosh釦 ari

that is set口.edin the Wadsworth Center for Laboratories and 

Research， New York State Department of Health at Albany， NY. The 

other (SU-line) belongs to the author in the Laboratories for Soil 

and Aquatic Environmental Sci.enas， Faculty of Agriculture， Tokyo 

University of Agriculture and Technology at Fuchu， Tokyo (SU-line). 

Fig. IV -2 shows schema位cdiagram of the TY-line and the SU-line. 

Sina the TY-line has a 9αコdability to measure volume of micro-liter 

gas sample manometo工ically，the prepar廿19method was developed using 

the TY -line. 

Operations of the system are as follows. A Pyrex 9泊ssarnpoule (6 

mm o.d.) con回江1inggas sample was attached to an江uetof the 1ine 

using Cajon fitting equipped with sta訂llessst田 1bellows. After 

full y evacuated the line to the訂uetpart， an U -shaped trap was 

submerged in a liquid nitrogen. As s∞n as the boiling of the liquid 

nitrogen ceased， the ampoule was cracked at the bellows by hand， then 

廿1esample was∞且ectedinせ1eU-trap. Wai位ngseveral minutes for 

the complete transfer， the trap was f:illed with a helium gas. The 

samp1e was expanded in the trap by replaci.ng liquid nitrogen with dry 

ia-ethanol slush， and subsequently introduad to a gas chromatograph 

by turning a 4-way switching valve. A TCD-gas chromaな)graphwith an 

amplifier equipped with a 5 m 10ng Porapack Q (80/100 mesh) stainless 

steel column was used for the fracti.onation of the N20. Temperatures 

for the detector and the column ar芭 maintainedat 150 oc and 25 oc 
(r∞m temperature)， respecti.vely. Bridge current was 120 mA. Pure He 

(> 99.999宅)was used for the carrier 9話 afterpassing it through a 

gas purifier (Mo1ecular Sieve 5A) at a flow rate of 20 mL・min-1.A 

typical TCD-gas ch工umatograrnwas presenむedas Fig. IV-3. 

After ven世ngC02 fraction through mercury p1ug to prevent a 

∞unter flow of the ambient air， the N20 fraction was introduced凶 a

glass coil in a liquid nitrogen bath which had previously been 

evacuated and subsequently filled with the helium， by open江19cock A 

and B then cIos泊 9c∞k C. Because almost all C02 in a sarnpleαコuld

be eliminated by a soda-lime trap under vacuum condition， no C02 peak 

usually appeared in the chromatogram. The purtfied N20 was f工'Ozenout 

85 

He 

Vent一一一

He 

Vent 

Figure IV-2 Schernatic diagram of systl臼 nsused to purify N 20 by 

means of gas chrorna仕)graphy.Major di丘erencesbetween the 

two systems， TY-line (above) and SU-line (below)， are (1) a 

turbo molecular pump is used as a seαコndarypump in the TY-

line， whe工easa mercury di丘usionpump with a liquid 

ni位。gen∞，ldtrap in the SU-line， (2) ability of TY-line to 

measureμ-liter volume of gas. 

Abbrモviations:RP-rotary pump; MT-molecular turbo pump; DP-

rnercury diffusion pump; TG-thermistor gauge; PG-Penig gauge; 

TD-transducer; GC-gas chromatography; PQ-porapack Q; TCD-

thermal αコnductivitydetector; LN-liquid nitrogen. 

He 
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from helium car:rier in the chilled glぉ s∞1Il...l¥fter∞nfirmati.on of 

full αコ且ectionof the N 20 fraction by watching ch工Drnatograrn，the 

cocks A， B， and C were backed句 theirortginal positi.ons. The coil 

was fully evacuated at liquid nitrogen ternperature. By changing a 

liquid nit工ugenwith a dry ia-ethanol slush， N20 was allowed to 

. ー

expand in the coil and subsequen位y collected in the U -shaped trap by 

ch立且ngit with a liquid nitrogen. In case using TY-line， NzO was 

rneasured its volurne at the r∞rn ternperature (25 OC) by an elect:ric 

rnanorneter (Va1idyne， CD233). The sys回 m enable us to rneasu:re the 

sarnple size within the precision of ::!:: 0.1μL. 

The purtfied N 20 was cryogenically transferred江ltoa pre-

cornbusted quartz tube (600 oc for 5 hours) containing a graphite 

carbon rod (2 mm  o.d. x 13 mm) foiled with gold which had been 

previously ignited at 800 "c for 20 minutes， then the tube was flarnE= 

sealed (Fig. IV-4). The ac也vaロonallows elimina世onof impurtti.es 

and a vacuurn evaporation of Au on the graphite's surfaa. Convers:i.on 

of the N20 to N2 and C02 was perforrned by hea厄ngthe arnpoule at 450 

"c for 24 hours江1an elect工icoven工Ollowedby an overnight gradual 

αxコlling.

After c工yogenicallyseparating N2 and C02，δ15N andδ 180 were 

deterrnined by mass spectrometry. For US samples， rneasurements wE~re 

performed with FINIGAN MA T Del回一S ra也o-massspectrometer equipped 

with rnicro oold-宣ngersat The Ecosys回 m Center， Marine Biological 

Laboratory， WαコdsHole， Massachusetts. FINIGAN MAT 251 or HITACHI 

RMU-6R rati.o-rnass spectrometers， both belong to Mitsubishi Kasei 

Insti.tute of Life Sci.ences， were used for m回 suringJapanese samples. 
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叫ん-叶山川…
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volves 

30 40 ~ 60min 

L chonging 
vQlves 

Fi，伊lreIV-3 TCD-gas chrornatograph during purtfication of 
N20. Because C02 was almost elirninated by us江19a soda-
lime in vacuo， there is no peak at the retention time 

of C02 (20 m臼1.).

Cコ
、才

1 ・

⑩ 1 ~~ 
+一一 13ー→

Graphitic carbon rod 

foiled by a 25μm 

thi n gold sheet 

打、内1

Fi，伊 lreIV-4 Schematic diagram of the sealed quartz ampoule 
to be αコmbustedfor αコnvertingN20 to N2 and C02・
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王、T-3_ .Fヨu::三ε;lJL宝・S AND  D工ε:;<コlJε5ε手工ζ::>N

Preci.sions of Nitrogen and Oxygen Stable lsotQP!c Ana!Y.ees江1N20 

What required for the preci.ous analyses of 15N/14N and 180/160 in 

N20 is the s句 ichiometricC02 yield without CO forma恒on.In∞mple七e

reacti.on w註1cause a signi怠cantdepleti.on of heavier i8Otopes in N2 

and C02， and a CO∞ntamination should shift nitrogen話otopic

measurement heavier than the true value. 

Temperature effect on the yield of C02 is illustra七edas Fig. IV-

5. High七emperatureas much as 600 oc was nec.essary for廿1e

s七oichiomet工icreacti.on when a graphitic carbon alone was used as a 

工eductant.By adding a gold foil as a catalyst， the temperature 

required for the ∞mple七econversion was successfully down to 420 "c 

担 αコntrastwith 700 oc by Kim and Craig [1990]. When samplE詰 were

trea七edwith a graphi七erod foiled by gold above 500 oC，仕1eone 

hund.red percent yield was always achieved. However， failures of 

S七:oichiometricαコnversion of N 20 wereα::casionally observed below 500 

oc. Such in∞mple七回esswere a仕ributedprobably to the surfaα3 

de七eriorationof graphitic carbon rod a主b三rrepea民三duse. The idea 

was supported by the fact that one hundred percent conversion∞uld 

be perforrned again by replacing only the old graphi世ccarbon rod 

with a bland new one. 

Fig. IV-6 shows relationship between the δ-determ江田位.onsand 

the工'eacti.ontemperatures. The slight increase ofδ 15N and the 

dramatic drop of δ180 were observed as 七回nperatureincreased. This 

is due probably to the formaむ.onof carbon mono姐deas a result of 

high ternperatureαコmbusti.onof the graphitic carbon. The reacti.on 

七emperaturewas set口edat 450 "c主1仕社sstudy. Because of fragile 

situation for the工-eacti.onbetween N20 and the graphi七:ecarbon rod 

foiled by the gold sheet， yield of C02 against N20 was moni匂 red七o

avoid incomplete reacti.on caused by the de七eriorationof graphitic 

carbon af匝rrepeated using. Analytical∞nfidence was also checked 

by ∞mparing carbon isotope ratio (δ13C) of C02 with that of 

graphi七e.If the C02 yield and the δ13C indica七:edin∞mplete 

conversion， such sample was re-analyzed. Reproducibility of the 

measurements were 土0.2耳元 for δ15N and 士 0.5 私 for δ180. 
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Fi伊 ueIV-5 Temperature e丘:ecton a yield of C02 during 

conversion of N20 to N2 and C02. Open and dosed cirdes are 

plots for the reacti.on of graphite with and without Au-

catalyst. By using Au-catalyst， the reac位onprてX支氾d

stoichiometrically at 420 "C. However， below 500 "C r the 

yield 80me位mesdropped after repeated use of the graphite 

工odwith Au-catalyst， which causes serious error仕1isotopic 

ratio measurements. 
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Reliability of the present preparation rnethod was deterrnined by I T T 丁10 
comparing values measured by di丘erentpreparations (Table IV-1). 8 

6 
There is no systematic di丘erenceamong the measurements by three 

ト

different prepara世.ons.Oxygen isotope ratio measured by the me甘lod

developed in this study was in agreement with the result by the 1R-

spectral method by Watuen and Yoshinari [1985] 

『

司

ト

ト4 
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p
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勺 but sligh也y lower 2.50/0。2 

White [Wah記n and than the value w hich had been measured as H20 by J. 
→ 

δ15N measurements of environmental samples by Yosh訂lari，1985]. The 
I よ。

the new method were proportional切 thoseof the method using copper 

(Fig. IV-9). as a reduct:ョntin Chapter 111 
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600 

Temperature effect on measu工Bmentsof nitrogen and 

oxygen isotope ratios in N20. Pure tank N20 with δ15N of 

2.5私 and δ180 of 36.8 %， was used for the determ主la也on.

At higher temperature than 500 oc， dramatic drop of δ180 

with slight increase of δ15N was obtained. 

500 

Temperature (O() 

400 

Figure IV-6 
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Measurements of Nitrogen and Oxygen Stab1e 1sotopic Compositions 

Nitrous Oxide after Different Analytical Procedures ill 

TABLE 1V-1 

O15N-C/Au 

Remark MeasurementsS 

δ1SN δ180 

(%，) (為)

Prepara世on3 j Analysis4 Gas2j Std1 

20 a
b
b
c
d
 

1.0 
0.3 
0.2 

十一
+
一
+
一

36.8 
31.0 
34.1 

0.1 
0.1 
0.1 

+
一+一+一

一

2.5 
2.5 
2.5 

N2， Cu-vacuum line， MS 
N 2， Cu -sealed tube， MS 
N2 & C02， CjAu-sealed b.ユbe，MS 
N20， no chemical preparation， 1R 
H20， CU-H2， MS (C02-equi) 

#1 

o15N-Cu 
20 

b 
b 

0.2 + 1.7 
1.8 

N2， Cu-sealed tube， MS 
N2 & C02， Cj Au-sealed tube， 

書11
MS 

-20 Standard一 円 isan ultra pure grade tank N20 (> 99.999宅)

produad by MATHESON Co.Ltd.， which is owned by 0士. T. Yoshinari. 
#II is an anesthe也c grade gas provided from OSAKA SE1TETU KOGYO 
Co.Ltd.， which belongs to the author. 

