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PREfACE 

Tt11, i1llPk :-;nmm.:~rih.'' j..:mr.::n: ;nfunnntion (m n1trnger; ir1 rh<: c,uh:-.llrL~n:: 
r:miiY11lnK·nt. \d1h rmp!w:-.1'- giv.:n t<> <i.~n::u1Wr<J\ \OUI'Ct''> 1.)( nitt<lll~~ twd appr<l 

pnak; p1tVt'nth)l1l.i!1d tr~.'<:dil~>::nt ·n...:-<hl~l't':... Lll~.wtl h,w~ h:~:P nmde tp indmk ho!h 
hi<:oton;.;<~l a~ti t:Htrenl r~~k·H.>nce :n~ltcri<~l-.;. h(>wt:vtr. i1 t .... r<.•aliJ<.'(~ th .. n '-Ut'h dh"~lh 

nu'-.:-. n1~1jN V\urk..,. An:~-,H.h~l~ly. 1hi.., hO('k !->h~,o\d he 1:kwed ;.1 ... ~~ 
in I lilt!!, rdakd to tbc )Uhj~ ... :l d nitrate'> in p<.itmd"·h>tc-r. 1 h~._~ ~~~lp<W

:,:nn' >.tt" I he :-.ubj0'tt i'. b.;.;q refk.:~t.•-:..1 hy thl..' ,,,~dvati(l.n !h<H n.1trm~~ .,H~ prtlh,~hly 
;ht- rno:-.t uhiquHous of all (h-tnnra1 nm1<Hnio;mr... in _t;u.H~ndv•<nt..-::1. 

'\huh• <.:~1n;mnina11on pf rrot=ndv,·ah:l i\ tHH-.:Nily n rr'<~!lt ~)f nitro~pn nH'H> 

mc.·m inh1 \IK lll1:"tt\Uf.3tcd iWJ.do:-.~1 wn::.·. th<.; u..:v.mc)ct <'d lr.m·.ftLm~JitH! pn) 
L·c·~"'l'" m nther th~ m1.:,:.m1t<~t<::d ~w ~atl:Ltt<.>tl t.lm<: .... <Hld niH'<iK n1n'- ~~m¢nt ., .... ,th 

~ZfCtlllthvatl'r. Following an intrndUClory eh.:ptct ~II 1ha1 hti!hhvhl" r!u.• lH!U>g~·n 
t"yck. "-OUt('t.'" ~)! nnr~Ht:". !In(\ h~:.1Hh com.:cm-; re\ah::d w w\r<.th·s in gr\>Hnd-..<,·;.twr. 

Ch..rpt~r 1 ad~Jn;-.;~~,. <;,UhHtrhlt:t pn.Kt..;sc<.. t\ mlmh.~r PI hy\irog•.;:dng\>..al f~.tdoj~ 
anU n.;_1rk:11hllr<1i pnn::tic•.'' inlh:~rlt..C tht' cn!K'fntn-i1hm Hf ;'>\tialt>· ;n ~rnund\h:aH~L 
Fx~.t~npk:-; ,)r ~u(h faftOf'- and pn;cuce~ liK!udc prc~;lpl:laflml'flll'lPfi'. irriguti<Bl. 

"E)il ~vpt:·. ':'>Oil d~.:p:IL p.c-:,ln~iud 1',:-:mn\""' \l:.~., k?,ht at\~a._, ~\:.tf!lJzin~ intt.'n~·l:-<. 
;.tnd ..::rop types. I. atd lar.d n,~~~e. ~ hlghli~.:hts th-.'sv f<\(H>r:~ ~md pwr>k~c" 
!ltH)O~!.h a ~t:ri~:~ of (·,t..;e ~wdiec; trom Unit~~tl '>Ide'~ <1nd b.lh'Pl' 

\'dn~r~~hility mappmg: pf groundv.'atn n.',l) m·..;..; rcpr(~'t!lt'· ~~~~ ·.~idt~r.)!:ing: h1nl 

t
1
:-..:ful m nuHmrc;r,cm t.lcci"dolh. Nurn~;fll!!;. t-..:t.hrdqli,'" 1·l1f '>tl1!l·.:fi.lhihly m;•ppw~ 

ll;,\~· h(ell d.J..'vt.'.h.\pcd. \~·iti) t.h~"''-' L'dHih!lk'!- ~<'!k'r<l!l".' mvnlvm.~ the ~·nmpt)"'>\1.•.: 
~.-nn~i.dcratHU1 <>f "d<~;.:ll..'d hvtnr-; ~,lt~enpH\12 <•f d!t~ hydF)~Cdln~; m gi','rn ifCO· 

~·1.1phit:~~i m\~.~~. Vn!m . .>rnhtlit~ tr'l<~ppm:;. I' dh: <..:Jh:\:d (\! (ll:lpkf -L C!wptu ~ 
pr("''~·nt-' ;\ mlwh' p~~l!uti{'n in·k'''. \\·hidl um h•: IH:d in i..':\·;Jualmg acwa! nr 
l";~.:nt;al :~{Hall': pollution tr\m; H;,!l irultut<ll an:a-.. lo>.'h.JJ ..... d i~l Ch .. tph:r.::.. '" inhH· 
>l'-<~.;nn t•~\ tht; d(:"'/t.'\lf•!ll~.:nl ~l;·;d lc,\nl,: ,\r f!w Hhk\ Tb:n' ar..:: nmntr:HJ"' n~.dh· 
._·m.~>ic'l~ nH'<Jd~ and ~ut·mct:d" lh.:t ,~,J.!n.: ... ~. th: h<Hl'-J"~ll ,,nJ t·;~>!.' ~d !Htft\tt'-·n 
and niCl<!h:~. ln !lll . .' •.uh:-.HrLK:·,: {'!)I. ilU!tOKJ1)~ \ 'lk:ptC! h f'!"•:'\ itl·.'<; .l ·<'.lll"Ulla!~~. ( ':1t 

q'rY(i>.~'-' ~;<!dn.'\~c\1 !ndwk O:iW'T-.' .;h:I1Jt.lcl'l?:ninn !n(•~ki..;, 11!U~n~· tran~ru(! ''l._~·.~ 
dt,;,, ~~ntJ r•l;HU?d~h~l)! f,ll);~f~'> fnr d~'\t:"h!j~!nt~ ro!I!J!ion fJ:I,'\('\11\0H dUd • . ."f~n:pj 
purramt-. Oel,nkd IPtPII"J;tt!nu :;; in1.iudcd nn \-.:Yu,.\1 nilr<>k t!;HhpPil nwdd-., 
(\~tllKt<hdy th\)<.;~· i\l'.nhlllf !ll<('.;" hai.:HICC-... ,\"<..:.nri;tkd wi1h !h_· IH>:<i\tl!<lh'd ;~1ld 

'liXr<.• :JP; \('..'(·f;_d i'erfllV€'1' Wh\ 11):ll1<t)i: •. 'Jfh.'llt !HI.';.I~l!l"l.'!-- pt~tt.:nti:.dJy lhr~tu\ tfl 

Plllllfili;u)~ n1t11H<.: pn!btwtfl cf frnundn-atvr th.!i f(";,uk:-. frnm ·•.~n.:ulHJ'A~1lirl<1v-

·~ 'I 



H>.::t~\ lrK in(kd ll1 ~LH+ !11('<hlll\"• i·~ ··t:tc~d tdan,tg~m(~tl P1·:.t1.. n·'t"" I hi" PW;h~H\' 
rH1d \~tf't,~t PJe<]\Ur\'~ :JL.' tltr."' '-!ihwn ofCh;!pl•.'r 7. F\;l!ll~1kl., HH'IIlk *liJ(;_hi!:t1 t:·~' 
~munr ~~~ L~n,li·r'<·'r <1pplt~·ol!!t>n In m<.;c' ~·F\p !Wed ... : IP~!'(·hms lc1tJu~·r .q;plll';!tHn; 

rah: 1n crnp ~~~~~~ll-., .wd ii;nilint· L:r:ih/l'l •TI"'lil,lf~on •n \H~Ii rcdwr~:~~ an·;;' th>~! 
::L' >-'~lht'r \hi~· H1 JW•I!utwn Tht''><.' rnca\U?"f'' n•mp:Htlll'nl ,,! 
, pp!t~at··~t~, liP~ ,·\~ul,J b(? lht:d .·onrnl riltr~tt•;· 1,,· ,l!roi,n..:hl,:th:r flnrl' 

~~_l.!rwtn~ua! p:-;tdin·:,. l ht• ;tppr·HKhc" ·~an hv tiM~<'; ~ith~1 ~mg!y or in v;,riou-, 

(1\llmirutHlfl:.: hn~;J!~'· then: ~:1\' ~~\-era! l><.~aun~·nr m~·a~u;,.·-. !h<H >.<m be u:o.,;:d 13' 

r,;-n1n>,c ~:xcc~''';i.~ t:IIIK:cntw!Hm-..: l~1 nitnlt..:: frnm grounJwata ""<YSb.·m~< The mt>a

'>IHt:~. an~ pnmari!y !'01 <~pphnwnn t11 pumr~,_J gwund.,•·.atcr. <Hld !h..:·y :n<:.' <Jdtlrcs-..c-d 
~n t 'hapkT X <., ·o-,l·df-;.•t.:ti<-·<· trc:.ttmenl ptns::e-...-e;; if~o..:h!tk~ loll .;.•~:;chant!e imu!vm.t: 
<HlH:n~t.: 1'.J$in". ;md ~~(~!o.;;.~~.:;)l (km1rJtka!!on lil \i!H dcnmih ... "<ltion I" aho 
~~ddn;:s-.,cd ;p Cb;,pter g 

!'hi:. hnnk •:lJHld >~e tht:d ,!\ ll ~p..:dali.-:.¢d n:admg o..'Nnp()ncrn of ..:.n upper 
drvi-...:nl11)i p>ldll<~~(:' L'mlf~(' ,ddt Chin)!, ?HHindWatrr ljiWI<ty rHDfCf!!ml. 'fht..' -;;'!HU'>l.' 

~ ~)nld h-e offtt\'d thmll)?h !he ~Hl"p.:\;e" 1•f ,;n t•ng•net'rin;::. :ecntn.£!y.r..'ll'<<imnml'nL:d 
~C>\'Ih:::, (lf" .cenpapby i.kp;utmc-nl, 1'r it t:ou!.J he offt.:"f\.'d .t:-X .Hl i·Ht:-1111'-'-i!'linacy 
efln1t pf '-'t'\'<;.'1,!1 dcp:w;menh. The h>.)Oh .... 1,uh\ ,\):-,(l lx W'>\··d hy p!ildii.:mr h~,dn•-
1-Lllf, 1yi,l•,, Hf1 kHhUl ,t!. lllt'f!llud. d!il t'<IVH"iiPIH~'J!hl<..'fl}.;i'lCt.'r,.;: 1..'l!'df'll1Hll1.'fll ~tl

l''lli~h. t:ht'HJi:,.t<.. anJ lllH.:mlnnlo;-;:"t'>. "nd :..;.:kr.;J..;h: get"~gr:.~plNI''< and <tfH>ilO 

mi"h ·,·mrk;~cg tm puuud,~·atcr quaht~ ~~• ... ue~. In ath\iril'tl. lh,: :•01"1!<. ,~·nuld h;.· 

h"J..'ful k 1'"~1icy "-ft't:i.a!i-;h wrd;mg m ;.~to11JH.l\'·~aki pwft:t·tiPH pr<l!!f,lt!J'~ ,n .. l!l 
;·i ~~--~~ m~11'r'~ a! k\·(.•1, 

·rtt.:: <!lr!'lH. ·,•, 1\lW'. 1n •:\rnr•,.,-. hh .~prn.· .. :i~1 Hnnln -,t:\t:r<J~ ~x·r't'th .\'l,n~·I.Hl'd 

Trl~i\:t..:l\ \':n·l !~ c dn·,_•!'.'Pll't'Hi ul t!11.., hnok. hr..,:, llln;.,nn Mul;::/,W! ot C. L\U! 

:nc; ·\·'-\\• ... ·i;m'' w Rnm..::. ll<d]· anc: Lt;, .. (nr:)u~t PJ <.hi..' \\'odd I lt<dtlr I. lq; .. nilJtwn 
il' (\·p~'!\h.t(t'C lkr'lm,·:~k jY:•v:dt•d <In Ppfilt"hmitj for :h~ ,nll.hi\~ t\' '-;.nrk n!1 n 

~IP<.ili(\Y;lt=:r pniluunr~ ·-,1uuv Hl\'l'·h Ill~! m~Dh~'- t"n~m ·>~~rh.'UhHal -.,onttT·; The 
,t~i>~\ '>'d' tnwLickd in ·hlnl~H;. A!r-.'n,;. ,u1d ?vhn(in:o ;n ?\<>fl:l :\fi!C!; P <~?'. 