/‘ 

/ 

δ180 of N20 wen三 measuredafter con ver丘ngit to δ15N and Gas -2 

-20 

Figure IV-7δ15N measured by CjAu-sealed tube method vs. 
δ15N by Cu-sealed tube method. Slope of the regression 

line is 1.006 and α克ffici.entofα)rr叫 ationis 0.9999. 

the listed gas. 

Prモparation- "Cu-vacuum line": N20 was reduced to N2 by 
drcula位ngthe gas in a vacuum system th工ou9 h furnaces of C u (400 
"(_::) and CuO (700 t)， which was developed by Yoshida [1984]. "Cu-
sealed tube": N20 was reduad to N2 by reacting the gas with Cu in 
a sealed Pyrモx tube at 400 "c， for details see Chapter III. "Cj且u-
sealed tube": N20 was converted to N2 and C02 by reac口ngthe gas 
with graphitic ca工bonunder Au-catalysis condi目onin a sealed 
quartz tube at 450のC，which was developed in this chapter. 
"CUjH2: N20 was first reacted with Cu to produce oxidized coppers， 
then the αコpper.lh12 
oxides were reduced to H20 by H2・
Analysis - MS-mass spect工ometry.MS (C02-equi)-mass spectrometry 
tagged with C02 equilibrium method. IR-infrared spectral rnethod. 

3 

3 

Remark - a. Measu工モd by Dr. Minagawa， Mitsubishi Kasei 1ns世tute
of Life Sden促 s;b. This study; c. Wahlen and Yoshinari [1985]; 
d. Measured by Dr. J. White [Wahlen and Yoshina工-t1985]. 

4 
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Stable 180なコpicCompositi.ons of N20 and N03一江1Groundwaters 

All results are listed in Tables IV-2 and IV-3， for the US and TABLE IV-2 Stable Isotopic Compositions of N20 and N03-註1New York State 

Japanese samples， respecti.vely. Relative frequency distrtbutions of Gmundwaters 

δ15N andδ 180 in the groundwater N20 and N03-a工eillustrated as 

Figs 1V-8 and IV-9.δ 180 values of N03-are cited from the Code Date N20 N03- Discrtmination 

obse工vationsof the denitrification-free groundwaters in Germany by conc δ15N δ180 conc δ15N d.δ15N 
(nM) (%.， ) (%.， ) (μM) (%.， ) (%.， ) 

Bottcher et a1. [1990]， in wiuch δ15N values from 0 to + 1 0私

overlap廿1emeasurements of -1 to +8 %， in this study. 
U01 3/ 3/90 160 -15.1 +32.5 ND +3.0 18.1 

The δ180 values from +23 to +50為 wereob回inedwith U02 5/ 2/90 572 -11.5 +34.5 227 +2.2 13.5 

g工'OundwaterN20， but the most measurements we工ecen回 redbetween 
U03 5/ 2/90 115 -13.0 +32.7 886 -0.7 12.7 
U04 5/ 2/90 78 -9.6 +36.1 222 -0.2 9.4 

+30 and +40 %0. The narrowδ180 range is par世cu1arto世1e U05 5/ 2/90 4318 -20.6 +35.1 474 +7.5 28.1 

groundwater N20 as compared to the wide variety for N20 f工'Offi
U06 5/ 2/90 1661 -30.7 +32.0 412 +2.1 32.8 

di丘erentenvironments， +23匂 +93弘 [Wahlenand Yos:tunari， 1985]. U07 5/ 2/90 182 -12.3 +32.4 1643 +1.2 13.5 

In包~restingly， theδ180 values show di丘erentpattern of frequency 
U08 5/ 2/90 701 -27.8 +31.3 1229 +1.5 29.3 
U09 3/14/90 570 -7.8 +41.6 542 +4.5 12.3 

distribution from that of theδ15N which shows quasi-normal U10 3/14/90 908 -17.8 +31.1 907 ND 

frequency distribution (cf. Figs 1V-8 and IV-9). The 10west δ180 of 
U11 5/10/90 481 -13.5 +35.0 292 +4.0 17.5 

+22.0為 measuredwith N20 in the drainage water from cropping field， U12 5/10/90 385 -13.7 +34.1 366 +2.9 16.6 

site J29， was quite similar toせ1evalues for N20α込lectedfrom an 
U13 5/10/90 243 -14.8 十32.8 186 +2.0 16.8 
U14 5/10/90 1294 -13.9 +37.9 561 +6.7 20.6 

interior abnosphere of廿1enitrificati.on facility of +24 %， U15 5/10/90 1194 -12.4 +41.6 519 +6.4 18.8 

[Yos:tunari and Wahlen， 1985] and in sc刃1emitted gas of +24為
U16 5/10/90 1013 -10.6 +38.8 299 +4.0 14.6 

[Wahlen and Yoshinari， 1985]. However， the restδ 180 rang訂19from U17 5/23/90 155 -2.4 +32.1 121 ND 

+30.8 to +50.3私 weresi.gnificantly iugher than the values of口1e
U18 5/23/90 125 -15.3 +35.5 621 ND 
U19 5/23/90 315 ND +34.8 165 ND 

nitrifica包.on-derivedN20 in the above two studies. The di丘erences U20 5/23/90 149 一16.8 +33.8 96 ND 

seem go aga江1stthe previous view that a large por世onof the U21 3/29/90 337 -14.3 +39.2 397 +4.4 18.7 
g工oundwaterN20 is produced by !Utrificati.on， which is based on the! U22 3/29/90 254 -12.6 +32.6 217 十3.8 16.4 

δ15N deb笠 minationsin N20 and N03-，出e..6.N20/NOr molar ratios， 
U23 3/29/90 145 -11.8 +37.1 91 +3.2 15.0 
U24 3/29/90 16 ND ND 4 ND 

andせ1epresence of dissolved oxygen without organic carbon in thB U25 3/29/90 265 -11.0 +31.4 258 +2.1 13.1 

groundwaters (see Chapters II and 111). The highest δ180 value (J1Jl) U26 3/29/90 450 -11.2 十30.8 392 +5.1 16.3 
was ob凶泊edwith the brown-α:llored groundwaむ三rdue to humic U27 3/29/90 137 -5.7 +35.0 152 +2.9 8.6 

U28 3/29/90 81 -7.8 +33.2 60 +3.7 11.5 
materiaJ.s with the 10west dissol ved 02 concentrati.on加 thepresent U29 3/29/90 308 -25.2 +32.1 294 +4.5 29.7 
study. U30 3/29/90 55 -32.0 +35.5 n.d. ND 

ND: not determined 
n.d.: not detected 
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TABLE IV-3 S匂 bleIsotope Composi世onsof N20 and N03-担 Japanese
Groundwa柱三rs

Code Date N20 N03- Disc主主n臼la位on
CDnc δ15N δ180 conc δ15N ムδ15N
(nM) (%0 ) (%0) (μM) (%0 ) (%~ ) 

J01 10/23/89 749 -12.9 +35.1 ND +6.3 19.2 
J02 10/23/89 1430 -12.2 +32.1 ND +4.1 16.3 
J09 9/16/89 69 -6.9 +38.2 ND ND 
J10 10/10/89 119 -11.1 +31.6 ND ND 
J11 10/ 8/89 81 -2.3 +50.4 ND ND 

J12 10/20/89 690 -3.2 +37.4 ND ND 
J13 10/20/89 1032 +1.0 +39.6 ND ND 
J14 10/20/89 5280 +2.3 +38.1 ND ND 
J19 9/21/89 397 -12.8 +31.7 ND +5.6 18.4 
J19 10/17/89 492 -12.6 +34.3 ND +5.6 18.2 

J26 10/ 8/89 108 +0.5 +34.9 ND ND 
J27 10/10/89 32 +2.7 +31.7 ND ND 
J29 10/20/89 490 -22.9 +36.8 ND ND 
J30 10/20/89 7060 -28.4 +22.0 ND ND 

ND: not de包~rmi.ned
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Fi，伊江eIV-8 Rela口vefrequency dist工ibutionofδ 15N in 

groundwater N20 (n=46) and N03-(n=30). Figures in the 

parをnthesesshow n umbers of the observation sites. 
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Figure IV-9 Relative frequency distribu恒onof δ180 in 

groundwater N20 (n=42) and NOr (n=18). Figures in the 

parentheses show numbers of the observation sites. Data 

for N03-are ci.ted from Bottcher et al. [1990] 

Produci!lg Mechanism of Groundwater N20 

A. Denitrtfication 

99 

Disso1ved N20 in the studied groundwaters were deple也 din 15N 

and enriched in 180 as cnmpared to the N03-produced by nitrifi.cation 

(Figs IV-8 and IV-9). If the groundwa包笠 N20with low δ15N values 

were produced from the early stage of denitrification (see Chapter 

III)， theδ 1B() should be lower than that of N03-due to an oxygen 

stable iso七opicfrac位onationin the nitra性三工-eduction[Olleros， 

1983; Amberger and Schmidt， 1987; Bottcher et al.， 1990]. 

Contradicto工ily，these groundwater N20 were significan也yen工iched江1

180 with respect to the nitrtficatiDn-derived NOr [Bottcher et a1.， 

1990]. Thus， theδ15N and δ180 measurements of N20 clearly 

demonstrate negligible sourc:eロコntributionof denitrtfication as a 

mechanism ofせ1egroundwater N20. 

A possib1e mechanism w hich is responsible for the heavier sh立t

of δ180 in the groundwa也 rN20 is some enrichment within the 

aquifers af同 rthe N20 production. Since no oxygen iso句 picexchange 

be土weenN20 and oxygenicαコmpoundshas beE三n known in natural 

en vironment， a k訂18世C 泊otopefrac口ona位ond ue to biological 

ロコnsumptionof the N 20 Pα:>1， probab1y a denitrifica位。n is such an 

180-enrichment mechanism. When a N20 pα:>1 isαコnsumedsignifican註y

by denitrifying bacb:三ria，isotopic enrichment江1a remaining N20 must 

be ob田 rvednot only in oxygen but品.soin nitrogen [Wahlen and 

Yoshinari， 1985]. However， there was no linea工工el.ationshipbetw田 n

δ15N and δ180江1the groundwaters (Fig. IV-10). Al.so the δ15N 

values of neither N20 nor NOT depend on the degree of perc創立

国 .turationof disso1 vedα{ygen (Fig. IV-l1). Therefore， the 0啄ygen

おotopicmodification in the groundwater N20 by denitrification is 

unexpec回d.

Acαコrding七othe above工esults，it can be αコncludedthat 

denitrification is not an important mechanism αコntr叫lingeithe工 size

of N20 P∞，18 and their stab1e isoセopic∞mpositionsin the studied 

groundwaters. 
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B. Ni位ification

102 

8ecause of 1ess governing廿1es回 bleisotopic ∞mposition of the 

nitrifi.ca也onis suggested groundwater N20 by denitrifi.ca邑on，

50 altematively as a predominant sour，α~ mechanism by the present study. 

δ180 of the groundwater N20 than the nitrifi白色on-originThe higher 
02 

一

一
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~ 

1985; Yoshinari and [Wahlen and Yoshinari， N20 by other investigaな)rs

トー40 
，--.、、
。。
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。
、-

1985] can be explained by ∞nsidering the expected difference Wahlen， ••• 
δ180 泊 mol，配ularoxygen as a resu1t of di宜e工程ncein ∞ndition m 

。∞↑
hu

of aeration. Namely， their data were obtained from N20 in the top-
ト30 surface soil and the housing air in a well-aerated nitrification 

δ180 and fac立ity.Nevertheless， the produc厄onof N20 with higher 

よ1 よ20 
δ15N than those of N03-is hard to be explained. lower 

If it would be the case that the groundwater N20 is produced from 

60 what mechanism is responsible for the generation of nitrifica世on，

N20 180-enriched N 20江1ロコmparisonwith N03-? Two pathways produci.ng N20 

are known for nitrification (see Chapter 1). One is the abiotic 
ー

。
ト50 [Richie and Nicholas， 1972]， and oxida位onof NH4+ via NH20H也 N20
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the other is the reduction of N02-to N20 by nitrite reductase [Poth 

1985]. Kim and Craig [1990] 

production of deep oceanic N20 with heavier isotcコperatios than the 

tried to explain the and Focht， 
。。

。ト
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8 

。。。
。by ∞nsidering nitrification via NH20H with atmosphe工icone， 

ー

。
ト30 following two mechanisms. One is the enrichment of 180 in dissolved 

o 
i 

due to a preferen世alconsumption of isotopically 

lig hter oxygen d uring mic工obialoxidation of organic materials 

[Krl∞pnik and Craig， 

(Fig. IV-12) oxygen 

1 20 1976]. Because degree of 180-enrichment in N20 

100 50 25 10 F
h
d
 

was almost twice as large as that in dissol ved 02泊 their

saturation 02 
δ180 in N20 cannot be simply explained by observations， the high 

Percent 
considering such isotope effect in oxygen respira位onalone. Indeed， 

δ180 in N20 to the percent saturati.on of no propor世onalrela世onof 

dissolved 02 was observed as far as江1the surveyed groundwa七:ers

Figure IV-12 Dependence of theδ 180 values in 02 and N20 

on the percent oxygen saturation. The upper 

辻lustrationwas made from data for dissol ved oxygen江1

deep α兎 anby Krロコpnik& Craig [1976]. 

(Fig. IV-12). The other mechanism is a predominant oxidation of NH20H 

the en工ichmentof heavier isotopes occurred 

only in oxygen a七om.The findings may suggest some other mechanisms 

to produce 180-enriched but 15N-dep1eted N20 in nitrification. 

w hich will result in a pαコ11of heavy-

isotope-enriched NH20H to be oxidized to N20. In case of the 

however， 

to N02-凶 nitrtfica也on，

groundwater N20， 
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Because of the less variety ofδ 180 in the groundwater N20 (Fig. 

1V-9) asαコmparedwith that of δ15N (Fig. 1V-8)， and because there 

is no measurement of oxygenおotopicallylighter N20 than the 

nitrification-derived N03-(Fig 1V-9)， it may be assumed that oxygen 

isotopic exchange with 田 meother oxygenic compounds αコcurwithin N20 

producti.on through nitrification. 1n order tcコgenerate15N-depleted 

and 180-enriched N20 by an aerobic nitri.fication， following 

consequen位alprα:::ess seems rnost probable: (1) Enrichments with both. 

15N and 180 in NH20H pool却 vivodue to predominant oxida位onof 

NH20H to N02-[Kim and Craig， 1990]， (2) incorporation of 

environmental 02 which is enriched b:コ someextent through kine目c

isotope fractionati.on in oxygen respirati.on [Kim and Craig， 1990J， 

and (3) double stage nitrogen isotopic fractionati.on in N20 

producロonvia NO [Yosluda， 1988] and oxygen Uぉtopicexchange witlun 

P工oducti.onof HNO or N20， or both of thern. Future studies on isotope 

e丘ectsduring nitri.fica世onare vital to answer the ques巨onon the 

producti.on of 15N-depleted and 180-enriched N20 as compared to the 

NOr by nitrificati.on. 
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ABSTRACT - Nitrogen and Q去ygenstable泊otopiccharacteriza位onof 

N20 from the surface tropospheric air， combus也ongas， and α::ean 

water were carried out. Only nitrogen isotopic ∞mposi也.onswere 

determined with N20 frorn fresh surface wa七ersincluding a river， 

lakes and sewage effluents. 

Mean δ15N and δ180 values for the tropospheric N20 were 6.5 ::t 
0.8 %， and 36.3 ::t 2.7 %" respec也vely.1t was firs吐y demonstrated 

that N20 from a stack gas and car exhaust gases signi主cantly

depleted in 15N and 180 as compared tcコthetroposphe工icN20. A 

regression line for the plots of ∞mbusti.on N20 passed through the 

values of abnospheric N2 and 02， which may imply lugh七emperature

combination of these two molecules as the soura mechanism. 

At the Monterey Bay， California， the depth profile of disso直ved

N20 was s江nilar匂 otherobservations in the North Pacific 0ωan. 

Nitrification is sugges住三d to be a major pathway of the N20 

produc位onby examining the ver世caldistributi.ons of N20， N03-and 

02. Profiles of δ15N and δ180 in N 20 demonstra性三d enrichments of 

heavier isotopes just bellow the photi.c zone and in廿1eN20 maximum 

with 02 minimum. The shallow enrichment is a result of nitrification 

uti且z江1915N-enriched NH4+ and 180-en工iched02 caused by an acti. ve 

regeneration of nutrients within the pho也c zone. N20 produc口onvia 

nitrifier denitrificaロonunder low oxygen concentra目。n is an 

additional Ii回sonfor the deep enrichment. 

1n the River Minami-Asakawa， an urban shallow stream， N20 

α)ncentration was close七:0the atmosphe工icequilibrium in the 

headwa七ers，and the δ15N (+10.7 %，) was almost αコmparable七o that is 

expected under the equilibrium with the atmosphere. On the other 

hand， significant increase of N20αコncentra世onwith a dramatic 

change担 δ15N from -10.6 "ら匂-39.8 yoo was observed in口1elower 

工-eachesof the stream， where the mass balanα三 studyindica七edan 

ac世veoxidation of an extemally loaded NH4+ to N03-. 

Sequential depletion of 15N∞ntent from -3.1 %0 to -5.6払 with

泊 C工easeof N20∞ncentration was also observed in a su工-.face0氾c

1ayer of the Faye仕ev温.e Green Lake， a mesotrophic deep glacial 
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lake， in which almost all of the nitrogen ions presented as NOr・In

the Lake Teganuma， a hypertrophic shallow 1ake，δ15N of -0.9 !%ゐ in

dissolved N20 was observed in the upper bas訂1where increments of 

N20 and N03-with decrease of a riverine NH4+ were observed. The 

highest δ15N of N20 in study， +14.7 .%:" was obtained訂1the down 

basin w here the N03-α)nantrati.on decreased by acti ve 

denitrtEicati.on in sediments. 

Nitrogenおotopicfind山 gsin aqua厄c systems consist with the 

view that nitrification-derived N20 is dep1eted in 15N and 

denitrification-derived N20 is more enriched with 15N than that 

produced from nitrifi.cation.ムN20-δ15Ndiagram of the aquatic data 

gave a general trend of the lower ~N20 the higherδ15N. It was 

shown that one can elucidate major mechanisms controlling a size of 

N20 P∞11 in a given water system by tracing the plot in the diagram. 

δ15N-δ 180 map for N20 was compiled from the data obtained in 

this study and reported by other investigators. N20 collected from 

di:任erentenvironments seemed to be dassified roughly in three 

groups accord主19to theδ15N-δ 180 comparison with those of the 

位。posphericN20; (1) N20 with 10wer δ15N and sirnilar δ180 江1a 

groundwaters， (2) N20 with sinular o 15N and higher δ180 in an 

ocean， and (3) N20 with 10wer δ15N and δ180 values in ∞mbustion 

gas. Future devel.opment of such two-iso匂 pediagram for N20 as shown 

in this study is believed to help in both discussing its orig加 and

assess江19the global budget. 
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、T-1_ 王NTRODUCTION

Complete understanding of the biogeochemical cyde of N20 is 

vi回 1to the awaited management of the tropospheric∞ncentra位on.As 

discussed in Chapter 1， because of the mino工 contributi.onof 

artificial proαョsseson廿1e切七alemission of N20， the imbalana 

between source and sink in the avaiJable global N20 budget is owing 

mainly to the un工-e1iableestima国 sof the natural sou工cestrengths. 

That is why most of the natural source strengths previous1y reported 

were es也matedby simply extrapola口nglocal emissions to the global 

scale， while representa位veemissions are hard to be obtained because 

1arge portion of the total emission is due凶 hotspots in the 

biosphere. Lack of the method to elucidate producing mechanisms of 

N20 betw回 n two major processes， nitrifica世onand denitrifi.cati.on， 

make it di主主cultto evaluate each source strength accurately under 

∞nsideration of circums回 ntialfactors affec位ngthe production 

individually. 

It has been revealed th工'Oughthe previous discussion on the 

groundwater N20 that the stable国otopestudy is an exc凶lentmean to 

discuss origins and behaviors of biogenic N20. The isotopic study 

will also assist the re-evalua甘nnof the biogeochemical N20 cyde. 

What urgen也y required for developing the strategy is to gather 

訂lIorma位onon isotope signatures af N20 in major sources and 

reservOlrs. 

In this chapter， isotopic characte工izationsof N 20 in di丘erent

environments are pe工formed.N20 were∞Uected from ambient air， 

∞mbustion gas， sea， lake and river waters， and sewage effluent. 

Among these， studies on an atmospheric and ∞mbustion N20， and also a 

part of lake N20 a工B due to the cαコperativework with D工. Yoshina工i，

Wadsworth Center for Laboratories and Research (WCL&R)， New York 

Department of Health and S住1teUniversity of New York at Albany. 

Results for a sea water N20 arち thefruits of工esearchwith Drs. T. 

Yoshinari and L.A. Codispoti.， Monterey Bay Aquarium Research 

Institute (MBARI). 
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ミT-2_ A.T l'-1:C>SPHERE  

sampligg ~nd Ana!y室主

A. Ambient air 

Albany， NY: Atmospheric NzO was co叫日:;ted near WCL&R using 

Mo蛤cularSieve 5A pellets packed加 astai.nless st自主1tube w hich had 

origina1ly been devised by Yoshida [1984]. The MS5A had b使 n purified 

prior七o use by heating the tube at 380 "c却 vacuountil no desorbed 

gas presented. The tube was担lledwith pure he1ium above the ambient 

pressure， then kept un口1use. An ambient air was introd uced to the 

tube using diaphragm pump after工'emova1sof water vapor and C02 by 

Aquasorb (P205， MALLINCKRODT) and Ascar北e，respectively. The 

∞Uected frac位onwas desorbed from the MS5A by hea位ngthe tube at 

200 oc江1helium gas flow (20 mL . min-1)， then re-∞llected in the 

glass∞il chilled with liquid ni位。gen.The gas was cryogenically 

purified between liquid nitrogen and dry ice-e廿1anolb三mperature，

then sealed in a pre-igni七edPyrex glass ampoule after further 

dおnina口ngC02 by a soda-lime trap却 vacuαTheN20 was∞nverted 

匂 N2 and C02 afterせ1eCjAu一日ductionmethod (see Chapter IV)， then 

δ15N of N2 and δ180 of 02 were determined with FINIGAN MAT delta-8 

ra目。-massspectrometer at The E∞sys恒 mCen七:er，Ma出 1eBiologica:l 

Laboratory (MB L)， WαコdsHole. 