"Plli·\)rcll h) !be l.'nih:;: "'-l.:t;\;n;., !)t'\'l'h'flHH:Hl r:·np~~~~=. 

rlH' <~l<t~tr,r \\'i'>ht:, 1t1 \'\Pi\'"" hi-- }!T<J!·Iud.: ;! ·nnrh(·r ~··, ifldi-. ;J,!d ... -,•.htl 

h-l\i' •mnil";!'ilt<..·d dht:r.:th n· 1ndi!rc!ly in ~h: .~Y'il'rHi">b~<..' oi infcnnd1nn )\·Lltt·d 

f<; ti1h ht"'+ 'l i!v:~,, lPt hhk !flP\)('1 -.n«knh. \l.:·h :\;,;Dr'- Ht~hnt Knnx, \.ioll;;pl 

rnrd L,d\\.ltl. ,\ml K.,dim htr;.ljal!.~. ,·:Pd ai::-t.l K:.::t t krnnpon. s~~!hh K,lfJ;<:!h, U!ld 
l.a'i..'U!i,l R~\IE(~lin,l. I!;~,~: '-\Udl':1h !},~\-~' u,IH•.hiL'fCd 1;;'-.C~!r\.h m p;~iNi~ qt<Jkd in 

·~oldun' r··l.\lt'd pr<.IJ'...'~' 1 '-. ,r·, p:,H ~<l th,~ir ~:r ~de~a:•· \'<~'Jt. I;· p,·r!i\·ul<1r. ( '"~>Jjl!U ' 
h:t<.:·!n ,,, l·\r~:d) b;~\.n: n1l ,h,: ;he.,!\ wv·<nt·il ol· ~-h. Rmr·t)hnu fl:c ,,q:pnrt and 
,f\\!..,hdh.:c ·~t t:t.iH( lll ;n1d !(lll~H.'! "\::,L,:a;uc ... a! til ... · ~ l;lf'-'t:.r-..1ty o( f }l.,Lill{' ·n,: , ... :J!,.., 
gr;tlddly· J!.'kww:h:Jjft.:d. !ne:1111kd .. d\' 1>' .... R(·h~:-11 1-.-:Jl<Y\. l;1n1c~ Rob·n!;.,;'IL 
I},\'- ~d Sab;!lll:.L ;tnd ! .>';l :~. StE·:hm. JJid Pn>k .. ,n, (1<..." •q.x lh·td. 

Ot rr~:')iJl i:npurnn.:·t' :n 'h<: :.HPh;-~r 1•, lh<..' f)(l:.lli\·~ d!itud ... · <llld hdptuh~<..·" ul 
!\h \lil'iJ..: Duch .. !fll :wd ?d ..... (lin~cr c;,_.,~ n! the Fn\irnmlh;~wn; <HHi (i!nlF'(hvdtvr 

l!>.li;m,~. l nh·rr-.n~· {lf nu.:l'lnma, ir ~T·H.il!!h.'~l<l!! \\Ill~ typin!! <~ll~.i [\.'!) P111& (lll;,· 

i:l<11 r:ul<.. nllhi\ ;nai'.IJ~cnpL Thril k::kn-::al ahli!k::-. and pk:hi!P1 1l!t!h!de htl',"( 
I'I<HL: t.ln ... h·nd; pO:-.'-Ihk lht": t.'X~'t•lkni typill~ ~kt!b nr \t.; CL·i~ ii par<it:llbdy 
.ll'~ lHW kdr:l'tJ h11 1ht: fnl!J! CPp)', 

Larry \Y ( 'anh:t 
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tlnnl. H~ b u!'St.l tht~ <ltdht!r (~1· t'U··<Hilhm t~f WJnH.::wa~ hook ,___h~iptn-.. n.·:·~·r(•ed 
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U!. c~llllcr ;-,._:<f\'<..:'d 01\ tht c .s ;'Vrn~ Cmp ... d Etli.!H\~'(.'1"0:. EnvirnHlrH.!'Ilt!J1 

,\d',-!';;,ory Board fr-cm !qX\ h- !1):\4. Sm\:".(,' jt}t·n, he h:\:- h-1..'~11 a mernlxr (l~ the 
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FUNDAME~T;\L ASPECTS OF KITRATES 

lN GROUKDWATER 

INTROOUCnON 

(;n•tmdW<Jft>t pn!1ot~nn ;..._ d )!nw.;rn~ t.<~l1l'l,'Tll ('\\:ty\\.:ht'H.' lll tilt' wnrq, fhe 
h<l"l,' pn•hlcm~: 8:\: !\Vnfo)d: f i l (~\teW·h,· US<l;:.:C c: _l;!HH!Od'.'~ilfd ki\.dH11;. W n\('f
f:l;\(t<; <Hul dc~· 1 iniur gn;:lnd\•.,u.:r \;',\.'1 ... :. and <2l pnllH!H\f1 of !n::.h grPnndwal<.::f 
·.:::.idhg 11\ und('»,;whk' ~o.'f•e·~·r~~ t.lll thl'l'\ N 1.'1Jrt~~dmnn ~~r _goHm<h•·al('r th<l}!\~. 
()Jnt'l1d\va1rr l!> !hi.' "-IH!H"l' nf dri11kin~ v·at~.;t h• a!-Jnu1 So':: d ?lw o',.:crntl pnpo 
bti<Yt Hl :he S. -1Pd tn 1n(T 911~-~ df thl' mral pnp:1btioa tOflkt: pf Tt(:hncht!!Y 
'\<;.,~~'··-m<...'rlt. i 9901 Cro:.mJ\\ :~~~·r l'- ah,· t::-.·:.~n:i.d to afl ttnlwnl OjX"l;.ttiont-. ~ll 
mun~ n:::ginn~ e>l tlw ,~nuntq 

Nil rate:~ <!tC one nf lhe tnn:>:t pro.)kmmk ~md wldt·~prt.~~d 1)!' tt·w va·a nmnb¢r 
uf pot<:H1io11 grHlmdwater cont~~nti!\Hl'h lKt'\:'llCJ, J9~b}. ~-itrate :rst fl_'~~ull-... Gtrl 
h.• u-.prcs-;<.'d U\ cith(;r nitrak- ntHO~t:n tN01-N 1 ('>r ~, ... nimnc !NOJ. The drinking 
'.\·<tkr quulity standard in rh<2 US fqr NO\-N !\-.. !(I rnp'l. '-vh:.:re~\'-, fnr NO. it'' 
:3-:' m;;:l {Chmu,ikt. 19~.4). 

T(\ ~ysh..:mtuk:aH: ~1ddre.;s hn1da!H~"'nla~ n..;pc::1" of niHHIC'" H' gn.~undwmcL i1 
1':'> lll'I:~:-,~;U"y H 1: { II undtr:-.ldihl tiW ~1il rog1.'1l ;,:y\:k f nlm ;1 {'hC'ntknl 1rni( rohi\•!(1g:it;~·l\ 
p:r<..pt..'div~; (21 rct('gniti! U··~ nitn~·.l!t":H cydc ;1~ rt~btcd f{\ !be '-oil und ~ruund'bH\1.'"1" 
enYirt..mmcnl; (_"l,) ddinct~tc mnur;d and nwn r~hw.:d ,ntlh'>.·~ PI nitr,1 tr: 1n ~.'l"OUIHl· 
'.\·utcr: and {4) n:e-nPf:y ht.\llth·rl'lcu~~d anJ r'tlwr l'ftt·tt>.:; nf r:x,;-cs,l•...-f· i..'tl\lCl'!Ul~ttinn:-. 
nt mtmtc in groum1watt'L Thi' ,;haptcr hi~hlig_hh tiK'~<.' tnur top1c" Hl ;~ddtlit.Yrl :o 
ib: lt'.<>Hlh <.)( i.! f~'~'CIH n<\~lOilW\<;.h; ,,HdJ thclt ;lddr~s~..:-t.L <l!H('l1;.:_ olht~~· h.">p!("\ 

tlHf,l\t'~ in )!l'tHIIJdW:l~l'l 

THE NITROGEN CYCLE 

Nitn\gcn t:an cxb1 ill n1<.1.ny lo1 nl"- in dh~ cnvift:Jm~wn!. Th0 n:ovcmcrn ~\11(~ 
lt~m.;;f,:wm:ttlnn nt !ht~St' nitru~cn cornpotH>d<.. thwugh the bio,..phcrt: can b(' ch;.1r· 
<Kk.xi:nd hy I he mlrngcn tyrk: rhi..; ryck b dc-rncrcd in HJ:n!X I .t t C .S. Fo"+ 
!f•1m:unal Pn·t~dH~n /\~~l'm·y. p.H}J). ·1 h~ atmo:-..plwrt' s~rve:.. <l" a n::i>rrvmr n1· 
l)itw,~eP in lh~ h'rtn nf nihn:;:eu ~!<1" •the ar:nn:-;ph~·, .. ; !'-. }l;t_-:, nitrngc-n). 



!'l TRArf:.:S IN (iFXAJNDWAfER 

Fi{llu'G t.1 The 11ittogep ~~·de (Fmm U5 Em!lmr.,n~ntal Frolectbr· Agency i1 NHmgsn 
Coo!mt Ter:tlr.t.>l'?':>c Putmshing. L.anca:st~:r. PA. H!~4. rm. 1-2J.> 

:\.tmn;,.phl.'rir nitrngc-n mu:\-1 h~ ~unFmwd \'t.·ith hydw~en t)l ~Hygcn l~for(: i~ ;.:an 
he r:·~~i:ni!at-cd by higl·~~.~r pl<ltlt'>, l:Jt' plant-;, m wrn, arc !20!1!-..tlmeci hv <.mimotl'-. 
i·Linnn m:ern."ntHifl ttwmgh UHhhtnai nnmgen fix.atk)n pnK'cssec;. ;:md the largt."'· 
"-U)k cr!t:\·atkm of IHff!I,!!Crl·li xmg kgwrH."'~ hn.:... piHyl~d ;l "iigmhcant 111k m ,tlh..~r
in£, l.iw iw:.tfwic;.d nitrO¥l.';l! t,~,;k, The .amount of m~rogcn fl.x.ed anw.wl1y h! th~;.;c 
p..-,··o !lK'~·hani"'rn" unv,· ,_;«;...._'t,l.':th by a!-- mm:h <t' HH the nmnunt n!" nHf<-)_\!cn tl\cl; 
1~-v ~trn..::~H';al I.~C\1">~-.,t~nh l~t..>ft>l<...' th:· <JdVt'nl nf ;:tprkultur~' 1 t' S [nvirrmmt."'IHH 
l't(>\t('1Hifl ;\;Jl'T!C~, I4\.J,11, 

-~,Hr:>~etl can f•Jfrl~ .~ ~'<Htr.t}" of ..:.nmpnund~ due lu ih di!krc-nt oxtdatiot~ 

">l<lH'"- lu lht• hjn,ph~)l'C, n\1'-..t tht>ll}~l'' frcnl on(' <)Xiil<t1Hm -..thiC h> :mulhe; <lrt.' 

;,>ill•~!'il:llh •lldl!u'd T:w ~jdh\<.vmt. nl!!n~:cn ~qjj)l\ ll!\' nr IH!l'!',:~t n1 (('b!;tUl tn 
•,nd,\\"l\k; t:'ll\'ilfHHn:.'i·l !ll S, Fn<nnnmcllWl Ptotedr<-.n .\,>.!t'fKy. )(,J\)~1; 

Nltrogan compound Formula Oxidation sta1e 

f~Jr•!"f'O(Hh 

/.~trr:rp~~r'l>(J'H wr1 

N•!(<)<T?f1 c!W> 
~-.ltfl,t~> iun 
~-J,ha:B K.'f' 

The un iomr . ..:J. mnkcuhu am1ll1.mi<~ ~xi·;r~ m eqmlJbna:n i.<ith !In' <lnilnu 
nl.tnl ion. lb(' dJ-.trihuti~)n of whidt dcpnll.h t1rou t!w pH ~wd kmpe~tHUlt~ ol the 
hitl>;phcrk· -.,y:-.l(~m: m Lu:t. vn~ link ;:mmPnt;! e\i"l' ott pll k'\'(''" k·•:.,..; th .. :n n..:.utral 
'l nn-:.,ff1fO!Hthm of l'itro_p:cll t.:.:)lnp\lUnJ~ em occur thrnu~ll \l''>l'nd 11K't.'~lm'~"'n~. 

in<.Judin~ 11\ati(m. a~nrn~mlti •. ·.tt!llH, •;ynthc~i .... nftril1t:<l~l\lll. ~ind \kntlnlJrg!tPtl 

LKh :"<HI he Jlfl.'rl1.11l~:-11('d t'> pd!lil uiat !'lh,'lllOf;l:lnl?im" \\ ilh_ l..'l!h-.. :r .. ~net wd:l ~H 
k~'-" p( t•nr·r~l.:,: ~~n<'I;:2~' ~.-un:--id.~t~Hblt~~ ar,: h,)·>~ ... tn d<.':'c~wwHn~ \vhlch lt~a t;z;n~ 
., ... ...:ur li .. S EnvllOil'lK'Jltd P~·otcclinn /\gency. ;q4..11. . 

Fr\..dlnl"! of niLd~~cJ l,.'~~'r'- r.- 1\1<..· Jn..·mp11rah.m nt 'Ol'lt, ~~.~,cou~, n~u·o.~~':l 

mid ~f I. hc:rnk~tl -;;omplHI~!d l..l\t'h ~hal il t'~Pllll' u:..t.:.d by pl:lnh ~lnd :mhH.th rl>:<H10H 

.1t n~l~;,;:en frnrn N; ~v...; fn nrgaru.:: Oltlnt~rn i.s frt'donin:Hlfly n:..·cnmpll'i.h:~d hv 
'l'('i.:Hdi;<.'d wi,;lfx.'lr~.:1Pi..,ln~. ;.md tlh.~ :1!-..;n.:ia!imh hrt\V.:•::n "tk'h rnh .. :rn:11f::HII"_ll!' 