Fuchu， Tokyo: Air sampl笛 were∞llectedat the bal∞ny (5 m 

above ground surface) of the bu立dingof Department of Environmental 

Science and Conservation， Faαuty of Agriculture， Tokyo University of 

Agriculture and Technology. N20 was collected by the following 

cryogenic mean. Air was sucked by a vaαlum pump allow江19gas包.ow

rate and p工essurein the glass coils at 2 L・min-1and 100 mm Hg， 

工'especロvely.Wa七ervapor and carbon dioxide in the air were removed 

by Drierite-Ascari七e-・Mg(CI04)2∞lumn.Rema江延ngwater vapor was 

further eliminated in a dry ice-ethanol cold trap， then N20 was 

frozen泊 twoglass∞iUs placed in liquid nitrogen baths. Oxygen and 

argon do not accumulate at the liquid nitrogen temperature (-196 OC) 

under these opera厄ng∞ndi也ons.Hereafter，七reaむnentsof the 

collected gas were as same as those for the Albany air samples. 
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B. Combustion gas 

N20 in car exhaust gases (n=2) and泊 a∞mbustiongas of waste 

incinerator (n=1) were analyzed. These∞mbustion gases were once 

∞illected in a Tedra bag using diaphragm pump in the field， then N20 

was separated by a cryogenic manner江1the laboratory， w hlch is 

almost same as that for the ambient air collected at Fuchu. 

Recently， serious ar也factwas reported for measu工訂19N20 

∞ncentra柱。nin∞mbus位onga民 s [r、1uzioand Kramlich， 1988; Muzio et 

a1り 1989;Lyon et a1" 1989; Linak et a1.， 1990] as discussed in 

Chapter 1. Briefly，迂 water，nitrogen oxides and sulfur dioxide were 

present江1a sample con七ainersimultaneously， huge amount of N20 with 

respect to出 eoriginal N20 is produced during storage of the 

samples. In this study， aci.dicαコmpoundsincluding NOx and SOx in the 

∞mbusti.on samples were removed by washing the gases with 

αコnantratedNaOH solu世.on and also by Ascarite column. Water vapor 

was removed by Drierite and Aquasorb， respec也vely.A preliminary 

exper主nentrevealed no N20 production during a few days storage of 

combus也ongas samples after these treatments. lsotopic compositions 

were measured afte江 CjAu-工educ也onmethod with FINIGAN MAT delta-S at 

MBL. 

Results and Discussion 

A. Ambient air 

Analytical results for the tropospheric NzO are presen七ed訂1

Table V-1. The meanδ15N in the surface con註nentalair in this 

study of 6.5 :t 0.8 払 is higher than 5.2 :t 2.0 %:. 工程por七edby Mαコre

[1974] and lower than 8.1 :t 1.0 弘 byYoshida and Matsuo [1983]， and 

∞mparable to 7.0 :t 0.1 %:. reported by Kim and Craig [1990]. The 

averageδ 180 values in the p工esentstudy 36.3 :t 2.9 %， a工e lower 

than those ob回inedby Wahlen and Yoshinari [1985]， 45.4 :t 2.1克。，

and by Kim and Craig [1990]， 44.7 :t 0.7私. The averageδ15N and 

δ180 fo工 allthe available data weighed by number of observati.ons 

are +6.5払 (n=98)and +40.9 %:. (n=21)，四spectively. 

Yoshida and Matsuo [1983] reported the general trend that N20 in 

a mari口meair mass was charac七erizedby the lower δ15N and hig her 

conantration whereas N20む1aαコntinentalair mass by the higher 
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δ15N and the lower concentra白_on.However， in this study， the δ15N 

of land atmospheric N20 are slightly lower than those reported for 

N20 in the oceanic air. The results may reflect diffe工enα三回世1e

site of sampling and possibly in analytical procedure. 

Fig. V-1 presents δ15N-δ180 工凶a位onshipin the atrnospheric 

N20.δ 180 is more variab1e than δ15N， w hich agrees with the 

observation of surface atrnosphere at Toyama P工Bfecture，Japan 

[Yoshida， per50nal∞mmunication]. These observa恒onssuggest 

advantage of δ180 values to be used in k註1e世cimplication of 

mechanisms determining tropospheric N20 concentra世on.

B. Combustion gas 

Measu工程mentsof α)mbustion orig江1N20 are shown in Table V-2. N20 

frorn combustion systerns we工B characterized by the significant 

depletion in 15N and 180 wi仕1respect to廿1eaveraged values forせ1e

t工oposphericN20. Interestingly， these plots of∞rnbus恒on-orig担 N20

scattered around the江nethat brackets the values of tropospheric N2 

(0為 )and 02 (23.5為， Krl∞pnik， [1971]). Although further study is 

required， the findな19Smay be not 50 unreasonable as conside工江19the 

fact that a 1arge por世onof the ∞mbus世onN20 is produced from the 

chemical cornbination of N2 and 02 under high ternperature αコndi位on.

It should be noted that theδ 180 values of these αコmbustionN 20 

were significantly lower than those previous1y工eportedby Wahlen and 

Yosh却 ari[1985]. 8江lcethey did not elirninate 802 and NOx at the 

sample collection， their observation of high δ180 values was 

probab1y due to N20 produc世ondu工廿19the samples storage. In fact， 

N20α)ncentrations in this study， 0.48-5.91 pprnv， were much lower 

than those measured by Waluen and Yoshinari [1985]， 10.1-50.0 ppmv. 

Accord江191y，せ1eδ-valuesin this study are probably ∞rrect. 

Meanwhile， when the author tried to工-e-exarninecar exhaust N20 in 

Tokyo， measurable N20 was observed only for an hours from the start 

of the engine， then theα)ncentration became lower than the 

atmospheric one and was finally not detected. Although combus位onN20 

∞uld be d担任nguishedfrom the tropospheric N20 by their stable 

isotopic ∞mpositions in this study， its representativeness is 

ques位onable.

TABLE V-1 Isotopic Composi也onsof SuIIace Tropospheric N20 

δ15N δ180 Rernark 
(%， ) (私)

Albany 7/21/88 6.0 34.2 
7/24/88 6.3 36.6 
4/ 7/89 6.7 38.4 
4/11/89 5.7 lost 
4/12/89 5.5 32.3 
4/15/89 7.7 37.9 
4/17/89 6.7 37.9 
4/17/89 6.4 37.2 
4/27/89 6.3 41.2 
4/27/89 7.7 lost 
3/90 7.0 ND 
3/90 5.9 ND 
3/90 7.7 ND 
3/90 7.2 ND 
3/90 6.8 ND 

Fuchu 9/ 7/89 5.5 31.6 
9/ 8/89 5.6 35.2 

ND: not determined 

TABLE V-2 Concentations and Isotope Compositions of N20 in 

Combustユongases 

conc δ15N δ180 
(ppmv) (%，) (払)

Stackgas f工umwaste inciner-
a也onplant*， Albany， NY 0.48 1.6 26.9 

Car exhaust gas"'* 
SUBARU Sedan (2L) 1.85 -11.6 19.4 
BUICK Sky Hawk (> 2L) 5.91 -22.6 15.2 
OLDSMOBILE Catlas Supreme (>3L) 4.91 LOST LOST 

合 Paperproducts a工-ethe major waste αコmbustedin this plant. 

** All cars are equipped with catalytic converters and consume 
gasoline. Numbers主1parモnthesesrepresent approximate 
volumes of exhaust in liter. 
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Sarnpli!lg Qnd Ana!ysis 

Sea waters were∞llected at di丘erentdepths frorn surfaa切

Cal立0口ua(Fig. V-2) during a cruise of 1000 m in Monterey Bay， 

1990 and a cruise of Point LoOOs on June 14， Point Sir on June 4， 50 
Surfaa wa国 rwas∞llected in a 100 L plas口cbarr凶 bya 1990. 

subrnersible purnp. The barr凶 wasbrought back to the laboratory at 

MBARI， then N 20 was extracted. Deep water was∞Uected by a 30 L Go-ダ45 
which was equipped with a s江lteredglass at the bottorn Flow bottles， 

of the bo七口.esto be used as a gas stripping chamber during on board 

N20 extracti.on [Yoshina工iet alり inp工eparation]. • 40 
Dissolved N20 was extracted by circulaロnghelium in a closed 

system. After rernova1s of water vapor and carbon dioxide from the • ， 
N20 wasαコllectedin MS5A stripping gas by Aquasorb and Ascari柱三，

(
o
d
o
)
O
∞↑
hu 

tube. The gas desorption from the MS5A tube was carried out at MBARI . • • 35 
we工e achieved at S ubsequent iso匂 picpreparations (s舘 ChapterIV) 

a 
/ 

at MBL. δ180 were measu工edby FINIGAN MAT delta-S δ15N and WCL&R. 

N20 A且 thechemical analyses were carried out at MBARI. 
δ180= 7.6δ15N-9.7 

30 
gas chrornatograph (HEWLETT conantration was de七erminedby 63Ni-ECD 

PACKARD model 5890) after the head-spaa technique (see Chapter II) 
r=O.911 

Porapack Q was used for tagged with an auto-sampling system. 25 
4 separation of the gas. Dissolved oxygenαコncentrationwas analyzed by 9 8 7 6 R

V
 Winkler titration. Nutrient conantrations werモ measu工edαコ10工imetry.

615N (0/00) 
Results and Discussion 

Depth profiles of N20， N03-and 02 arモ立lustratedin Fig. V-3. 

The N20αコnantrationswere higher than calculated equilibria with 
diagram of N 20 in ambient ai工.

Close square: Fuchu air: Open 

[K加担ldCraig， 1990]. 

Figure V-lδ15N and δ180 

Close circJ.e: Albany air; 

circle: Pac出 c Ocean air 

at立]situ wa柱三rtemperatu工-esand salinities atmosphere (305 ppbv) 

The N20 and N03-pro主ilesare throughout the water αコ，lumn.

essen世誕lymirror image of the 02 profile with maximal N20 

∞n偲 ntra位onat 700 m depth in the 02 m江limum.These profiles a工芭

∞mmunication] and quitβS江凶larto that of from the North P acifi.c 

typical for the Monterey Bay water [Lム Codispo位， personal 

1978; Yoshida et al.， 1989]. [Cohen and Gordon， 
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Ft伊 rreV-2 Sampling 1αコationsat Monterey Bay， Cali工Ornia.

Ver口calpro日1ewas taken from C5. 
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PO単位vecorrelations of N03-and P043-to AOU (ーふ02)through 

out the water ∞，lumn (Figs V-4 and V-5) strongly suggest regeneration 

of these nutrient elements at the expense of oxygen [Redfield， 1963]. 

A linear correlation between P043-and N03-in an aphotic zone below 

50 m in depth (Fig. V-5)出品catesno signifi.cant∞nsumption of N03-

via nitrate respira也onstherein. 

N20 increased with 02 decrease in the water∞，lumn (Fig. V-3) as 

firstly depicted by Yoshinari. [1976] and later confirmed at var羽田

loca位onby many of the past studies. However， ~N20 is訂1∞mpletely

expressed by an empirical equa也.onfor the oceanic ~N20-AOU 

relationship with inclusion of temperaturモ asa variable w hich was 

時 portedby Butler et a1. [1989] (Fig. V-7). As far as conce口出9 the 

plo也 from50 to 700 m 担 depth，which corresponds the bottom of a 

pho世czone to the N20 maximum layer， a工ewell宣ttedon two 

工eg工essIDnlines (Fig. V-8). It should be noted that there is a 

change in gradient at the AOU value of 217-240μM in 200-250 m in 

depth. This finding and a recent observation of仕1es臼凶泊rgradient 

change at an AOU value of 197 μM at the upwelling 工程gionin the 

north west 1ndian 0偲 an[Law and Owens， 1990] suggest a single 

mechanism af the N20 production， in which the N20 produc世onincrease 

significantly under the oxygen stress. ~N20-N03- plots in the 

aphotic zone are also divided in two groups of 50-200 m and 250-700 m 

(Fig. V-9)， which indicates the higher yield of N20 to N03-in the 

oxygen-depleted zone while N03-production is s口且 propor世onalto 

the AOU (Fig. V-4). Ac∞工dingto the slopes of 1.20 x 10-3 and 1.86 

X 10-3 in Fig. V-9， the apparent production ratios between N20 and 

N03-of 2.4毛 and3.7老 inatom-N basis for the 50-200 m an d廿1e250-

700 m were calculated for the apho包czone. Th邸 eratios overlap the 

previously reported rang回 of0.13-0.37毛 [Cohenand Gordon， 1979] 

and 0.18-0.36宅 [Oudotet a1り 1990]，and are higher than that of 

0.12宅 [Yosh江lari，1976]. The宣ndingsare well explained立

nit工ifi.cationwere assumed as a p工uductionroute of these N20江l

apho世czone， because the N20 yield elevates in lower 02 

con四 ntra世onduring a culture of marine nitrifying bacteria [Goreau 

et a1.， 1980] as previously ill.ustrated in Fig.工1-11.
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Figure V-5 Re1ationslup betwε把 n appaant oxygen uti且zaむon
( -~ 02) and P043-∞ncentra包onin the Monterey Bay water 
α)lumn. Open and dosed circ1es present data from photic 
and apho位czone， aspecti vely. 

-s02 
profiles of N20 (c1ose circ1es)， N03-

and 02 (open squares) from the Monterey 

Figure V-3 Ver包cal

(open circles) 

Bay. 
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Fi，伊lreV-7 Plots of .6N20 observed in an aphotic zone of the 
Monterey Bay water vs. .6.N20 calculated with an oxygen 
u世lizationand water ternperature after an ernpirical 
equation for the ()(兎an，.6N20 (nM) = -13.5 + {0.125 + 
0.00993 x T (OC)} x AOU (μM) by But1er et a1. [1989]. 
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δ180 of N20， NH4+ and N02-δ15N and Depth variations of 

αコncentrationsare shown in Fig. V-10. A possible reason for the 

δ180 江1δ15N and irregular roughness of the vertical profiles of 

N20 is an experimental error which工BSultsfrom the handling of small 

δ180 in par世cu泊 r，even位nyamount of N20 samp1es. As regarding 

H20 contamina世onduring chemical. preparation causes profound o15N (0100) 10 。
o180 (0100) 50 

interference of the accura恒三 analysisof an oxygen泊otopicratio due 
40 30 w hich would shift to an oxygen isotopic exchange between C02 and H20， 

2 。。the sligh也y

δ180 of N20 in this study than those in the Paci.fic Ocean 

water reported by Kim and Craig [1990] is not only due to the 

measurements lighter that the true value. Therefore， 

10wer 
0・

difference in depth between this study of surface-1000 m and their 

200 but may partly to such an artifact. 200-5000 m， 

In full αコnsiderationof the above conditions， therモ canbe seen 

δ180 at the 50 m in depth， just beneath δ15N and two ma足maof the 

400 
and at 700 m depth with ma氾mumN20 

diagram (Fig V-11) 

δ180 ma足maa四 biologicalin 0工igin

conc:entration in the pro壬iles.A rather linear T-S 

the bot"ヒomof the pho位clayer， 

• δ15N and suggests that these 

and not the result of some peculiar mixing process. 
。600 δ180 of +42.4為，and δ15N of +8.3払The shallower maxima， 

αコrrespondedto the N02-ma近rnumthat underlay the NH4+ ma足mum.The 

eleva註.onsof these two nutrients are a :result of仕1eactive 

800 regenera位onof these nutrients therein. The NH4+ and N02-ma垣ma

near 仕1ebase of the photic zone a工芭 probably due to the closely 

-
i
d

ドド・

coupled activities of the two groups of nit工ifiers，the NH4+ 

oxidizers and the N02-oxidizers [Kaplan， 1983]. The mo:re strong 
1000 

inhibition of N02-oxidizers by the light than the NH4+ 0氾dizers

m
 

and the consequent oxida位onof the et al.， 1989] 1981; Ward [Olson， 

N02-to N03-in the apho包clayer probably locate the N02-ma.ximum 

below that of the NH4+. It is reasonable that the 15N enriched N20 is 

Fil伊lreV-IO Ver世calprofiles of δ15N (closed large circles) 

and δ180 (open large circles)泊 N20，NH4+ (closed small 

circl回)， N02-(open small ci工cles)∞ncentrationsfrom the 

Monterey Bay. Broa.d lines were drawn by hand. 

produced via nitrification utilizing the 15N-en丘chedNH4+ by the 

工モcyd江19of these nutrients through the flαコdweb in the photic 

can be explained on the other hand， δ180 in N20， layer. The higher 

by considertng the utilization of 180-enriched dissol ved oxygen 

during the oxygen∞nsumption for the regeneration of the nut工ients

[Kr，∞pnik and Craig， 
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in the 私，δ180 of +47.1 and δ15N of +8.7私The deeper ma足ma，

layer with the rrunirnum 02αコnα:mtra世onand the maximum N20 

concentra也onwould be owing to one or more of the following 

mechanisms those were previously supposed: (1) the production of 

isotopically heavier N20 than the majo工 productN03-from 

V1VQ  nitrifi.ca世onu世且zingheavier isotopically enriched NH20H却

(2) 1990]， [Kim and Craig， due to its predominant oxidation to N02-

the production of N20 by denitri怠cation，of which isotopic 15 
compositions are similarむ)s1ightly heavier as compared to the 

substrate N03-[Yoshida et al.， 1989]， (3) the consump世onof N20 

pα:ll by denitrifi.cation wi口1P民主Eeren位al工-educ世onof i.sotopicall y 

日ghterN20 [Wahlen and Yoshinari， 

The 9αコd linear relationships among NOr， 

1985]. 

も
も

(Figs V-

and V-6) suggest nitrifica世onto be an impor回 ntsource of 

N20 in the deep part (> 50 m depth) of吐1eMonterey Bay waarα:llumn. 

工E主erredto the fact that nitrifi.ers can use nitrite as terminal As 。
。。。

も。
electron acceptors unde工 lowoxygenαコncentrationby inducing nitrite 

ート5 

(
υ
o
)
ω

」コ
V
O
L
ω
♀

Eφ
ト

P043-and AOU 

V-5， 4， 

ー

。
。。。

。。
。ト10 

vivo N02-enriched with heavier 甘1ereduction of in 工-eductase，

isotopes as a result of isotope e丘ectduring its dominant oxidation 

匂 NOris more likely mechanism producing the deeper N20 with 

heavierおotopic∞mposi世onrather than the 0垣da位onof heavy NH20H 

the present da回 setcannot eluci.daa which one of to N20. However， 
よよi 0 

33 
these mechanisms more govemed the p工"Oductionof the isotopically 

35 34 

we needおotopicFor fu工therdiscussion， heavy N20 in deEョp ocean. Salinity (0/00) 
determinations of other nitrogenous species partici.pating in the N20 

anddi工-ectmeasurements of microb泊l

nitrifia世onand denitrifi.cation. 

N03-in pa工ticu1ar，me回 bolism，

acti vities， diagram Figure V-11 Temperature-salinity 

訂1the Monterey Bay water. 
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V-4_ F R E S HV¥lAT ER  

Sampligg ~nd Analysi塁

A. Ri ver and sewage waters 

Riverine samples were∞Uec包 din River Minami -Asakawa， a 

shallow urban strearn in the wes回rnpart of Tokyo (Fig. V -12). The 

lower reaches of the ri ver is poUu七edby domes也cwas七ewaars 

brought through numbers of sewers七othe river. The cumula註ve

国 c:aaseof N20 conantration from the head stream b:コ downstreaInin 

this river was observed in the preliminary study [Ueda， 1988]. 

Monthly observations by the author's labora七oryover the past decade 

indica七ethat active nitrification occurs江l-bet¥f.氾enMA4 and MA5. 

Wa七:ersamples for stable isotopic analyses were也 kenat MA3， MA4 and 

MA5 on January 26， 1989. Sewages SW3 and SW4 which flow i工1七othe 

river between MA4 and MA5 were also αJUected. 

Samples of secondary treated waste wa七erwere taken at JYO in 

Kodaira， Tokyo on January 28， 1989. The trea回 dwater was pumped to 

this point from廿1eTamagawa Jouryu Sewage T工eatmentF acility， then 

discharged into River Tamagawa-Josui. By the pr凶おninaryobservation， 

supersaturation of NzO in the treated wa七erwas revealed and the N20 

αコncentra位。ndecreased as water flow due to emission七:0the 

atInosphere (da回 notshown). 

Water samples wereαillected in 20 L polyetylene bot也.esused in 

groundwater sarnpling. Dissolved N20 was extracted after the method 

that was desc工ibedin Chapter III. Only nitrogen iso七opic

measurements were carried out after the Cu-reduction rnethod using 

HITACHI RMU-6R ratio mass spectrometer. N20∞ncentration was 

measured by the purge-trap GC rnethod (see ChapむさrII). A且 the0セher

chemical analyses were performed af住~r the methods described江1

Chap七erII. 
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Figure V-12 River Minami-Asakawa. Site discriptions are as 

follows: MAO-one of the sources of the ri ve工;MA1-seαコnd-
order stream of the river; MA2 to MA3-despite of sewage 

(SWO) discharge， in significant polluロonof the ri ver water 

is observed; MA4 bコMA5-riverwater is eutrophied by 

externally loaded nutrients through sewage SW1， SW2， SW3 

and SW4. Isotopic samples werモ αコllectedat MA3， MA4， MA5， 

SW3 and SW4 on January 26， 1989. 
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B. Lake waters 

Stud担s were conducted at Lake Teganuma， Chiba Prefecture， Japan 

(Fig. V-13) and Faye仕ev臼leGreen Lake， New York， USA (Fig. V-14). 