;;nd pkJl~'-. I_U.<; rn~·irnrun~·nt.al Pto!C..:!i('Jl Ap.·n~·y ... !(_!9-fJ. At>nn<~ph1.'~'1(: f;x~\.ltO.f: 
h) lif:h!nrHg ;m.d iJH.hJ::triu1 ~~x~1tt(1l1 pm.:<:~...:c-<.: 1 fer ULl,~r :~m:_rd:er t:hcnn~:ul~) play-s. 
a ...,n;,\lkr, h.1t si,t!nifi.;.·ant. rnk· <1!-. a flx~~~~~w n1dlmd. Tl11:.· h>!hnvmg pm(:~s:<.. ..... .., m1d 

fl'•J<..bn <.: arc rdt.•vmtt. 

Flxauon process 

·.,. f-.hJ!oglcal 
.,. \...1\Jh"fning 

....... ~:"J:.lus1na,! 

Product 

-~ Or<J&liC ni1H)96'l corJIPOU:'lds 

., Nitrate 
...... Amnonhl-1"1. <cilrnte 

Amnltlflifil.;Aton rd~i"' f.,1 lh,; <..'h<t.n:;l' ibm nr;:ani<.' HH11Jf!i~n 1P fht' nmmoni'Jrn 

1<Hnt. ·\11 unporlanl hytlwiY'..:i'i fl';~dtr>tt invnlvc"l'fl..',l. J llitrnt:·-:n t.:omp<mnd l'nund 

U'Jrmc· 

/\mmOiilli.Hl cm:htiWh.' 

h l:',\-'nt'r.d ammonith:atinu t\,_·~·ur., during Jt•,,:mnposithm of ;minD! and plnrl! 
ti"':-.:le <1-=1d nnhl~)l ((.•(al mallc-r ami :an h.; ·::.'!Xprt'»!-Cd ,,.., idlo\h 

'>.;yntiu .. '"'!'., u1 'l''.tnliL~Hon, n'tcr-.., lo biud)('!llf~:allncdmn~~nl<.. llut u~c J.n1:l'!>)

nium ,,_~r nitrJtt' CO?t!potHltl'\ 10 •;}ru~ pbm pro:cin ;.~.nd ~)1hvr ni~Jogt·IH ,--,Jn>~W 1 llf 

~·t,Jl\lpn<nld'. ao,. fnlln\.<:<,; 

An>tn<Jb n.:qtlire prnk~in from planh (.(JHl /)tlh't ;,mimab With ('<.:'rtnin t•xc.:.~pliPl''~. 
:b.::y ,,n: 11111 cap,"l)}k nl tnln~1Nmin~ inur~l.!fllt' nitrd~en iutu an orgtnJt llllll.lf!•':"n 

h~nn. 

l\itri1k·a1mn refer'\ t1• the hmlug.i~..nl (n.idatii'li nf :mmlonilnll 1D'fl" 1U 5. 
hwirormh'nhl Pmtccnnn Agen<.::.--. 1994L Th1~ i' <.~ccomp!ishe-d in twu !:-.tcps. flr«t 



________________________ , _________ ,_, .. 

\~1 thi..' ni1nk form. i~\~'F lli 1l1c nnrutr fnnn Twn "~P•Xtk· dH .. 'mnauwtwphic 
h<h:k'l ial ~~t'I>Cr .. ; <.HV mvn!v~~d. u"in:1 1n(llJ!d1 ic (~u b, 'l' as thd r- sotu\.\: 11f cell u lt~t 
u.~rhm ''" fnlln\\ ·,· ~ , 

11:¢ lr,m"fonnatitm lt<.11:tieu:-. arc g~-.~ncrnl!y couple-d and proc>2't~d rapidly 1o th~ 
rutnth.' hmn: mfrih'" kv('b,. :..H J.ny ~in~n tin:t"" ..U\~ rdativdy k\v The m!r?<te f'<JIOh.'d 

11Jay :-)~ n..,ed in -.yn!hl)...;h 10 prumote pi.HH ~:wwH1. or it may he- :-.ubst.::quenlly 
lt'duu.:d tJ) .... ll'tulri!h.:~don ... J...., SUff!flt~'at.>d hy Figur~ ! .t \U.S. Em·!rnnll'i.'IH<d Pw· 
Hxlinn Agt:m.:y .. t994}. 

IJenitd!k:·atwn reh:r-.. tu thr: bi(~hlllknJ h.'dl~<::Hml of nitn1tt~ h..l nill\JU<.:n ~~l". 
! he n;:dH.,.'linn !..":Jn prn:\);ed through ... ~·ver;Jf stt'p~ in a hm<~h~mka! fHnh,va)'. A 
!airly hmtH~ f41!1ge of ht"kr.orrophK' had!.!'rm are inv,)lvcd in rlv.' prot·e-. ... n:qwring 
~w \:rg.mk cad~'n ~~Htn.x· fnr energy .a" follows (lLS EnvHmm~t•nta! Prok'di(~tl 
Ag~~n\.:.•·. I q9.t l 

i'\0,_ +Orpm;c f.>.~rhon -~ \{)_.· + Orgunic;.;;uh<.m --~ ~ .• t fO~ ·' H,O 

lt '-.hotdd ht• noh!d th,it il hnth nxy~c,·~ ::t'n.! nitratl'arc prc.,1:n1 !ht.· b,lt.:tt·ria t:pit'.ttl)· 
V\>11 P""\.'le~"\'li~ldli ..... IJ'!l' ~)\Y!!~'H in tlw <.l\id<.1llnn <f1 th(..· i.lft:anit. m~ttlt'l ltt~~·;.·.~J<.,~: H 

:~'~<..'JO ... ;nor..: (·no~:y. Tho ... inr ~..kllilrilkalion tt' pr1)CI.'NL ~~nP\iz: :.:nnditil.'>n~ muq 
u:--.H;.dl~ <.~~i·~t. ,d!!Hht::.;h this is nnt -.mctly !he cas~..· 1m all h:tch:fi>t tll.S. Environ
nh:nt<d Pn>rt.· ... !t<m .<\gt::11cy, 1904). 

.tnnwJjJi ... :~uu•n. ·~·~•t!b .. ·:.i~~- nitri1K~ltiou, und \](TlJ!ci!k·,;t1t•H O!lJlC, .... l'., .~11.' 

the ,mnkry l'h~t lta.!!asr1~,.; ~·mplll\'o..:d i1:1 lht::: tl'<:mnH.'n! nr" <,:ora;;min~!kd .gtUll1(iWat<:r 

fuT ll!tJ;"J~~:n ('{~~ltrol mh,:.im n~~~wval. Addninn<:d mfommlhln on tr;.l;·,..;fnnn:Hlnn 

pn·-~.'~,~~"> 1:- fPtm-1. m Ch<lp!n ,;; Cliaph:1 :-..; hi.\,.JdigiH..., !1~\<lllh~m hYilf:illlll!k>: fl•r 
cnnt<.wdEi!k"'"d grnutahvakr. 

Th· lr-J!1"-Jinr1 lf1('("h:m\.-m\ prinwril~ f<.:>\pon,ihk f'or !be m•Jvcmen! nf nitrn
i~,;-n thnu2h rhe cn\'H'!lll!lh:n\ in,:!ude pr;..'C!plt<)Ji(ll!. ilu"tr~1~L ~t'diynt:Htnwn w 
wail.:r \Y·<:r:n·:-., n·ind, t"nJHrhhv<Jtt=.T mu· .. cPh~~lL ..,lre<uu Oow. o•<f•dnnd runnlf. m1d 

,··:t!;Ed:/H!i<Hl ( ll S Fn-.·i--z>Pr)";(:at;d Pr1..1lCUior1 Agenq, !91H) :\hhP~~~~' th.;v: an: 

~l\11 nlt'Cn;nu ..... ;l!:~ =~y Wlt~;:h )rJTI\tnnnai'l)ll"' l.<lb.· pl<K~. IIK'Y l..":<U' !..<!!JSi..' ;l :·.-eang~ 

111 tlw \.'!1\"ll'Oflll'('Jl; \1.ht•td..,/ .... ,,ndi!Hmc, will fnn:c ;,'han,Vl':· rwd !;·n:l>..fnnn~HlO!l<.. 

'A·;Ii n\.Y\11". J:nvlnJnnwnl;!) cnndi:1cn<. th<~t afr'L~ct t!w ~~~">th"t' pro.·~":"'-'""' im.luJc 

1..::n1per::ltn<.'- pi 1. mit:J\lhi<d llnt<:1. >~\ ithnnm/n~dh ... tion pN~~ntia!. Jiid ;h-.: av,ub1hil 
l 1f '·uh-:,tr,lh.', m!ln::nh, ,;nd nX\lZ.'.'IL i\lthnu:1.h tr,uhr:·on ~)tld tr:uh!~Hm,:llort 

lnl.'dhnn:-.IIF· <:~n.' l}'j)!Gllly ~.\lrl~H.l\.!!:e:l a' indh:J;.i~::ll pro...::~~·~l'"· it b importJnl h> 

f~l'\}iflllt:' lh.u !h-.·-. .. - l umpri·;,;.• J. dynanm: l'ontoumm ~l!Hi then.· mav hr.: tw d!:..!llll't 

h•undary f!{W('rning the tnn:..:form~~ht.11'i nf "{Kci!it' form-: of n:itre~c-1~ (IJ.S. Em·i· 
rnn)n·.~llUd Pi';lh)ctlnl\ .<\~~n ... ·y. FN4J. 

r.:~_I"!DAM£NTAt ASPECTH OP :->JITRATESIN GROUNDWATER 

Figure 1.2 nw Pilf·)gen cy-;:;'e '" 
Ar,;mv;v. ;r; N.itrog.:"r. 

U.S Ern .. lr0111't.Ofi<3t :::;r\WY~lnn 

Lr--.ncash::· PA. 1394. pp. '-2:!. 1 

THE NITROGEN CYCLE lN SOIL AND GROUNDWATER 

h.r.m.:' l 2 t!eline.;~t~}. 1ht.! majN 11.:--.fY:.:.:h of th..:- nitn,gt'-11 t~y.::k :JS'-Dciatrd \.\'l!h 

-:lw \l~i!-~nllutl.h-\·;.,tercm·immnt~n1 !U.S, Ln .... inmmt::nlal Pn.>tection At:~ncy. l9'H). 
Nitro!! en ..:-an enter th~ ..,,_)!1 frQmlh..:· applh.:ation o! wa:-..!t'\V.itfl!'r m "'>C\~ a g.: L;x~atml'nt 
~~Lu11 ';.;I fluent. C()lt1m::rciat t'ertilt;;c1-.... phm\ lind ;J!limai matter. pr~cipitnti(m, mHl 
<!u·nfHJL In additwn. nhrog<.~n-li.ximt ha..::tt.~ria ~~~the 1»oil ~;,mver1 llltr~.gen ga'"> into 
ti.··nn~ uv,;.lil<~ble lu pl<mt Hie HmtM;~ htw:.': in;.;rt:<'l4t:d tb:· anwont uf n·lroge.lli.,e(l 



NITR/I..ft:S fN GROUND~\'f.JFR 

bl~d<,JfKa!Jy b.:,· cu!ti\·<'lt\on 1,f kgummt..,us. (..'n..,ps (l' .g,. p~.b a~~tl bl.'ttn!->1 (I) I) 

1:.:l\'tr'mr11Cfl1al11nlt?dlnn /\g(·rwy, 199¥l!. 

U:mnl!y. murc fhdn t){V"!;. nf the nitn)glW ph.'-..t:nt HI snil i"\ fH·g.-mi~.:. '-'Hht-r in 

living 1d:ml" and mwnals or in hunms r,fig.inMing front decompo~itksn nf phu1t 

~HH.i d!1im<~i r,><ld!Je\. lh...:: :litf;IL:' t'01lh.'llt h g.cn.~rnHy k:>\·V tX'>::aJ~C i1 h 1 11 taken 

1p n ..;yJttb.''-',1\: 12i !cih:lh:d hy water p-:::n·r)intmg. thror~h the 'l'HI; t'r! .-.I ~ul)jeckd 

t,1 ,Jt<nilfith:atlnr. al·il\t!t\- hdo•,\ tht' ;.lcrohR by<'i' uf so1L HP\\\'\-'t'f, sy11tlw~i:' 

·md d!·Hitrih:ati,_;n r;-:.11-.'!v rcnove all nltra1l'<.. tt.l tht' ...,oil fmn1 fcn~hxer'> .. \lh1 

1uu<IKJ \~,~"k\~,l~.ct '--<ftlu-.!nt~ .. \n."on.!in,l:}!).HHr"aL~' k<1dh..'d from ~01! m~ a nta_lnr 

g.wun(hvat('l qualitt pr<,hlem in n-,:ul~ .:tf<..'!'<Ho m th:. t.: S. a:t'td :.':J.,('\',h('rL~ arnwut tht:" 

w,Hld ;t1.S !·mm~n~·~~-~·r!l~ll PJot-:.·ctuln A}!;;;n;::::,, \'194J. 