Lake Teganuma (36000'N， 1400Q0'E) is lughly eutrophied due to the 

huge amount of domes口c waste water produad in its watershed. 

Because this lake was the former channel of the River Tonegawa，廿le

mean water depth is about 1 m. Such an extremely shallow depth 

enhances sever eutro宣ca也on.Seasonal varia位。n of the N20 

∞，n偲 ntrationin lake water was formerly observed [Ueda， 1988]. 

Nutrtent distIibutions and sedimental denitrificati.on ac位vitywere 

studied by Ueda and Ogura [1989]. Surfac担 watersamples were 

∞Uected at sites St4 and St10 in 20 L polyethylene botは.es.Only 

nitrogen isotopic ra厄osof N20 were analyzed after the Cu-reduction 

method (see Chapter III). HITACHI RMU-6R rati.o mass spectrometer at 

MK工LSwas used for the analyses. N20 conantration was measured by 

the purge-trap GC method (see Chapter II). Nutrien也 analyseswere 

performed after the methods in Chapter II. 

Faye坑 evilleG工eenLake， New York (43003'00''N， 75047'48''W) is a 

meromic目clake where oxygen isotope ra位oof dissolved N20 was 

firstly reported by Wahlen and Yoshinari [1985]. Survey was∞nducted 

on May 23， 1990. Water匝 mperatureand dissolved 02∞ncentration 

were measured at 1 m interval to 15 m depth by cas也ngsensors 

(YELLOW SPR工NGSINSTRUMENT Co.，工nc.，Ohio). Water samples for 

chemical analyses (N03-， N02-， NH4+， DOC) were∞Uected at 1， 4， 8， 

12， 20， 22.5， 25， and 30 m in depth by a 1 L Van-Dorn bo七位.e.Samples 

for isotopic analyses of N20 were taken from 1 and 13 m depths by 

using an elect工icsubmersible pump. N20 extraction was as same as for 

Teganurna samples. Only the nitrogen iso凶 picdeterminations of N 20 

after the C/Au-児 ductionmethod (Chapter IV) were car工程d out with 

these samples. FINIGAN MAT delta-S at MBL was used for the analyses. 

N20 and nutrtents concentrati.ons were determined after by the head-

spaa technique (see Chapter江)and Techni∞n Au匂 analyzerII at 

WCL&R. 

127 

00.5 lkm 

R4 

R2 

Figure V-13 Lake Teganuma. Water flows into the lake through 
rivers R1， R2， R3 and R4， then the lake water is discharged 
into a river R5. Isotopic samples were taken at St4 and Stl0 
on May 29， 1989. 

o 100 m 

一一一一歩-z

CONTOURS 5 METERS 

Figure V-14 Fayetteville G工eenLake. Sampling was carried out 
at the point with maximum depth on May 23， 1990. 
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200 Ri ver and sewage waters 

Results and Discussion 

A. 

¥ 
¥ 

(
芝
亡
)

The results for the Minami-asakawa River a工芭 Lrrustrated as Fig. 

100 V-15. Pa仕:ernof the change in N20 concentra也onwas quite similar to 

that observed previously (Fig. V-16). Atせ1ehead stream MA1， the N20 

0 

20 

conantra也onwas about two也mesthe calcula民主d atmospheric 

。(
g
p
)
Z
ω
↑
hu 

at MA3 whe工'e nutrient δ15N of NzO was + 10. 7私equilibrium. 

∞ncentra世onswere similar句 thosein the head waters. Because of 

δ-value is not so the low N20 concentration in MA3 waむ三r，this 

accurate due to the位芭atmentof the small N20 sample that the the 
-20 

measurement is comparable切 thevalue for dissolved N20 under 

-40 

玄
h
y
m

Figure V-15 Concentrations and δ15N measu工モmentsof N20 
in River Minami-Asakawa on January 26， 1989. 
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within the equilibrium∞ndi位onwith atmosphere as +7.3私

δ15N of the N20 in the equilib工iumis experimental error. The 

(Table V-1) andせ1e

[Yoshida， 1984] . 

The 15N∞n民 ntsof N20 decreased dramaticaily from MA3 to MA5 

ε=0.8 %， 

δ15N of +6.5 見込

enrichment factor in dissolution of 

calculated with the mean 

δ15N of N 20 in the via MA4 as the N20 concentration increased. The 

which respectively， and -0.5 %0' sewages of SW3 and SW4 are -9.2 %， 

300 are comparable to -2.9 "ら obtainedwith N20 in the secondary treated 

sewage effluent collected at JYO. S出 cethe water discharge ra旬 sof

200 
(

芝

亡

)

and SW3 and SW4 were small as compared匂 thoseof MA4 and MA5， 

at MA5 was 10wer than those in these江1-δ15N of -38私because the 
100 

立1situ production of 15N-depleted N20 between MA4 flowing sewages， 

and MA5 must be 工程sponsib1efor the 15N depletion. As al.ready 

N03-
10 

N02-

(
芝
孔
)

5 NHζ 

。
300 

since ac也venit工ificationoccurs rnentioned in the method section， 

between MA4 and MA5， the production of 15N-depleted N20 was probably 

200 
(
芝
ミ
)

p工oduced by nitrification. 

100 
Lake waters B. 

Lake Teganuma: Results were presented in Fig. V-17 toge廿1erwith 

ロー一一一一一0...............0
。

Fi:伊lreV-16 Concentrations of N20， N03-， N02-and NH4+ 
in River Minarni-Asakawa on October 26， 1986 [Ueda， 
1988]. N02-is江1nM scale. 
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。the previous observations on distributions of cherrucal constituents 

1989]. Dissolved N20 is characterized by the negative 

(j 15N江1廿1eupper basin and世田 posi世vevalue of +14.7私 inthe 

down basin of the lake. The later is the highestδ15N in this stu d y . 

1988; 出 thelake water and sedimental. deni位 ificationrates [Ueda， 

Ueda and Ogura， 



訂1the shallower part of the 1ake above 10π1江1depth and the absence 

131 

S uch nitrogen transforrnation 

were exhausted in the 

where the sediment 

but the 

of subsudace 02 rna足murnzone were d ue to the fact that the位meof 

Yoshinari [1985J. The N03-∞ncentration is higher in the sudace but 

significantly lower in the deeper part than those in 1982. 

rernaining N03-fraction to be used by derutrifiers would be enriched 

dec工eases

工equ江ementof N03-for the dominant phytoplankton， Microcystis spり

unpublished da回]in which pro血 .esof回 nperatu工e and disso1ved 02 

∞mmunity and partly to the microb阻1nitrification. The 15N-deple回 d

1986]. The rneromic世c∞nditionsdid not persist at廿1e

time of sarnpling of this study. The加∞rnpletesummer stratifica世.on

The high 

This means立】 situproduction of the 15N-depleted N20江1the 

upper basin. Dramatic decI:P...ase of NH4+ and signi主cantincrease of 

ex恒三ntof the accumulation is lower than廿1eresu1ts of Wahlen and 

consump也onof the N20 pαコ，1by the denitrification in 

are the general trend 

are simila工 tothose by other in vestigators [Wahlen and Yoshinari， 

N20 frorn R1 was rapidlyαコnsumedby denitrification near the 

which rnay resu1t in the produc位。n of 15N-enriched N20. 

This may result江1

of NO了 andN20∞ncentraロ.on from St.8切 St.11suggest the N20 

is attribuad mainly to the assimilation of NH4+ by phytoplankton 

sampling of this study was 3 to 4 months earlier than the other 

[Wahlen and Yoshinari， 

whe目 majorpart of the 

V-18 

The NH4+ in the down basin waar ITUght also be enriched in 15N 

Dissolved N20 conant工ationwas nearly to the atmospheric 

ffi， 

N20 at St4 can be thus explained by the却 situnitrification. 

because of the 

Lake: Results a工e illust工atedin Fig. 

production of 15N-enriched N20 from nitrification. Howeve工，

equilibriuffi at the surlaa and訂lcreasedwith depth to 12 

produc世onby such type of nitrtfication to be srnall. 

δ15N value at St10， 

because dissol ved 02 and N03-

th工oughthe assimilation and the nitrification. 

sediment is a probable reason. Nevertheless， 

bottorn sediment is composed of sandy loam， 

together with the midsurnmer observation 

1989]. 

NOT in the 1ake water frorn St2匂 S七6，

throughout year [Ueda and Ogura， 

Conarning N20 with high 

Fayetteville G工een

工ivermouth St1， 

is silty clay， 

1985; Fry， 

with 15N， 

reports. 

water. 
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Concentraむonsand δ15N of N 20 (closed 

d.rcles) in the Lake Teganurna on May 20， 1989. 

Distributions of chernica1 constituents (N20， 02， NOr， 

N02-and NH4+ by lines) and sedimental denitrification 

rates in aerial basis after acety lene inhibition 

technique (shaded area) were observed on May 27， 1987 

[Ueda and Ogura， 1989]. The uppermost box shows 

dorninant ivents controll主19N20 conantration in the 

lake water: I-riverine input， D-denitrification， N-

nitrificaロon，O-output to the reiver. Numbers in the 

bottom box correspond those in Figu工B V-13. 
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N20 (nM) 
200 N01NHL:(μM) 

132 
133 100 。

N03-conantra位onin the surface reflects low assimila世onby the 
02 (μM) 400 300 200 100 。

primary p工oduarsin the sarnpling period. Lack of the deeper Tw (OC ) 10 
accumula世onof NOr is due to insu註icientnit:rification acti vity . • • 

・
Both are a result of the in∞mp1ete stratifica目。n of the upper pa工t

of the lake. 

δ15N of N20 was lower at 12 m depth than at 4 m depth (Fig. The 

which δ15N measurements areα)mparable to and -6.0 %:， V-19). These 

was measured at 21 m depth inせ1eLake Kizaki， a Japanese alp訂1e

where N20 is αコnsider芭d to be produced by mesotrophic lake， 
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nitrification [Wada et a1..， 1991]. Although stable isotopic 

αコmpositionsof other nit工ogenousspecies we工ち not measured， it may 

not be unreasonab1e to suppose that nitrifica也onis mainly 

δ15N values. responsible for these N20 with negative 
N20 (nM) 

200 N03. NHぐ(μM)

L.OO 02 (.uM) 
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Figure V-18δ15N of N20 and vertical profiles of 

temperature (small dosed cirde)， 02 (small open 

cirde)， N20 (large dosed ci工de)，N03-(large open 

cirde)， and NH4+ (large open square) at the 

Fayetteville Green Lake on May 22， 1990. A previous 

observation at the same 1，αコationon August 24， 1982 

[Wahlen and Yoshinari， unpublished data] is prモsented

as a reduad illustratユon.
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仁::>FCHA RACTERIZATION  工SOTOP王C、T-S_

OX王DE

盟主主旦ger118Otop主;ComPQg目。n of N20 from D出 erentEnvironments and 

their EsUSsion poten包al

N工T ROUSENミF王Eヨ~ONrvIENτ'AL

80 Fig. V-19 i1lusむa民主s relaむonshipbetw自 n 自信ssN20 (dN20) and 

¥ぞ-30
0

/
0。て_200/0。Yミ15

0
100

" ETNP '-
1 ・1、.60 

No七ethat 

ムN20 is presented 10ga工ithmically.As a general trend， nitrogen 

i8Otopic αコmpositionsof aquatic N20 is like1.y characterized as a 
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Figure V-19 Re1.ationship between αコncentrationof excess N20 
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squares present data for groundwaters. Abbreviaロonsare 
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Sumrnary for Nit工ogenStable Isotope Ratios of N20 from 

Different Environrnents 

TABLE V-3 
Tables V-3 and V-4 surnmarize all the available inforrna世onon 
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Surnmary for Oxygen Stable Isotope Rati.os of N20 from 

Dt匠erentEn vironments 
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Figure V-20δ15N-δ 180 map of N20 from di丘e工-ent

envi工unments.A1l data a工elisted in TABLE V-3 and V-4. 

Legend is as follows: Open c:ircles-groundwater N20， 

Closed circles-oωanic N20， Open triangle-combustion 

N20， Shaded large circle-tropospheric N20.δ 180 in廿1e

a切 lospheric02 and the mid-latitude me民幻ricwater are 

together shown. 
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NA: non available 

NOx and S02 were not removed at the sampling. 

NOx and S02 were eliminated byαコnc.NaOH solu也onat the sarnpling. 

Literature ctted: a. Wahlen and Yoshinari [1985]， b. This study， 

c. Kim and Craig [1990J， d. Yoshinari and Wahlen [1985J， 
e. Yosh江lari[1991J， f. Thiemens and T工ogler[1991] 
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仁三E王AP"1アEl'ミ 、TI

FUTURE  PROBLErv1 

The sucass in δ15N and δ180 characte工izationsof environmen回 1

N20 dernonstrates 9∞d ability of the strategy to be used in 

biog臼コchemicalstudy of this traωatmospheric gas. Yet， more data 

for N20 in dominant reservoirs (troposphere， hydrosphere)， natural 

sourαぉ (αコeanicand soil emissions， biomass burning)， and 

anthropogenic sour偲 s (fossil fuel∞mbus也on，byprod uction廿1

industrial processes， emission from sewage treatment) must be 

cornpiled in the two-iso也 picdiagram for the iso匂 picassessrnent of 

the global N20 budget. 

Our knowledge of iso凶 pee丘ectsduring biogenic production and 

consump也onof N20 is s目且 insu:fficient，especially for oxygen ones. 

Appropriate laboratory experiments七o reveal the kinetic isotopic 

fractiona位onarモ stronglyawai.ted. An apparent iso匂 pee丘ectby 

rrtixturモ ofair masses across the tropopause on de恒三rrr乱n江19the stable 

isotope composi世onof the tropospheric N20 must be evaluated as 

well. 

What工equi工edto achieve the above is the technical advancernents 

in isotopic measurernents， in particular to reduce sample size 

requi工ed.The best analysis in this study using a rnass spectrometer 

acαコmpaniedwith the micro-α)ld fingers s口且 neE三dsat lE沼st1 μmole 

of N20， which means 100 liter of the tropospheric ai.r and much mo工B

of the stratospheric ai.r must be co江ectedfor the analyses. A direct 

measurement of without anyα)nversion of N20 to other compounds 

[Yoshida， personal ∞mmunicaロon]is probably the n~仕 S回ge to fi且

せ1erequi工程ment.That will enab1e us not only to simplify the 

handling of samples but also七o be free from a risk of fracロonati.on

derived from the chemiccal preparations. 

provision of an interna位.ona且y acapted N20 standard for the 

isotopic m回 surementsand intercalibration among di立erentanalytical 

techniques are the responsibility of our participants to estab斗sh

the stable包otopicstrategy [Yosh江lari，1991b]. 
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APPENDIX 1 Data for Groundwaters in Japan page 1/3 

Sta世onCode: Tw SC pH 02 -d_02 N20 d_N20 N03- Cl-

Date (OC) (μS・cm-1) (μM) (μM) (nM) (nM) (μM) (μM) 

J01: 8/30/88 16.3 ND ND ND 441 431 442 ND 
1/30/89 14.8 ND ND ND 475 465 561 552 
2/23/89 16.0 ND ND 181 118 423 413 580 ND 
4/24/89 16.0 ND ND 180 119 495 485 442 ND 
6/20/89 16.0 ND ND ND 393 383 ND ND 
8/21/89 16.1 223 7.5 173 126 441 431 ND ND 

10/23/89 16.0 ND 8.3 195 104 749 739 ND ND 
8/ 2/91 17.0 242 8.6 183 110 355 345 375 496 

J02: 8/30/88 17.5 ND ND ND 1080 1070 210 530 
1/30/89 15.0 ND ND ND 554 544 224 493 
2/23/89 16.3 ND ND 75 222 1030 1020 234 ND 
4/24/89 16.3 ND ND 157 140 836 826 218 ND 
6/20/89 16.3 ND ND ND 676 666 ND ND 
8/21/89 16.7 178 7.8 27 270 945 935 ND ND 

10/23/89 16.3 ND 8.2 77 220 1430 1420 ND ND 
8/ 2/91 16.5 252 8.5 91 205 433 423 283 510 

J03: 6/26/91 16.6 198 6.3 221 74 1240 1230 373 456 

J04: 6/26/91 15.7 164 6.2 230 71 256 502 436 362 

J05: 6/26/91 16.2 193 6.0 246 52 287 277 701 423 

J06: 6/26/91 16.1 194 6.2 249 49 885 875 730 443 

J07: 8/17/91 17.2 163 6.0 259 33 434 424 493 407 

J08: 8/17/91 18.7 201 6.2 203 80 280 271 624 387 

J09: 9/16/89 17.8 ND 6.5 165 123 69 60 ND ND 

J10: 10/10/89 16.2 188 7.6 220 78 119 109 ND ND 

J11:10/08/89 16.6 810 ND 25 270 81 71 ND ND 

J12: 10/20/89 16.5 965 6.1 42 254 690 680 213 ND 

J13: 10/20/89 14.3 402 6.1 24 286 1030 1022 274 ND 

J14: 10/20/89 14.9 442 6.1 81 225 5280 5270 1079 ND 

J15: 5/17/89 16.3 288 6.4 293 4 800 790 615 930 

J16: 5/17/89 15.5 227 6.1 273 29 169 159 601 549 

ND: Not determined. 
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APPENDIX 1 Data for Groundwaters in Japan page 2/3 APPENDIX 1 Data for Groundwaters in Japan page 3/3 

Station Code Tw SC pH 02 -l!:，.02 N20 l!:，.N20 N03- C1- Station Code Tw SC pH 02 -d02 N20 l!:，.N20 N03- C1-

Date (OC) (μS・ロn-1) (μM) (μM) (nM) (nM) (μM) (μM) Date (OC) (μs・cm-1) (μM) (μM) (nM) (nM) (μM) (μM) 

J17: 5/17/89 15.5 358 6.5 186 116 361 351 814 896 J25:12/26/86 15.2 247 6.7 300 4 54 44 503 383 

J18: 5/17/89 16.0 257 6.5 144 155 135 125 327 690 6/ 5/87 17.5 318 6.7 286 4 39 30 460 389 
7/21/87 17.5 265 6.5 271 19 293 284 503 389 

J19: see Apendix 2 12/29/87 14.8 235 ND 302 5 30 20 465 456 

J20:12/26/86 15.5 208 5.9 282 20 571 561 797 569 8/28/88 16.3 266 6.8 290 7 180 170 568 546 

6/ 5/87 16.2 246 6.0 261 37 332 322 733 465 J26: 10/ 8/89 14.7 325 ND 273 34 108 97 ND ND 
7/21/87 15.7 189 5.8 268 33 554 544 701 400 

J27:10/10/89 14.5 152 7.4 285 24 32 22 ND ND 
12/29/87 15.4 212 6.1 258 45 426 426 777 549 
8/28/88 15.7 214 6.0 267 34 466 466 764 428 J28: 6/30/89 14.3 59 5.8 216 94 76 66 181 ND 
1/13/89 15.6 ND 6.0 248 53 565 565 783 ND 

J29:10/20/89 11.4 225 7.4 252 78 490 478 1200 ND 
4/17/89 15.8 ND ND 263 37 308 308 712 ND 
7/ 1/89 15.6 ND 6.0 258 43 326 326 561 437 J30: 10/10/89 12.7 970 6.5 288 33 7060 7049 2143 ND 
8/30/91 15.7 186 6.0 248 53 306 306 553 442 

J31: 5/17/89 19.9 342 7.3 253 24 153 144 261 620 
J21:12/26/86 15.8 210 5.9 242 58 454 444 854 563 

12/29/87 16.0 208 6.1 284 15 346 336 725 656 
ND: Not deterITUned. 

8/28/88 15.9 209 6.0 263 36 501 491 714 675 
1/13/89 16.0 ND 5.9 258 41 595 585 815 ND 
4/17/89 15.3 ND ND 258 45 115 105 663 ND 
7/ 1/89 15.8 ND 5.9 240 60 364 354 682 531 
8/30/91 16.1 188 6.0 229 70 336 326 533 443 

J22: 6/ 5/87 15.7 286 6.4 261 40 464 454 437 450 
7/21/87 16.3 238 6.2 229 68 593 583 482 613 
12/29/87 16.8 242 6.2 224 70 414 404 519 531 
8/28/88 16.5 252 6.3 238 58 420 410 757 466 
1/13/89 16.8 ND 6.4 204 90 699 689 465 ND 
2/23/89 16.4 ND ND 256 41 360 350 ND ND 
7/ 1/89 15.2 252 6.3 236 68 471 461 622 550 
9/ 3/91 16.6 259 6.3 215 80 436 426 498 404 

J23:12/26/86 17.1 243 6.3 252 40 304 294 515 507 
2/23/89 16.2 ND ND 275 23 301 291 559 456 
7/ 1/89 15.3 189 5.8 259 44 399 389 622 496 

J24:12/26/86 15.6 217 6.2 199 102 796 786 20 462 
6/ 5/87 16.7 270 6.2 214 81 1410 1400 307 507 
7/21/87 16.6 226 6.2 199 96 1210 1200 304 423 

12/29/87 16.7 253 6.1 197 98 736 726 404 563 
8/28/88 16.4 242 6.2 203 93 505 495 458 524 
1/13/89 16.7 ND 6.2 259 36 1490 1480 414 ND 
7/ 1/89 16.7 242 6.1 213 82 560 550 363 411 
9/ 3/91 17.6 246 6.2 198 94 593 584 293 545 

ND: Not determined. 
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APPENDIX 2 Data of Peri.odical Observations at J19 page 1/3 APPENDIX 2 Data of Periodical Observa位onsat J19 page 2/3 

Date Tw sc pH 02 .6.02 N20 .6.N20 N03- C1- Discharge Date Tw SC pH 02 .6.02 N20 .6.N20 N03- C1- Discharge 
("C) (μS・cm-1) (μM) (μM) (nM) (nM) (μM) (μM) (L. sec-1) (OC) (μs・cm-1) (μM) (μM) (nM) (nM) (μM) (μM) (L・鎚c-1)