SOURCES OF NITRATE IN GROUNDWATER 

Snnr..~.~~. ~·!nitta};;:· a~ p:rnnndwau:·! nm ht· ~-,,n ... id~·~nt n~ four ;..;:lt<·pnnt'".\; {I~ 

!J<1Wta! \Odl\·..::-., '21 v,;a~h: m<t~~,~ i<!h, ~; 1 fll\'> c1t1r· <l~rk:lltmc. ,Jih.l irri;a~t."d 

;\g_rkul!ur¢ tK<Xlh."}". \9Xh. lll-X0t "!ot~h.,! ! 1!\t:-. \"~\arnrk~ h)t the"..:- Cntu ~..·<lkJtl 

n.~~. The 11Wi"' ~t>ur,:~~-" i!h.:lud~~ ink~l>!\'e ;minwl c.p.:u!!\i.lH\, \'/ltl"', nh:1J•: furn 

0\t:r-appk:atlO!! L'i' ,irdll'~l 1 '<>..:a.:-,tc~. <~nd ir-rig,J .. ·d ~md nw, t.l•~p ~~-~rk,tlttin.' . .,.,.ith 

mtr~:k !'rnm k'rtiiitt~t"·1ndw:cd HltnC'l'~<.Etatiun 1H' ,,nil OIJ;.mh... Olitngn1 ,md f·n1n 

m'ch:~pp!k~tlinn tKct'lW: •. l'l-;{9: (';mtr.•r, 1~1:">71. \q>llC wnk -,y<.!~n> and r\r.h('l 

~i"•\11"< ... ''~~" '-Kh ;.1:<- Lmtl !lh •.::ag ~<' ol C0!1Ct.'TH 111 irk.:<.JliJ.ed ,ur~a\, Addit~~1nd '"'~;\'r· 

\T',H\()!1 Pll nHratt.' '-.(JtlfO.'~ ,, u; Clnpler .~. E.\.iiiHpk~~ or pr·~·>:.:mmn OJ('<J:--.ut~" 

f. >r >ntr<tli: .._·(•marmnufH)!~ ~m~ h;n1h; ln ('lu~pt-.':r -; 

A~nl"ht'Hlk<'l..., ~lh:l!lnc l'•Jn:m~··lchl kndlicr~ ~)ltrl pt:'llt;;itk>. !n \~J~(~. 

e\Pj.lh'tXin~~U~!y ;'')t;;. ~1t ,;\(! t~lfl';l.., lr lht' U ,.'), \\-('l't" '>Uf';)'.':"rt(.·d :1) fcniht..:::r ;~pphl.'i">· 

lH'rh rO;'!it..:e nl Ti.'•.:hnnh·~12-:·· :\~\C">•lnt'IIC 19901 Fn:nntoU npnaliotl' !hat 'l!.l\" tHt 

l1'~t' ~'.lnl\lt-.!lrLJ~ ft:'rl!li!t~r\ \!ld~li_l,:: C:>.lell'-.\V.(> l!\'(qo.::k iJ(.:IZ~lallO!"!\. nq;~m.i•: f.tr!li:O., 

ami~mall !i<Jh!)J· lmm". NHr<llt'-·!lilro,.:.:.ul ('-.;0~ NJ <.:IJnt).::ntratton~ in vadt•,L"·/on~: 

'-'-'~~;;·r ;~chw. ;;~nrn!tural !i('ld~ tiH.: 1n tht• t<:mgc of::\ h1 \00 mgd. wit:1 l:•.'qiJL'nl 

drt>:i.'I!P:,.., in the l?ll~~c n:' ~{)to ·10 mf!/l {Ht'li!Wer. !~Nil}. 

ii1hk (.) '"i!ln111l<F'I!t-. l q~6 dg;~, on ~he n~ni~m~1i :.w~r..~_f!t'~ nf nllrnp,'11 fertl\tt.{'l" 

,'pp1i('at:(IJt<.,, iH -.,~~kch..•(j <..'(··antnt;-;, w <:trahtc hmd and pc~rm~lll<.~n\ ("n'P hmd tCnn

\'<B~ am~ l'tdty, l9Ql ;, { ·nun!rie;;; where tnurc tfwn 20f! k~'· X'lw 'h"~ applicu ;u\:: 

li'->h:d in T~bk 

Scp~h~ :ank sy: .. tc-rn~, ahn wpre~nt ,l \1l]..nihcuu frw.:tion of th¢ nitf(lg\:tl llMd 

1n g<\1\llJ!.~'-\·<~\cr in :!w t· S:. {U.S. Envinmnh?nwl Prutt:·..:lion .·~:."'HI..}. 1Yq4l 

:\prwnxi·rr:tlH:1¥v 2::::(;-; nf th~·; pnpul:jfion ~~ -;~n ... t•d hy individual hnme ... ew;~gl! 

di"JH<"<t1 ' .. >:-.kru~. l";!"fhi('n< frnm '* t:tp1;;;1i <...cpi\... tt1.11k "YSI\::11"! h.a~ ~1 total nitr·:•gen 

cnm..:m d .. ~~ to (10 m~L:L Ul !h;...,, :n ln 'i" mg/1-:'"x:i-,t<i ~l~ ~~mnmni:~ and ks<. tkm 

I IH!!:J u,1~-~·, •~:-. nitm:._•, (}ne ,rt:.:ith: \tudy .. ·twrorter!ted ~~ typk~~l s.ysh::m dFucn.t 

,1:-; ~-r.n!;dtllf1\! ~1pprn;..;~m~.ndy t rn:?/1 org:;mk nttrogcn, 25 m;gil amnmnitu:HlilfO· 

;;;t·n, nnd t1 ."l. m~d lnlr~HC'·rlJtn>f!tn 1l' S. r:nvihmmeutal Pt\ll'..'t:flnn Agu1cy. I !)\.}41 

'\t'p!;c 1;m~. k'<~<.:L !k1+, ,_:...,hil'li rt~pid n1tnf'lt'~1tlPn N :wnnhmi111"11 ·mtrngen unlc1 

~UNDAMHHAl ASPECTS OF NiTRATES IN GROLJNDWA:TEP 

Table 1.1 Exampku; of Sources of Nitrate 1n Groundwater 
...... --«·---·····--.. ·-~· ......... ---··--~ ........ _ ..... ~~ 

Nalural sources 
G-aofoQic nilrogen v.fl,ch car: !'ls :rtJt.ll'ized a1~d !<Jil!Jit:H.~ to groura'.lwa1er ·.~io ~rngm<CH1 

pracl\oos 
t}mnanaged (natuml! ctirnal>! lore.sts !hat are normaliy n!WYJBn oonservin~r however, ni1rog~n 

losses 10 gi'Otin(!li.'Hie~ L":an occu: irom rr,an·ir-illateo d~~w.::uttir.g ~nd other fNest 

diS'-urban-:::a~, 

Wa;;;le Wi':itti'l'fl(lls 

Artima! mam1res Wl"l:Ch rray b!! c00centratEd in !atge oonm~ercia! pouUfy'. d!lif~l, 11og. a·rJ 

teef ~era~!oas 

l.am1 apphCBt:Orl of rrUll1ic!pa! or i·td>J!J.It~a! s<tjdge t~r iiWtld eff\u~r\t on r.wplandt. forests. 

p&~rKS, goll c.oo..J~ses, ere 
Dispesal ,_,f t':ousahold waslf!S or sma=l tusm,•ss. wa~ttts into saohr.: tank 3VSle":ls (se~tic 

tanK plus sail abso'P~tcr: lif:!\d; 
:_each~le~ !rem Mtv!ary or ;nduslrial !andl•!!s Of ·,iplanr: drwJged rnat<.Hlt-11 di9poS,']i .:'ml'!!s 

>icfN G"OP agn:.ulture·1 

Nitw .. ger. :osse5 to tru~;- subb<.d8;:;e f.>P'.'konn1-snt <: .. nn or.:.>..;l;r as a ~estW nf ~"'x::Assive lert1!tz~r 

apt.:iieo::l!on. i1w~·t:•ent uptak~ d ·1;'n'\J~"' h';l t:1r..p<;, nn1 r'""liner,~ll.r.aJc.r, ol $1CI~ rifrogen 

t..htrc.c;~rl ICSSf'5 lo li":e Sdb~wi-:.ce env1ronn~ef!~ cr;n m~cur ~~sa funr.:l1on of fetll• l(:r 

apoitcn~ion ml:es sMsom"J '"litf<l!i rod w~nrt=.ll alut~ pan~rrw .. ~·l·j tr\li:HJP tF:K~ "~s 

!tlOO~<:')d Ufjr;CJitwB 

Ent·a1V:'~d lear:::t;ir.g of nt~tO\JHll !rom f:Xl.~S3=ve feri:limt iWO( cal=cn l<l!&~ ~m;i in~ifio~::'r! 

,rriq<.ihl!lr<'lfe$ 

A~s~~c1Mnd ;caGh!r.g t::•' ni!tagen fr,)•·n S01Is pen~ch::;al'y ,>;.Jojec.te~l 10 !e.c'\dw""'g. to mmove 

~all<~, so Wat the sc1lS j{• fiG! become sahr-.e and unproc:lu<:liv~ 

P<~f~J(S k· ennt.:al cro~s Wage c_,f th~ o;o~' includ~r.g plawlnq or some other form ol seedbcfJ 

J:·Wp<-'.rt1lior. a fong periO(! ;Nhen the so1l may bt1 bare, >Jf WBed cor.t·o! ay· t1e.r1Jtc1des. 

<f cul.lkatinn; 'rduries con~~.erv?tttc.n till~lge tKeer.ey 1989} 

;;~whi~ t'Nldith~n-:.; w1thin !he lNi<..'h fk:hh. Annntmhn·n-wlnl~en '.s r~l;.,ily 

,~x..-han!-Wd in rnuny -.;oil~ belP\\' a kr:tch lit:hL where<:~'> nitrmc u~mam~ "<)luhk and 

i·~ ea:-.i!y 1ransp{ifttd l!J i=li.1ut:.d\v;Her. lf cx~h:\H~t: :--.itc-. ~.h'l,:onw ,,·t~un.Ht~d. as 1n 

:-.andy >01h. <Ullmonium hr>:ab anough •~) grmmdwater :~~·ff~rc 11 tlltrifi.e:-.. WiH':rt 

>l'!'liC tank Jcat::~ tldd-, Jry \}l.lt in the ""LHJIHh:."L or .?:fe .tbti.J\d"l)llC(.L prCVIOtJ:.>Iy 

;~dsnr~·d .anunonit!tn can be cotwerh'"d rn tHr.tte. and 1.~H~Hl~~<1l!y lu~.t h~ kach;n;.; 

:\;mmll h·rtiary publicly ',)wnt:d treatnK'nt \vork:-. (p() !'\\') tremmo..'nt "iy::otcln'> 

Jt1!bmg ~01! infiltration or O\·erl<md flo\\· cm1 !Jp\cally pnJdm:c 'l nhn.lgcn 1(\.ndiH§: 

tf• pwund\\ ~Her 111 a rn:ttmet :-.1\lld.d· 1c1 <,ep\ir.: wnk le<Kh fidd:-. /\. l){.H<:<d fln~,d 

dl1ocnt of tilis t)l"le hJ" a tol<tl niHog:'-•tt of 3 w W n;t-!,'1 tC S. hmit~Jnlru.-:f'lli.d 

Pn~k.cHon Aj.!enq. 194'4;. 

Pm\.uant m Sc<.li\m 3115{Bl of the Ckan \Vu!cr 1\n (If t9t:7 in tht' L S,, :...<ach 

~t<lte 5.ubmil'-' bic.ntli.Ptly ;1 \Nate: qtmhty report tn the L.S, Env1rnnmenml PH't;.~t> 

Hon Ag_c"tK:y, Jn u ntricw (1f 42 su.::h J\:.·pnh )r. relation lo pn~ln; gmtmdwvtcr 

:-.llpp)ie;,., 19 sla!C:-. prnv1dcJ momloring dmn on a tfth!l nt :-.1 urg;,mir ;:md 21 

mqr;;,mk '-'herni\.-n!"', ht'qucmiy d<Jt~;;tl.':d L'nnt.a.mlm:mb inclndcd H!lr.::He-.., ukhh)

f'.'}dhylcne (i'CEL \'·oJMile Ol#nllK t:OnljkHJOd"i (V'()(\). <1r\.CI1U.:, and t1uoride:-. 

The mnst frequently idcntl1!~..:d l'nntaminant so1.m:es wert~ unckrg:mund ~tl)(<~ge 

P"tnh (~5 states 1. :-.eptic tank syqh."ms tJ l I. ~urface inwottndmel1t-. {291, rHlmh.:ipa~ 

bndfl!t-., C7J. ap:n;.:ulturrJ ~~.;Hv\hf'~ (.YH, £lh~mdom.•J h~li'.atdm.t~ v..-a~tc- sik~.-.. 124). 

rq~~tLm:d hnt.<lnh>;J~ \Vastt• -.iks { 191, \i.n:d appli<.:aii1)JV.trt~;.~1rncnt ( l~J. tll.W(tlDf! 