10/27/86 15.6 182 5.9 255 46 454 444 599 ND ND 1/19/88 15.3 179 ND ND 245 235 600 468 6.6 
12/26/86 15.5 160 6.0 280 22 289 279 607 456 8.7 1/27/88 15.1 173 ND 277 28 243 233 ND 6.2 
1/27/87 15.3 178 ND 282 21 250 240 624 434 5.3 2/ 5/88 15.5 166 ND 300 2 237 227 560 485 5.0 
2/ 3/87 15.3 175 ND 295 8 271 261 552 372 4.8 2/13/88 15.5 174 ND 283 18 227 217 509 425 4.3 
2/10/87 15.3 165 ND 280 23 282 272 623 445 7.6 2/18/88 15.6 171 ND 276 25 203 193 591 462 3.7 
2/17/87 15.3 167 ND 279 24 216 206 604 428 4.8 3/15/88 15.6 179 ND 280 22 214 204 586 465 3.1 
2/25/87 15.5 198 ND 283 19 422 412 596 445 5.1 3/22/88 15.2 171 ND 257 47 212 202 402 355 5.0 
3/ 6/87 15.5 172 ND 276 26 429 419 585 394 5.1 3/29/88 15.2 178 ND 287 17 226 216 555 428 6.7 
3/13/87 15.5 168 ND 287 15 424 414 590 439 6.5 4/ 6/88 15.3 181 ND 283 21 222 212 537 468 8.3 
3/24/87 15.2 177 ND 283 21 345 335 584 439 6.4 4/19/88 15.4 159 ND 280 22 236 226 410 423 7.9 

4/ 2/87 15.2 167 ND 285 18 455 445 587 468 6.4 4/26/88 15.7 176 ND 274 29 256 246 504 423 8.7 

4/15/87 15.2 179 ND ND 428 418 620 485 5.7 5/ 2/88 15.7 167 ND 274 27 274 264 398 423 10.3 

4/22/87 15.5 179 6.1 281 21 305 295 597 518 5.5 5/10/88 15.7 168 ND 267 34 294 284 513 406 9.9 

5/ 1/87 15.3 163 ND 279 24 330 320 577 465 3.4 5/17/88 15.7 158 ND 263 38 301 291 494 439 9.3 

5/ 8/87 15.5 164 ND 288 13 309 299 565 462 .8 5/24/88 15.7 178 ND 260 40 287 277 458 456 11.1 

6/ 5/87 15.7 203 ND 60 40 261 251 544 470 4.9 5/30/88 196 ND 258 43 293 283 540 377 11.1 

6/10/87 15.7 177 6.0 276 25 273 263 557 423 5.4 6/ 7/88 15.7 161 ND 265 36 282 272 524 428 10.4 

6/17/87 15.6 173 ND 260 41 226 216 581 524 3.3 6/14/88 15.9 162 ND 241 59 293 283 513 465 11.3 

6/25/87 15.6 192 ND 249 52 200 190 580 490 4.5 6/21/88 15.9 183 ND 252 47 306 296 523 425 9.9 

7/ 8/87 15.5 172 ND 246 56 243 233 537 400 5.6 6/28/88 15.9 188 ND 261 38 303 293 523 448 12.0 

7/ 5/88 5.7 172 ND 253 48 307 297 543 456 15.2 
7/13/87 15.6 169 ND 272 30 247 237 549 456 6.7 7/12/88 5.9 182 ND 236 64 299 289 525 428 13.3 
7/21/87 15.8 169 6.0 255 45 128 118 482 389 7.0 7/19/88 5.7 178 ND 249 51 300 290 527 428 22.4 
8/ 5/87 15.5 172 ND 263 7 260 250 533 366 11.2 7/26/88 5.8 174 ND 246 54 275 265 511 439 19.4 
8/14/87 15.7 172 6.2 263 38 303 293 493 468 10.9 8/ 3/88 5.8 ND 244 56 316 306 522 ND 20.2 
8/22/87 15.5 167 ND 265 37 232 222 481 417 10.1 8/12/88 5.9 172 ND 218 81 299 289 476 439 38.7 
8/31/87 15.6 178 ND ND 254 244 467 456 11.0 8/17/88 5.8 152 ND 248 52 293 283 489 394 53.0 
9/ 8/87 15.7 185 ND 248 53 275 265 512 462 14.8 8/26/88 6.0 158 ND 244 55 300 290 494 ND 37.1 
9/14/87 15.6 182 ND 274 27 293 283 542 451 12.5 8/30/88 5.8 157 ND 210 90 352 342 535 428 38.2 
9/22/87 15.5 189 ND 255 47 307 297 543 445 13.3 9/ 7/88 5.8 178 ND 232 68 312 302 583 468 32.7 
10/19/87 15.7 171 5.9 237 64 316 306 515 476 19.6 

9/13/88 5.8 182 ND 314 304 575 ND 27.6 

15.4 186 249 53 313 303 470 372 20.1 9/20/88 5.4 166 ND 238 65 330 320 611 465 27.4 10/26/87 ND 
9/29/88 5.8 173 ND 243 57 324 314 511 ND 44.9 11/ 2/87 15.7 187 ND 248 53 344 334 553 428 16.3 

10/ 4/88 5.9 168 ND 325 315 531 434 43.8 11/12/87 15.8 180 ND 252 48 329 319 538 428 17.2 
10/13/88 5.8 176 ND 245 55 336 326 539 431 33.8 11/16/87 15.6 163 ND 277 24 321 311 ND ND 16.6 
10/18/88 5.8 176 ND 236 64 361 351 565 ND 30.4 11/18/87 15.8 184 ND 254 46 289 279 567 468 14.0 
10/25/88 5.8 180 ND 233 67 511 501 565 ND 26.5 11/25/87 15.6 179 ND 251 50 296 286 611 479 15.3 
11/ 1/88 5.8 186 ND 248 52 518 508 563 451 19.4 12/ 9/87 15.3 170 ND ND 292 282 601 473 11.9 
11/ 9/88 5.7 173 ND 239 62 467 457 575 434 19.4 12/28/87 15.6 185 ND 257 45 301 291 605 479 7.3 
11/15/88 5.4 68 ND 243 60 473 463 616 445 21.1 1/ 6/88 15.5 165 ND 282 20 260 250 619 ND 7.1 

1/12/88 15.4 179 ND 273 29 234 224 587 462 6.5 
ND: Not determined. 

ND: Not deterrnined. 
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APPENDIX 2 APPENDIX 3 Data of Periodical Observa位onsat J19 page 3/3 Data for G工uundwatersin New York State 

Date 

11/22/88 
11/29/88 
12/ 8/88 
12/14/88 
12/21/88 
1/12/89 
2/13/89 
4/17/89 
5/15/89 
6/12/89 

6/20/89 

7/18/89 

8/21/89 

9/21/89 

10/17/89 

7/29/91 

8/30/91 

149 

Tw SC pH 02 d. 02 N20 d. N20 N03- Cl- Discharge 

("C) (μS・cm-1) (μM) (μM) (nM) (nM) (μM) (μM) (L. sec-1) 

15.3 172 ND 240 63 
15.2 162 ND 257 47 
15.6 166 ND 258 43 
15.8 172 ND 257 43 
15.2 168 ND 256 48 
15.6 ND ND 264 37 
15.6 ND ND 273 28 
15.7 173 ND 239 62 
15.7 ND ND 263 38 
15.7 ND ND 257 44 

15.6 ND ND ND 

15.7 ND ND 244 56 

15.6 ND 5.9 235 56 

15.6 ND ND ND 

15.6 ND ND 223 78 

15.7 ND ND 238 63 

15.8 159 6.0 238 62 

550 540 
492 482 
508 498 
496 486 
504 494 
394 384 
286 276 
249 239 
340 330 
297 287 

297 287 

318 308 

397 387 

492 482 

206 196 

257 247 

576 
562 
616 
595 
573 
593 
587 
534 
538 
531 

ND 

484 

537 

529 

554 

470 

8
9
7
4
4
D
D
D
D
D
D
D
 

4
3
3
3
3
N
N
N
N
N
N
N
 

A
せ

A
T
A
u
-
n苛

A
せ

Sta也onCode: 

Date 

Tw SC 

(OC )(μS・cm-1)
pH 02 -d.02 

(μM) (μM) 

N20 d. N20 N03- Org.C 

(nM) (nM) (μM) (μM) 

18.2 
14.8 
10.2 
10.9 
8.6 
5.01 
ND 
ND 
ND 
ND 

ND 

ND 

U01: 3/ 3/90 

U02: 5/ 2/90 11.5 

U03: 5/ 2/90 11.5 

U04: 5/ 2/90 12.0 

U05: 5/ 2/90 11.7 

U06: 5/ 2/90 11.4 

U07: 5/ 2/90 13.5 

U08: 5/ 2/90 10.8 

U09: 3/14/90 

U10: 3/14/90 

U11: 5/10/90 12.6 

U12: 5/10/90 11.8 

U13: 5/10/90 12.4 

U14: 5/10/90 12.0 

U15: 5/10/90 12.2 

U16: 5/10/90 12.8 

U17: 5/23/90 11.7 

U18: 5/23/90 10.6 

U19: 5/23/90 9.0 

U20: 5/23/90 8.5 

U21: 3/29/90 12.2 

U22: 3/29/90 12.5 

U23: 3/29/90 11.3 

U24: 3/29/90 10.8 

U25: 3/29/90 11.5 

U26: 3/29/90 11.6 

U27: 3/29/90 11.3 

U28: 3/29/90 12.7 

U29: 3/29/90 12.0 

U30: 3/29/90 11.8 

ND ND 

ND 

ND 

4.3 

4.8 

ND 

ND 

283 

347 

ND: Not deterrnined. 

735 

1476 

734 

797 

1253 

1186 

938 

208 

229 

166 

456 

460 

198 

1360 

857 

699 

596 

261 

225 

96 

39 

91 

104 

56 

59 

159 

33 

6.5 

6.8 

7.0 

6.3 

6.6 

6.8 

6.4 

6.1 

5.9 

6.2 

6.0 

6.2 

6.4 

7.1 

7.2 

7.7 

7.1 

6.2 

6.0 

6.3 

6.2 

6.1 

5.6 

5.8 

6.1 

5.5 

6.。

160 

190 140 572 560 

150 180 155 143 

194 132 78 67 

36 292 4320 4310 

147 183 1660 1650 

243 72 182 171 

230 105 701 689 

570 

908 

308 14 781 770 

245 83 385 374 

289 34 243 232 

228 98 1294 1283 

248 76 1194 1183 

193 127 1013 1002 

294 34 155 144 

73 264 125 113 

153 197 315 302 

198 156 149 136 

281 43 337 326 

234 88 254 243 

247 84 145 133 

125 210 16 4 

272 58 265 253 

253 76 450 439 

266 65 137 125 

125 196 81 70 

219 107 308 297 

31 328 55 44 

227 32 

886 43 

222 31 

474 83 

412 64 

1643 58 

1229 64 

542 

907 

292 く16

366 <16 

186 く16

561 18 

519 16 

299 <16 

121 51 

321 67 

165 92 

96 150 

397 ND 

217 ND 

91 ND 

4 ND 

258 ND 

392 ND 

152 ND 

60 ND 

294 ND 

nd ND 

ND: Not determined. 

nd: not detected. 
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