Table 1.2 Na1ional Average Nftr09en Ftutm:zeor 
AppHcat\on:s to Arable-land and Permahent 
Crops in S.el11eted Countries, 19615 

t5f(J; 
.J(KJ-500 k9 N:'~l."l 

8n11rah1 {4/'1)1 

Cow,tr.-f:·s 300--4C•O "-9 t>t•hR 

Fed.;:orr:l REtPUrJ!,c of Ci.::n,~arry' t21 Z,1 

:::cl;('ltflCS 1 (1,} .. 200 Kq N/"la 

Ki>'r.rm Reo ,y;:<5"t 

...;aoan [~45"l 

OwH (138! 
Vl!'lnt~: ! 135i 
Sum,an: (1 ~~5) 

Ccurtrle.s 50- WO ~g N~l"lt1 

Cuna ;SSl 
Ma..;ri!ius -:92,\ 
us (75) 

.. 1-jCf>I}S!fi ($.4: 
M!llayS~a i67) 
MRXi;:;Q {54) 
S1i Lam'><'!: (53! 

F~!' !50) 
CtJ.Jr>\tl:":!;:, 0-50 l<:.g N!'lO 

Bar:gli.:d<9Sl1 VH)i 
Cc\orobia (401 

Fh!hpplnt:;s ;:~ 1 j 

Z:rd.•dtv.'f.' t:.:>o:. 
KEry<J ~~ /} 
Cru e.> i20} 
T!'?dt'F<d 11.)) 

Nt;Jeh1··•(6~·:_············~···. 

wo:ll-.. ·:IX l. >HH.i >lll--,;tc !thlu:-.u:ia! ,md other land!iil~ 1 i(~:·. J"hi~ cnmp,~~:l<:.' an.l!y::-.il"> 

indic<<.ft'" W!tk:·...,pn.:..td t-;n·>..~lr..h~·;l!t:r .;(•tl!aminntion prc\bk-:11:-. d ~~ d\~.:r·r~e o<~'mH.'. 

v>11h 1\;ti,!I• .. >• \)~~in.;.~ nl -~on~.- ern thl(•ttghnut the US 1C.1nt:::r ~md 1vlalh .. '~--:. \(~if)} 

NATIONAL SURVEY OF NITRATES (AND PESTICIDES) JN DRINKING 

WATER WELLS 

Th~· ! :· _,..:;. Lnvirt'tlm~nud Prnkd Ifill ·\f:!;..'n(::, l{J"~A 1 lfV..:n!\~ <.:\""~lll!''klcd ;~ ~

yc~:r 0.-,tho!ul S;.lrv;•y ~-.f f-\·'-t1;:id1..':-.. f•.nd Nit•tW'' in t'.rmking. \-I,·,:L'r w(•1h. Th·.: 

dri·l~.in~ 'A-<1.\C'l ··\'CI;\ indtf<:k :-,o\h ~·nmmunit} W<H..:r '~ ~km tCWS) \~t:l!-. .tnd 

dtm•t::--.Hc •.vdk Th: Ef•)., Hw ·.\·i1l1 ;\•:1'> !•tliKlpa! •>hjc-.:t~v(·~ 

,un~·s.pnn,l<n;. !P !\:. twn <J,_•\dop"'.:~; IUH'.>md e..;tiaqv~·.:, 

;1t IlK flz·~ih<..'n,:y .·~n.J ,-o~;:..·~.'!ilft.ltl1111 n! pt:~t!t:idt•, .n·i£1 mtr.,t~~~ ill (!nntmg w;.,kr 

·.vdh mtht L S. (L.~. Fn-..lnmmc>l!a! Pret·.xfinn Agt~n~.:y. l'J'.Jf!J in Phaq~ H. t!h: 

t.YA ~·ondl~t:ll'd ~wu~h:;'(\1 annl:,~e~ o,' tk.· i'O!k::.;t~J d<1!~1 v,d! ~;'- mhrmatmll 

ffmtl ~·th~..~r d;.ltal.~,·~~c~ ll..l ~nhotJH'l: und'-.·r<.;h~ndin!~ n.' mfhtdtdng: fa~:!ot'\ on the 

p::\'"'<..'nre d pc.·•;lii.'idc-. and nnn.>k" 111 drm!-.in_;! <Vakr \\·•:11..._ d_~ S. En'-'·n..,.lnmental 

F/0\{~tllf'n :\~I.'OC>, 19~2,-.), 

fht.' Pha;.;r l ~U1\·~~Y ,, ,t" c.h.~'l!_!.ncd w 

·-.cwatl'tt.' of Iff.: wJ.tinn·?- C\VS \vd!~. Tlw 

n.~qtl~~ ttwl <:1rc -,;.al:"!ictl!y t"l.:-pr;..•

u ... ed !'ita!l:--tit:~! mc-lhod.<.. to -,n!ct:"! 

>i n<.tiJnnaHy ~eprc'<nHtdivo:.• '-;d·,...,t'1 of C\VS w:.:lh. Tlw 1~'-.ult~ m.;;· not rqm:s~ni<UI'~c 

nf.<.my '>1mc ~_...,tto;:at ur.:a, hl !h~· fq~; s.L\,\!1..'. about.') l JlHO t'.ommumly W<it(~r ... ysh..:m~ 

~C\VS:.:J \vtr~ i .. lt:nli:kd ::lHP";.Ighoulthc ~ountry frnm th..:- CPA·.., h~derJl Reponing 

Dat;J SyMem \FHDS.L ·n~..:·n. th.: f'P:\ dMr<l<..:tcri:r~d all :!h~ .:nt~nw.· ... i11 th .. ~ U5 

a>.-\.:ording 10 p~·sHt.ll'k' u:--.c -.md i\:bt;ve gl"\}lJih-twater vulrh'Li~dity .. _ tb: ... • !\Vil 

l..'rith:al fat:wr-. o\lk>.:till!! the pre"'cn~:r t,ll'pco.;tJ;.'td._""' in d~hking \-\<ll~~r. Th.: c~,unli('" 

\~'\:\(; ·GJ.tCtL<..W\~t'd iillt) l)lgh. ll1<1dt!i.Ht'. kw~·. :.tnt} <.H?(I)Illnlnfi p:·~tit•Hk U~·{' hy 

..:om:entrat!llf! on agricu!lwal pt:!ilkuk U'\{' (ir\lmH!wa\:.:-r '-UhKr<:d,iky s::orc'> 

\\·ere tk:krmined using ilK DRAST1C ~.;:orin{;: ~y:-.t..:-nl fdr t'u~·h d the connti~.., 

T1e:- t)RASTIC ~<>re '1-V;·J_..-., U'-.i.'iJ Io ..:atceorite the l·~..:und ... ·~ nHu MC~1;-. ~}f r\~latP.'e!.v 

hi;;h, moJ.::rn:e, ~wd lm.~· _gl;mtl\Jw;ncr -~·ub(•r,-~.bilily. It .'-.hot:!d 1'¢ nok~{:. that k; 
tiH1cr ~tpphe:!~i<m n:nc~ ~Ire !Clat~d 1o pt!~tk:idt u~ag .. ~; thus. tht: Lh<:H<K!t::ril .• don 

appruach a he ha.s relevan-ce tf'< nit nth.·~ Jmm <t!!riculwr<l! "-otln.T'>. Tb: cmphasi~ 

hen.·m will b<: on thl.': u\1nn.::s result .... Additinnal infonlut!PH '.HI DR.-\STIC ~wd 

(l!ln.·c ~hJUifz~r vulw~rahlhy mapping of r.vaiH<HHln i;:>chnit.lu'-~':- is ;;.h:s.:n 111 Ch<iJ:h.'J'

,~ and " 
J\ -.tJmpk of 71)f\J C\4'S'i v.-~t'i ~eJ.:(kti mndomly fro·n the 51.t!OO C\VS-.; th-: 

~--'nph.• V.-<lS StfaliliCd hy tlk' pt".Ollcid~" U">.i\,UV !l(H.i ~P)IlfKh'<d~r \Uifl(;fabdii)" of lh¢ 

cnn!l!) tn which t:ad~ CV/S >ld·· lo•,'at~d (...;~;.•(' Td.,k i ~) CC.S. En\ IJ'OTHllt'nt~J 

Pn\~:;.·,:tl•')n A~cncy. 1990). To iwpnw.: th::: rd1;.1hi!ity m· ~~'.;:tinMt~~~' mHdc tm tb: 

c.uh .. et H .. h~nHtln) nf C\;~,/S v.·db !ll rb,~ ht);h vuh~t'fat-ilit~, '-tr';Ha. rtw :.urvcy \.\'.a:.. 

<1\',!!:!,llrd to cG!lc('f ,.,Jrrpks fr<~m hlflWr pt't\Xlll,lf:<·.., nf ..:;y ... t..:ms !:~nn th~::'>c ~H"al<l 

h thJ.· ~·.:C;'lld ~ljfct:. ;.1f•;;:r a EPA ,>;~im<ltl00 th ... c1 tn thr f.!.:-,., 

>Jlll.'!':.llt.' ~JJ/)fJO i.Xdh 

'klephnnc lnitT\l~''•l..-, O'-in~ ;_\ "C\VS S~.r,•..;Pirt!-! t.,ht,'<.lhlnltllit~ .. ''-'~t'C ht:!d 

wilh th~_~ l{p,t~'\ug.._~ ;o;;nnpL- 11! ':'0~~ CW~ .. , Th<· rt>:-.uh-.ot th~ ..;(·n~c:.~nm¥ pn .. ~thlct.>d 

,.; ffaill'' n! 5Mi.J ~:..·ligihk -....:·=,tt~:n-,. f•Nn "'h1ch th: v. !~~b t"nr w:tlcr :-;amp.L' t:o!k:..:IH\tl 

\\·.;r~· ~l·h.~cted. /\ '-'ampL' nt ~90 digihk wqcm:s-. "",\~;hen ~~'kc:.~~d. Wilh pinb<J

b·ll>h.>s prnpontonal to lh.::·ir nunbcr ()f W\.'!!-" fnr i..'<.J!k<'tin~ \'>~!l~r .... ample~{"-!.!\' 
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Table 1 ,.3 CWS fh'SH".tage Stnttification Results 
~ c-

Pesticide DRASTIC SampJ~ 

Str.ahJm usagE< score stze~ rate si:ze• 

Hu;;h h19h 1.310 2;}::1 

H·c~l r .. ~edn;:11 2.6('19 n. to 2"/f. 

High Low L432 OHJ 1·ib 

Medn;m Hioh 2 183 (,!.25 f.s::·. 

M•~ChJffl ~Jhc:(i!Ufll 3,-::!52 0. 1 0 355 

Me(Jiurn LC>I.\' 2.559 0.\0 25l;i 

~OW H'gh 3,578 1}2-4 866 

lOW f•.it:dun l.HHl 010 771 

9 Loo LOW 5,545 012 64:' 
10 Uncr;n~rr,on High 3.472 c 22 111 

'I Un(;on;r.wr. Me.;,1~;.tm 9.511 0.11 1,Qf,)<J 

12 UtC('}rn!JWI1 !..:OW J.,9Gi 013 1Jl61 
Stl77t 7,033 

F~vr'"i U 3. En•trc-n:ner.ta; Prclect\UP Agrmcy. ··Natlnna~ Survey ol PesHc;des 
:r. DnnkinnWat(lf Wall<;.- Pha5:tO: 1 Repcd' EE4 570f9v9!}015. No'lf.Hriber, 

1990, Glfice ;)f 'ha~sr. WHsrH~)gtcn, D.C 

};jbk ! -t! !l_:.t,;. Envir<J111)K<1Hi Pwtt~t:ti•~ll i\~.;n~..·y. 1990/. Tlii~ nmnber "\v~~' 
.,·,·:th alh•\.~:;Hh'C~ f::·r amhdlt~ tt~ "-<ituplt pum to lrt:~ltme-nt; the nutHtHLHl~ 

<lc:~ll'1~d ·,amp~ .. : ·.;;:e :;tk·r tL·npnd! wa·~ 5A4. Tht~ N<uiomd Pe~!lrid<:..> Survcv 1 ~PSI 
·hen uHa;n"·d \\',~H.'r '><llHpk-. trorn )hh "dc(t('d C\VS wt'lb. Aft<: I h:chn;G.!,l n.~\..·lt"W 
lf imL•:idual wdl pim~tbins. ~~<..lr:m-, .H1d o.,ampk ~:di:;;;cWH1 p1nccdun:~. ;.;.ampk•, 
hn\n '\..!U C\.\ S \'-'dh ' . .:,.,.::·( nh .. hi<.ltd in tht' O.IHll~"d"' d 1\~s,lb •. -\n ~..·!f(Jft 10 

ln!!lilPi!l' dw 1•.'11lj'o< 1 ~;·d .... •!lt•C. 1>! t!w ll"¢ ami ~li'L'IHI\'1K<..: p( pt:">lit ltk:> Hl the ,.-,.:,_;Hs 
~:.,1" .~1~(~ Hn<Jr.·!Ltk:.:n liy nnd•.•ml; a!k)··~nH\~ <..a n11liog d,th> \0) th.:- \'>dL a'..'H.h-. 

j(\' J,u;l ,))!k •. :c<•ll. p.:tiu!\. Th..: !•lH\t:;. :1c..:J~ns:J '>P that the nmuh-~~r oi 

·,t•:H:nlttll"· ul .~\; .. •J:h'.'- in lh;.~ .~ t() ('WS 'f.:-:-!!"> rnwH~ed 1.!:-.tmH\h.::-. r.cprt·~n!al!\'>." 
nf 1ht• 9~/)00 ( WS w . .::lb :n the\.!.~. tt.S. Fr)\·i!\HHH~nw: l'rntl.!(iH:rl. 

1\~cncy. 
1 !.FH.ll. ;r. rtddlli•U.'! k~ thl' C\\' S wdb. E2i nna! dnn~t.:~!h. \\·(·!h fRO\\-..) •/:c:r~ ab,l 
..:amplcd fCnlll'T. j{if2) l': i" t-. ... ~iH\<!1 ... ';1 th,.lt 1\rr~\: Jfo,.' <l.ppnn:.n>~tlcl; ln.:; :nilLm 

RU\\'-, ~n the ( .S 1('ol!cn, li}1F'l. 
'j h(. \u.:~l >..\,<..~·..:r -..;1rnpk.., '>','t'i'( !,;....-:<:::(~ ;nr th-:: pn:~cn~·r !U1 p,•<,\;( ;do:·~. 2::i 

p~"'>IK.Itk t~\'fw~IJ:·,;.._·:--. ard t'i. 1 tr:.11·..:·. 1\ilr~::c ~nhi l>.\·n pc-..:Licltk•,, UCh\ 11Jinv:1hy! 
l~lf~1dilnr•)h'cl.:pi1t1wl:1t~l d"id nd<ih'-l;th'.., und ,JtHitiw.:, v..•:r.: dt·kcki~ n1n .. t, !'tv~ 
qn<~l\!\. •\ tuLd u>· ~:~.t'\· ( ~')},()()~ u! .!ll !hi.: ('\VS. l.'.'db Erqfr!HIJ t'~li:\l,>k'd 
,t• u·nt~Hn dcJ~'d,obk nirt;\1 .. ' uf •1..k•,l1 t5"-: w::\·~ z\d(' ~':~h f(l !\llf<~t<..', <lnd 7 \'>i 
in.:!~;zkd :•olh !ll!!lJk .q!d pl~~ucu~~::-. B<~:-.t~(~ •W th,: rc-ult~, !.r<~m tiH: RD\\':-.. ~~ v, Ol~ 
,:· .. lJJn:·;!t:(i t!tal )?r ,: lwd ~_k·et:l<.l.hk :lllrJ\t> l('o1ten, l Qt.l2! :\ ~~~w! 1..1f ! ,l''; 1 ! 13111 
~~f 1.h~ C\VS -.vdh \'>:\\ prn;~d~J !n hw~1..' uiJ~<.)t~-n~tftlC.<.~n r.:ll!h;;!nlration<:. uhoV>.' 

th ... · \ICL;!L\1 {\1~r<z!H',LHr Ccll11WtlJniln1 L•:-.·;;i)/OJ,;:.;.Itf~ ,·\l1'ii:-.qry Lcn.•l;. •.o,\Pd1 

r... ;n {\) mr:l rl!~' mrdi:.m (.'(>Hi.:Cn!r<ll!Ull fp.>Jll lhc Ph .. \::.<: 1 <.U('\'("i wa ... t (J 

liE: rna~:tlmm; ;.·onL,·m'.l<t't~Pn \'.~l~ I; m~d; and the mimmurn n·pn;tlng: bmi{ 

·v;b lU.:: mg·L :\ilwt;:: ·11!1H:>g.cn \V.' prnj('t.·~ed i•.1 ~x~.:ecd th< 10 mg.'! \1CL 111 

.:: ... v,; of th<.' RD\V:-. 1C~~h~1L !')'·12) 

~~.~}~-~ ~.~~_:~.~~~.~~~~.~-~ ... ~!:~~~=~tiOI) ~~~~.!~--
Str~tUm Pesticide ltsa:ge DRASTIC -seore Design sample S.*te'~ 

High Hgh 
Higt~ t.M.>d!U'TI 

H!f;!ll LOW 

r .. ~edturn H~;Jf1 

MtJtJium Med.1,.n 
?'JI<;:diUIT'· Low 25 

Lc;w ·,·hgn 

Lo·.v \<1-ediu.rn 

9 l"" Ltw.• 

10 \Ji"CQIT'.nVJfl High 

11 Uncommcr. Mf;d•um 

1:? U'1COmmon L(•W 

" Nlimber of sys!errS !i.i!i~ded inch,;r.Hng allowances lor lrmbihty to sa.tnp;e 
pnor to treauner1 Mmi!W.Jl11 d9stred sample Sl?.tl aau;r droJ,.XUI was 564 

Fro:-n U.S, Env;ronrne.-.tB-1 Pralecloon Ace:'IC'I ~Nat1onat SllfVOV d Pe:::;!idd~s 
i'1 Drln!;w,g \N~t<:H- Phas(l- I ftept>rt~ EPA 670t9N90,[l!f: Ntwert1ber. 1990, 

Olflce ,y, Waler, Wusl"<ngtnn. D.C 

11 

Pkls~ 0 nf the NPS dl';dt •.>vith :,kl!Stl~-~ll nnalyse~ bJ te.q lht h;pnlhe:-.12':'
ahuut th<:.' tcb!wn lx-twt'1.'n mdi•ndunt vanahk~. ;.md pc.;,~icidt an~i nitnt1L' d·:zt.,:clion~ 
,md the JclHre nf ~h~IK.:i,1 tH'ITl lxotween them The EPA U'-Cd a ._·ntt~rion of sh~11if .. 
H.:anct Jh:H -t~n~un.>d HMt th~re w:r-.. k~~ thur, <1 ~~-;. ptOI"klbi1i1J th(il ::wy -;ir.):Il~ re<..t 
r~·..,uit O{.''i.'Urn•d by ~.·h;wcL• .~dnlk The P~w..,~ U .m.:d~o...e:-. it~dwh~d tc:-.1" of a:-;<...tlt'l~ 
.ll.u•n <h,H :J~("d cln :-.tju,m; :-tnti1.Y"~''· lln..:-ar mvJ !ogJ<...!il' l..HH',.·adm:: n::grc<.;<..Jnn. aU(i 

mu!t;pk re~:p.>,<;iOll t() h~~t~~·r unuo:-.wmJ !h( ,Jw.xJ.:tinP nf Jk'>ti<:Hk arKi ntlr~n<: 
dt:lcf.tilms m dnnki!!t! \\.gc well'-. •xah ,Jif!;'IT>Il \~H!<ttll•.:, ':",n:: varia!)k<.. :m.:1lttiul 

;.'l\H!l1d\',:<~l\·:J' ",(':l~'ii<i\",1\'. ftt>ti~ .. uh: ::!r'id t111l. tk U~t'. ttan..;p(;f1 llH.'i.'lWiii"tP', f}\'.:lit.;:•k 

-..h.:ml,r1;,. anJ -.,,.;•1! condi<w·') ;:l!.t:.l hP.-mmmcm·J JlmtedlEW .:\j.c:,:ncy. ll)',(~<.ll 
\'~niabk:i miluti'ICllf! ..;!Jb-,u!f;! ... 't' iW\\t:mc:nt nf ,;tHti<l!>l·lrl.tlll'- <E'C ~!!kl~-..~ ... ,::d i!! 
Uwph'l"· ..t. nnd :',and '+•-rr~H: modc\:.,.Jt;Llkd w ... ub ... tnfiKt.': lr~m-..pnrt mtd ~;lk ~~n· 

;\~lh~: .. llrd ~n Ch:.1ph'f 
rnc ~tu\:11dv;;t!~! '<!:nshYil)' i;Jctnf W;\<., ddnit't' I(...; the inHio~k ~H:-.Cept.ihdit~ 

,l( <Ill aquifer ~n liHilamiH<ttion Scn'>J!l\'lt.~" ,H{dre""l'\ the 'lydr·.)~~·;\\q:.i•.· ::.:!tanH: .. 
lt'l'l"tk"' ol the :}qui!d :1111t the- n·,\~.rlyinr :<..~'>!! :1nd _gt!nlt'~~i( rrHtc:m\\ {l !.S. Enn, 
jl>r'in:•.'flt,J Pn>l0Z;!it·n /\(~em·y. l99::n). ·rhc pt~\\lt;)d..: H~d tt'f~illi('\ \hi.': r.~..;ha 
\~pr~::o..Cllt\ the "\.'~;p,~ nnd ~UW•UfH i'j p\...'stirizk" ~md iH!<Oitt:tl r~'lfif~t,;t:-. ~)ppb-~d 
ns:<tt <><tPlpkd d~w!..in1! '\\'attt ·, ... t•lh, :md <H tivilil..~~, ~~ud1 <.!.!~ (~tHlt: r,llst!~p:. dmt t:cdd 
<.-l•;Hn!uk 11' the prcS<..'l~s.:·~' o( riH<-tl(" 111 [~b ... \.:·~ \'>,.hdr' tlwy ~nub h(' tr~m~f"-Jr\cd 
trlto ,h wkm~~ \1;ater w<:.'H~ It) .S, Env ,rs::nm~uf,,l Plfllt'<,.'!H~l1 ..\p:-.::n..:y. [•J~r:~l}. Tr.1n:-.· 
J)Pn Pl~..:hanism~ •.vcr1· 1dntcJ to tlK t'~ll tnr'- ~ha! t·nntrihut~·. ~itlH·r dln.~·.'l1v p~· 
indiH~l'll:, tu lhe nwYemcnh n1 fk':-!1\ ... :itk an~~ nit:·.;w: hy \\-J.li.':L m\.·\udin~ pr<.:.: .... ip· 
!i<ll 1011. irng<~1l! 111, .;,urf:ll:t: ~.v:uer .~.Jwin,u!c d dd·,~, ut:';n· wt'11..,, oth<r bod1"''"' \It'..._,_ ;t!<.:'! 
<>uch as r\\'t'f"i ;md la}.tJ~ ... uHJ twaw:r \lf~>ath~ \'>'dh, I h:P,VCV>.'l', tnw~pm·~ dt"~'-'~ m)t 
mdndt' rc~·h<ngt: t:>r pr~Hmdw~'.:cr f'1m.•< f;.u .. ::uJ:-. JL.S. F.n-.·iromat-nt.:tl l'n)tc:-dion 

:\f.•.'n;.·y. 1991:.~). l'hc ck.·w Kal :.:h.tr<.H.:kr i">l !C'· n :d .1tk ...::kat!r..:l ;,>{[.;tJ~:-. ·A p-.'':;( t;:id,;-:., 



N:TRATES !N GROUND'#AJEA 

~11<.:1'\ y, o1gank jVW11on r,:o:...:f!ki~nh (Ktx·J :.Uh.t haH-hfc, and dmr~tt:1Cri:-.!K'> •)f 
t•tnund;,•:ak:r :'.ttrh as w:dcr kmp~ratuH", pH. and condw::tl..,.ity, tlwt t:t•uld dk-<..'i 
liK ndiadnr or pc,ticidi?'S or 11ilr<H0'> ttl .s Enviwnmc.:ntnl PtnfC(ft~m A.f!t\n~y' 
i QCf2a! Fitb!!;. ll>¢ pily\k~ll ::hamc:t:rh.IK\ 1!1' well-,. tndudcd ~1ge. depth, ·.;ut~· o! 

;.:nncrete: fXhl:-;:, that could afiect tb:: prt"l.."!lu: 

c-1 :1! the well wJk't iC.S. Ln•.nroflmcntal Pr<:tcction Ag<::n..:y. !992at. 
The d;Wt thcd f.::w \ht:'"c •;.~ri<ihk~ '";·2re preened frPIY; b;lh datck gencr:·1tt'J 

by tk ;--.rps an<1 JaU nrw~l1t':d fnHn Olhd "lliH\.:i.':~ ~iH.:h a'- the L'$. Ge~)l<l,t;ka1 
~w·.(~y. ~altnn~t! OtC<if~K ~m.d ;\ltri\l'>ph~> K' Adm1nhtn1ti('n ('\0:\AL~..:n.:.u-. "L~w. 
ctl'. \LilbltcJI tc">l'- v,·~.:n~ .;.:\liH:tt...::: ... ,J 1u dc~crn>mt' 1hc i.\~'rx:idti~m t,f e~h.'h '-<lri;~llh: 
••,-ilh p•-·,tit:id.: or rulf<lk' {.kkci!•HL 1\.;.~y t"t,.;-.;~d~,. kr lt>t~~ of tt'--.(•t.:bt~on '-'n!Tit: 
pri•n,:rdy fr~~~~~ rh~ Jmd~'-<1\ nitral:.:: lk!.t:C!H\n-. io C\V\ \h~H~. Tlle r('bllvt:!y 
!.x~~ n\;!llh,·r ,-.( ;;""I'Ci;n::)n':> w,vn{\·im: I!H!'.Ik ~kh;~.:lkth \..: pa1t!y dnr h

1 
l!H' !tit"! 

!hat ,~ "'dni~:...:ant!;- Lm,tc·r nun;>l~'r \\[ JHtr.\IJ..~ Jo.·k~·tu•n" th,~n p:--th.:i1.k i.kkt two'-< 
".~, ('t~u:twd. ·1 k~ Ph..t...:c 1! --Hwly,d:- ,.thn t:<:~rri,~d nw_ mu!ti\·anhll..' r.:~:Tt."·,,.,Kn 
.ul<d~"~" t .• \ J..::-h·nnin-;: p;lnwul:u t.e~mbill<'tlt'n'> 11f ·,,,-J'i.:hle:-. W()u1d ht· <..lrc•ntl~, 
\'-.. 'n ... ~~~\t>! ,,,111' tile' pn.~"-<.!1\<.'C' nt rntwk an.J p~:<...li>..ldt.··, In ytT>>.ln~:w~n-...~ ... 

: ,, ..• 1.1n,iw~tK'l "t:!l"i~i~·t!)' at th•..' ,·t~mll> and ,,~hr:otnf\ k·vc! \'. ~~' ~.k~..,·rmin~d 
W·lll~~ ~he LPX'· ~~p:nt:d:urai DR,\STK' -.;'..;,t~m "~~·r~':<. Thf ,gud .. .-~~~ <Uw1;.-,~·-... 
···hP\~rd liLk ,i\'--(~•icuh~1l q\ ,gwun(l\;,·,ltcr ~l.2'n\lttvit;c •.vith th<H t\( tilt' ~ll·.~:-;:t:nz·c 
\-.f niu·,;w ,!!l\1 r~·~ti •. :!dl'~· in )-.-:HittndWtit•:r. ll!_!!llt:~ DF:\STI(' y..;\'H:'. ·,v,:J~: f\\1: 

;.Pt;'-l-,11'!!! 1:~ a~.·d.\<.. 'l<li(·d ~\ 11!· mot(' fr .'1jlKIH dd~~dion-... 1 lht' \."'\Pl.:-\ h'd din:d;Pn 
;l\'10<,'1,,(\nH) ;)r Viilh !;':-.--. !n;qu~·nl ,!dcclinfl'O Di!t~.·xm f)H.;\S. nc L·,doh w:,::;·e 

mn1: ~'l.k"lt ilv•nl :.tt>:.:d \>·Hh Jdezt<-m!S ~n CW~ 1.-\'Cil~ llmn v:ilil dt•!<Sl1n!i:· in 
R.! )\\', { ·,,tFH! k'A'i \\clh'i' t~1hk \~:;1<.. "'""'«.:tatcd \"' ,th p.: ... tl(. :de d<:tet. tinP~ 
,l!;d •'(.Hl:lt:, k'>':l v'tldl<t.:l~\·it<. \', H"· :1\\P:tat;_•tt »db llU<1k dl'l.O:','tiun• in 
r·\v~ \¥\":hx Su\<o,;IIIH'') IIRASf!C , .... ·-;uh. sh>~\~'Ct~ -..:rn~h<r HK<•ndu-.t\L' :~~dh 
·\}:.:Pl. •tr;.! ilh..'JflPI'> hl'>l'd \If! COJt)i"~r.<'~ !, .:p:rio..:'.J~IU:·~~~ { •R -\~ 1 !(, ,~._·nt t>., ~tnd ,· .. l<l~':l > 
,:tnpJHH:; p<w.·n<. d1.: "c=opj;c·l ,lt~( ~n~n~r<~hk'' qr.~Uil did 11<.1\ di211'1Pn:-.lralt' <l 

ll' \at li l!'h"'llj" ! ~~·iv.,·e~·~· '\ r~ti n~. ,dH •II ~·an~1hk.: ;.md pe,1 icid~· t q- f<i! 1 <1tc dc-11.?:\·; H··n:-. 

l1 r ..;_ Fn.._ 'l>lilll'\~nt.ll Pn<\:.'<..'lhli) .. ·\:~';.:nc>. !iJ92<~1 
;...,•Yt:tJI1:-u. [<)I"> ':"•.;bil'd !11 !)l.'';ll~'it.k !J'>'.': <JIH.I a}!fOlh~ff\IL ~1..:\inl}' Wl2'n: :.;i\flfl~lk'/ 

\~it!: dctt·.:tlon:- nf f~i 1 r~1'-~' ,md pc .. tlcHk"> \'1:d! .r-... :~'!K•:ntr:Jti,lfl" nt nitlaL~ in 
g:otHllb,;ti<.'f. ).Jpl;.fi!·~,,)t :.:t~rrd;IW~n:.. '<vr.::!c knm! helW~l'n ~ .. ak!-. of m~t\1£::..'!1 kf 
i~Jp~,·r awJ nitr,ltC :nun~nlt"<:lhm~~ 1n bnth C\\-'S '•.\db ;u1d RD\V~~. Howt'\CL .:m 
an>dY"l" ~~r 1\n: 1i:bliqn ... h<p ht't\'<·een u;iP.Ij2tn tt•wkt<:l <.,l\1<:-'-' and t'l~·t•.'• tint>' n{ 
<Jitr:..\h:' di(! net indlJ.. ~\h.' J_ll <.b'"l'cmth m ~~~; w::cn the:~t: -.·•~ri .. 1bk~ .. l' f\.)P \·tliut.', a...:re<l~C 
nl CHl['lhlml !util!ZGL and nkrl-.tt \·a! til..'. ni hc,lot:\:.. \n.;n.' ,'.!! ~~ho\\-11 t'' !Jl! t>'><;P· 

, 1ah'd -.•.nth w~r<•h: <.'l~nt:('t\aatio1h ,ohove tl \ "'i m~fl i1~ hoth C\\'~ \I.Ci!s ;n~.J RtJ\V .... 
-\ ~ .:,rr ... 'hl\>)~1 i·,.J\'<·..:t:n 1h,~ m<\rh:·! \':tiiW nt \lv;:"'it.JC1. i!lld rdtr<~tc dt:h.'<.'hon~ \'>i,\' 

.!h' ,.h,'.'f\t'd \-1u\ti-..mch: ,~naty~-z~\ fur1l1er suppnrt~.>t! th~n nitn.ttt~ t:~mc~mlration~ 
;:fl.: ,,1(~~t.:l~·t~ hy fc·:rtilit.<.:T l1~t <ltld ap'f>rlnt-rm:: 'I\nl .. urn_)~;.! I<.: il'\(':1~\lfc ... oi 
-~i:\,·,notllK' <h.fi\·it:· rihn <.,ln>n!:ly n:ht(:d 10 und nitw\.: dt:h.'~.:thiH~' '<\'Crt 

!lH' lhHk't y,Juc nl -..'1\;f'~ a:w :1~'tT'~ nt L•ni:i/cl\ r~lrtl!d<llnl (l' .!> Etn·cromncntal 

, .... -..,1~·cti\m AJ;<.Th:i. t9'1]<l). 

'3 

Al1<1lyr....:..·s d vari;.~bl~~o, n.;l;tt!ng w tnm~pnrt: nf ;.::hcrni..;.d.~ ht ~rt.JUild\\'ti!L'L 
induJing "~vcn! ptcciplta1ion rt1L'<l~Uft~\, in~UcatcJ th<H incr~•~~ed -pr(..::ipn~uiou 
was Jn;:~rsely rc!.<'.h.'d to dt.~~ect~nn~ .\.HHi ..::<HK~·ntrntions pf nilnW.:. fhis r~..,ull 
.;.up:yc:,.t-;; lh~l1 htgh !cvd.-; nf ru1r&lll may ~atL.;c tlw fl~t1lht.:l't w nm nff hcfor..: 
cntcrlnv. grolwdwut..:~r. tW t_{\ dihH.: riK ('J,)JKCntrati<Jn~ oi nitrak~ hr rhc point that 
thty fall l~elo\N the de-let.: lion limit:;. w .. c-d m th<' ;.;urvt:y, ln rontr•~~t. :h)(l(i i!Ti~~nkm 
wa'!-> a.,so1:H~tcd with il preM\)f l1kdihontl of d~tccl-ion in bt.llh C\VS \'~~~~~!-. ~md 
RDW~. \itra!t' detection-. •v~rt tm)f<: tikely in C\\/S weih chav,Jn~ w~)!fr fmm 
;m OllUlllhneJ :.1qu\fer Sornc evidem:t v:<.t' .1\:\o f'<htaiunt 1hat rHtn~c d~!le;:.·th"'~n~ 
h C\VS \"-'\~!)~,_ •.vt•rt~ a!<.sod~H..:d wid1 lllfli!>.t ~..:nndmnr\.:. ({],S Envirnmncnt.tl Pro, 

t('<..'ll!)!\ Agewy FJ9:2a!. 
S~nn~ Pf1ht' t:hcmit<-l.! l'i1:H<1~1l.'nstit·s f<l(\O!'S WC'lt.' rch.;t~d V.'!lh drrtx:IKiH' and 

,;.·>,ncenlrat ion~ (11, nitr:.nr.-. ·1 he !ikd rhocd 1 ,f <ktt•nin~ ljtnltt" i~ p.lt:<~kr in grounJ
~vd('f \•:lth l!~\.>: t~rnJw!';ltlltC 01 !V•\V piL Ah>L tht• bh<-.'Hiwoti (•f dclcctine llilrak 

:-.. grealcr m \VcH~ de!i.,t:fing watt.-1. with In~·. ('h;ltm.:al -...'imdlKtivitv. H('WC\'C:'L 
hi:~-:her cnndut:!inty 1"f 1M.>ll 'N~M:r -.v~H> bund tn c.:mx:.,-,1nnd lu tn.ghcr nih<lh' 
\-· .. w .. ·L'I1fr<..~tHH1~- In tern>« ,',l w,·Jl rondlllili: _ ·~h:llin·,~ l'f v.db ~-..nv tln!IH.I ~~-::.n.;;iakd 
.,., dh PitHtk' (k:eci.:);l"- in both C \\'S wcH·:. ~Inti RD\\.'<,.. :1nd \\ 11i1 dl·l~l' 
! >!IH~~ in CV/S \.\'t.•lh 't S t-,n>,i~IHHlJ.:nbl Pr.:_;;n:t!•:)n /o.(~:~K''.··. 

!n .J:,Lht!<>>' \!) .r'!;.J1ytTlp: ·,mgk !\~.:h1th tl>i.' L!'-\ :l"i~CI ~litd~d: \\·!t~:•thCl l~(:>!n
hjuatilHh uf vari<.lhh:-- arc gun;·l prcdi\-!nr·1 r:'!-:.:: <)I ::t<fi\'ti\>," ~>f ni1ndL'. 'iahe ! .5 
.;!J,~lW'• ti!;:l.{ ,,:v~·r~d fnct( 1f>, \Vb~:H <m.J\ ;:cd {!.l!_~~.:th,:!, ;H'I' ..:t,Hl'-Ht:<fil: JCh1!cd (ll.S 
!•.n,•ttnnrncn:al PH\\Cd~~~.; .\:2{:nc; _ l\;()2h:. 

Table 1.5 Faetors Associated with Contamination -ot CWS W~lls 
--~' -~·-· 

Nltrat~ Oelec1lons Nitrate Concentrations 

FerhlilSd oastum B.'l(! ronQt<iaad 
Mcr:t~{y -

>:1o:n \LS. Erh•im•)l"',enwl P~nlo-v:=nf' 

Jpcate ar.d 

'knlh!y p:ft.-:iP \ah::n 
'-.\'B\i·V><<:lhJI CC•nd ;r;lMty 
·r:o;;JI rn1fofJ€f, lef1il~z~v sah!S 
Weit Gt>p:ll 
Palrnu Of.OtJgh: ir,cex scc..-ea
rv1~vl<e! VB.hN of crop~~ 

Na!kv~a! Pt~srdd~ Suvey 
c;:y, 57CF8·')1 021. 'Ninf0', 

t)w:ng tn the nuny 1i1wtatinn~ in th~ NP1) and mwlyq, prnt.t.'-<:-, it \\<1~ 
"-1-<g.g.::-ted !h~~itl·v: rt.·pnrt...::d r¢stdl-< ..;hou!d nnt h~ :nwrp1ctcd ll'-1 rt)lll'hJ:-.ifln~ drH\'-dl 

fnw1 ,;nntn'lk•tl e'<.pE~rim~nt" nr ::1s evidt•nte 01 U\tl!-.:iti(ln. The n:~ults arc !...tati~UC-<11 
m,~~~<.;Uh> C•f :l~<.nnatinn or t'{I!Yelaum that \\Crt desi!;!11ed h) t~~~ hypn\hc~co., 
d>:vdqp-.'d t'rorn "~vent! i..::i~mltk :)Hd fh!L.:y quc::..UI'n:.. ii\H.i"" IWH~d that tfn~ ll""'JI!"= 

"ho:.1u!d ht~ U"-1:!~1 with caul inn rt.;. indltatt.w• n1 topic-; tlvJ. 1!1:1y be · ... t~il<:ih!e for funh.rt 
-.::<refu! 11'1\'1~~\tigti~lon. The- (adors !hat ~h~ not ~h')"" :-wti:-.-tK·11 rc!~tdnu:-.hio~ ... !wuhJ 
h.Jt be :1s~HmcJ !o be unimp~.~~r,H1L , 

'! ht: Pha~.~ U suney repof1 IPdudcd cs!Pnak'- o! natiun;1l pc~pu\;Hkln e».pu
'>IH•.: ,tnd re\ad:am he:.tllh :l"l-k~ s:h·~: h 1 niU'.>I~' fnr RlfvV~ and fnr C\VS:- (l·,s. 



t•HTRATES 1N GROUNDWA!T.A 

hl'-'l ·.ltu·,t·nt.d Pn,k:.,:!HIH /\J:u.·ncy. (tN:!n) E"Hm:.tlt:-. \V{'fC prnvldcd nlth~ pop· 
,JL~oou:-. ... ,ltTt'"Pol~d!t\l! to qL<~tr:!ih.·.., td' ~t:.·nt-r:d wttrc'-t (c-.p .. t"J.3lh anJ 99th per 
,Tnlik..;~. :wd •.Y \lw mnnhcr nl n~<. .. h-·;,\tJ.,d~ •.:\pn.,~J ,ll"~r>YI..' ht:alih~ha·~.:.·d k,·c·l" 

~!J!)l1n.'.1 L/':·d h.-h_>;.v i-. \nftlfrllal\nH ~--~kicd ln cw~~ Tnt n~--u)!· .. Pll.:''f~H(;d <.HI.' 

h;!.;rd t\!\ the !~·,]lilWHl_i.! n~ltlil!W.-Ick daU' 

~h<'lt' cttl: ~'HP•~~\i'nat-·1:~ (I.L(·Pn ~'('!<in ~2'}.!1!1 C\.VS:-. lh.n Jll'n\dc ,,;r('>i!Ud-· 
\'<llh'l fe'r .;dd-llll-' ()p :tH.'!W\;!t'. ca~·h '•Y•-l(':)l -t•lh,..,h .:.pprn,imatcl:, 2.!\ 

"-:U' 

Lhk ... ! .6 ,,t1d l .! pH::...c;H \·:-.ti'11:1fc'> of t!h' numl-xT t:t pcnrk..- c:-.ro"t''~ 'I) 

!t!l!,tl.: m ('\.\''..; \ ... dh ·.s. !·.nvtrnnm~;ltdl Pn)tr:dion '\p!<:IK·y. !9<J2..<~). 'llir..' fo~-
ln\~ Int.'· um~m-:nh .Ht pl'\"!itw.:11 

:\f!HY'- Fll;,~l'f > .~ j)' ~~! !· <"\ !''-'\'jlk' t~• ;11\_ \':.';(;~·~ {I-·,~ I ( "\\''-, \\ l::b ~~~~\\ '~' ,,•,· 1iP !1:~, .<ll' 

,~' ~~ ,(>fL.O\\Ir:tinrl •>I ,\1 h.;,hl Ill IF,.:·!. tn~..· V,{'l o).:,,pk 
t-:\p. :;.;,i 1n bl· 

\Ulth:1hlj1 •• i! HI.: 
:·\pt'·\:..Xl ;,, I\ :r.th" Jho\";' 

-nl.lPt'-- at pn-.,lhl,· ~< dc"-\';•!pal~ 
V'<l\C ~~ aho t._OtH4in1l:!:~:;,;d \';IU h,'<.l<'t!.l. 

r:~~.-· >TH.th"lll ~\ltnh' c.\!rln.nlutinll :~~ >\ll!t'h f.<LT·pl.:- it~ the !J;'lfkd ~t~;,'<.. .;re 

np~'o..•:d i•• -~rfl:•.)\mmldy o h ... n1~··i 

Table 1 JJ. Estimates ot Pop.ulaHon Ex.posed to Nitrate- In Community Water 

S~s.tem Walls by mstnb~~~~~ .. ~=~':~ .. !~~~ . -~--- --~ ...... -" 
95% Confidence interval 

Lowor bound Upper bound 
(mg/1) •:m!fl) 

Paople Coocen1ratiotl 

Percerntile .n-)(p0$00 (mgn} 

!<~1B~Jif.ll~ 88.0L)I).(KiD 0.6J 

[H) :J.f.l(J(I.'~J')) [i.52 

~ :<} ;?GO.Gf/) \4 2 

046 0.9~ 

52A r.Br, 
1fH5 '7 7 

Pe.:.',CYkS I'! C:·1ni<wq WH~~r \\feH:.< ·- Ph;s!' Report,' EPA Sn.;<.'(hVJ1 -020, Jt:.N.i<'>ry. 

< 0<•?. ()i-1 ce _-.f v~r~tn•. 1/<l<>'>'h~9~<J'), l)(; 

lab\e 1 _;t E.sHrnates of Population Exposed to Nitrate by 
Concentration in Community Water System WeUs 

Coru:entrntk:>r< 
(mgil) 

Population 
exposed 

A!. n~! V2·"ll,.ati01'".S ·,.(l 85300,00(} 
_,.~Q t.'.,980.DC() 

SUfV'!"i"'f vf Pw~ll,:-:irb'' h 
'>7T8S-::< 1 o;;c; .J.:.>.nu<!ry, hlY:t. 

95~·;., Confidence interval 

tower bound Upper bound 

7P tOO.COO 
1 OOJ.CCD 

9f!.&fYJ.CCO 
4 260.C·OC 

'Anr.:tt:m tco>l Na1lttf:HJ 
P!~,a~~ !1 H~nnrf' E:PJ:< 

>)' \-VahJr >Nash"·!·Jl~~~ D.C 

FlJN8AMENTAL ASPECTS OF NlTRATES ~!\J GI10UNDWATER 

HEALTH CONCERNS RELATED TO NITRATES 

Tiw ~ nn~)~llfnnHm l)f mtr<l.k>~ in g:rm.tmh"<<.~.lcr j., d prim<!T! .,·pn':"'n1 duf to 
;·~>,1...::-ti!ia! lwnt,m health unpa::h trlnn A1rom1d\v!lt!'r u>.,a_gl..' l)(-penJing "11 the u<...~;
~< dK grnund\\·atcr. anmmh, C!\)p'l.. 01 mdustrial pn-Ke:-.·..;c:-. cou!J .!l~o h·::: afk.ckd. 
l'h>.' ~o\idty of nifHltc lo humuns b due k1 tl:c tll'l(v'-... r ... '<fH(titm nl mlr<lte to 
11itnh-: Tlii" reatlion l.1ke .. pl~ttT i11 lhc :<tlh-a nf hur~aw. r:t all ,;:h~\ and in ~he 
p<'.:.;:lrointt~\\tin~li 1l'<.t(t (";! lrf<H~h JqriH<.: th,•;f !if'.! ,l. Oll.Hl!h;., of Jik, ·[·he l<.)Xicil'V of 

nitrih' h<-t"< hcen d~mtm...;lr~~t·2;~ by \.·~1..,;lJihHn!'V,.'i'~lrdi\1Y:!~(~\Jhlr' \'!feet'- ~u hnrh (i,l:'t 
l~·vd-. :wd mt.•tll'".:.muglnl:-m..:mi,, u' lnwt..'r do .. ·::,· k'>\'(')~ u--~ dNoi Nf'};'llfCf'. ri:t>t~L 

r..·kthl.':mng!ol,in...:-rnw_ refer~ tP ;:\;~ 1"1Tcct in '·"' hh~h h(·no~•!obn1 rr.. o\~dinJ ~n 
mcthemogh~hln When .un• .. lUrH'., of md11(;!l10i_'lnhin 1n hlnf'Jd in'..'IC~he-. C"~\Yf!t'O 
k•·d..: Hi hk~~_d rhvindk th•:" iHnc·~'-' of <'\Y~~n ;-,Wf\'<EtliW, n:su!b, <Hld 

J!l~~r pmtiuJ]}I\' ,;.·y~~nu·~t:-: J-.. 1o•~' rm~thcrno?:lohncrn1<.1 { WiuPch~~rl!.cL t9R2) 
Hn~~-~·\tL lh,~ t~flc.-:t.;; ~)\ nwdk"Pto)..'ll"hJrcrl1<t un· r-1pidly n:·'.\'r!<>thk·: <Hltllhl·r~· ar-.":' _ 
li1t H:h:~rc. no (.'!Hmlbf1'.'1! dk,.:H 

!nf<'nm. tlp tn -~ muntin.. ~~1-!-(~ <Tr\' Hw mP~t .. u..,~·q)libk ... uh!.h>pubtwn with 

r•:,..:an! tn nwatc Thi.;; i-; (tiC to 1}11 .. ' l:lt i !h.H a!wm HY·i· 0f lna~"l<,'( nitr;H(" 1>::> 

nar•-!,;rntcd !O nitnh': in the inianr {!-~·devol Uegi\lf't 19R~I whl'n ll!lPk"', nnH· 

Pmt wi\h h-:mng!1Jhm h~ l<HTllllltfh~mngh1l"lm, lhl' result 1'- a Jmhni<;h..;d n\yl!-.:-n 
!f.~'l"j\~}r1/fl~nhf:-r c,:.<p~\h:lny \ll the hidnd lh•.: infant tiler; -...uttr.'"'" ftnm ccllvhu 

:Uhl:<],:, •ind d!w<.:;t.l i..'yano:-.is 1tums hluc, hl'fiL't? rite lt•rnv-. "hluc huby·• 1!T "hltte 
1'<1by "yndll)me") Thi;-; pb;:;lhYc:r,c-na um >X: .. 'tJr m q;Janb \\hl.'n :1pprnx.hl~~t<..>ly jOq 
ot .hL" lulai h.;nhJl!k~hin ha" h('<:r! C(1tW-.::rtl.!d t<..1 nle\h.;:-moglohln ;Vvf.)f((.i He; .. lth 
O!!!~ln1f,Hi~.ut. !9851. A\.hlillnrw.l n:'j:-,nlh fpr ~~m~:..:-rn indude lhc tow ach\-itv ol 
the ->.t!l.)'Ult' th<)! r<.~dtR.c~ n'lcthcnlnglnbln, hi.f~lu::t -;u~>..vp!1hlllrv ;)I inLnn rn<:.lhe· 

~~H\~lohin to<.cJo;,!d<lti()H • .-.nJ high!..'t" pi I m the shHmtch md inH:1;incs !l·:~t pronhlW~ 
h.\ct<:rml r<JdtiClktn of nit:·<Ht' w Hitrit(' IK,;cn~y .. !9g6L 

f11 the I_! .S., the t..:um.'PI ma:>;.imurn (:nn1~11nimmt hu·it (!\-lCU h1r nmak< 

nilP~t·n under tl"J~ Prlmmy Dnnking \\\~h~r Rtlf,Hltti<HI\ b Iii mg;! (Fl.'thud 
Ur:tiqo 19."\)L Thi>< len:l ·wn"" J.--,~-t<.t.•d up1.)Jl hum<m c.~\0 stm.li(::< in \\hi..:h fuDI 
poi~\ning~ in infanh ot-v~1n~d futJ,y~Hng ingc:..tiGn ,.f grt)tHlthHt:t~r i.:untuininu 
ntmte ccw.:tnlrallf'IH grcuh.'Y tlvltl !ti m~il nirnm>-nH;'O(!t'll. Tt1c \V ... >dd Hc·a1ti1 
Ot;;;mlz:)(ion 1WH0:1 gu;;Jdinc.., <-H'...' lP n1~:1 lor nit1a1c ·nitr<..•l!en .md l mc/1 fpJ 

Hiln~t'~niuu~Cf1, l'ht.: h~t!->1~ 1:--. !hal Ul;(k>;irahle. im:rca-...t•;.. in mctllt.:!Huid\Jbin···k·vt<lh 

m h1(1pd nccur ~·~t le:vc!" rn~m !II rn 2•) n;!1illlur,ttc: t~l...' H1t:.C)<.Jlnl1 "r niict.,; k .. ~J:-, 
:" u "lwr~ rapid un:-<(:.f nl dimrnl di"ett-..'ilm~ th•.~ ~~uH.khn:; •,:aluf i~ <.:nnesp<.nld·· 

tn.Ll:. ln\~.--er (1 mgil_1. Additional iHWmldt,,n (•H w<lKr '-Jll<llily sttmdan.l" i-. ~wu~ 
r':.J<ilt~'d ln fahk I .. X !VV'tlrld ~h:;Jith OrgmutatiPn. !9R)). 

.-'\u .1ddJlwnal puHk :1culth i.,-;u~-· d pnte:~T1al ·~·uot.:t,;n; i~ tk1t , .... \-crd snHL<..''• 

:l,\\·~ -..:!11.m.n !\Mt .;imulran::-:nu~ inge\tton \>f ni~nle 111r nttrak v.;\\h :uw1W~l r"~o;.o!tr.. 
IIi '..'i!lkl'f'> nl J'W0:1 Prg<n o..;:-·· .. ti..'!l\<.. T!u: \-tH~W\(l ~,:omp~Hml.l-; }\r(' rn~·~urnt'd \0 

b: th· uhnn,:M L'<n<.nH;,:~~~~i ... : .,uh .... t.,n-..::" 1 'L.1nnenbaum am: ( tn.~cn .. ! 9X::i J Sn-(·:ml 
~p!d~"tniolngn::ai \ll!llit".., hav~ int:u .. 'nkd :>:~nitl;;m! po-.,Jii'-'1,.,' \.:onl~ltnion" h;t','>.·\.'(:11 

~:>:pr'sw·t to nltrak ~l>Hl c.Hlt..'('! ri'{k: 1nr t'·\:rrnp!c, nil.!~liC in drink1ng w~!cr tW'\ 
l'\..."1'H vJrr.::-lak~\ \vi'\l ~a:-.LrK rm;t:~~r rbk 111 Co!omhiu and Endmht: ~~!-!(\ \~\posttre 



Table 1.8 Umns for Ni1ra1e in Drinking W~tet 
.. ----- ---·-'" ··--·-

0 rganlzatlon 

WH0 EJrOO~<i"l Sll'W>'Jctn:!!'. 

J.S.F.PA. 
rie&i:h >'l··v1 VA;lfaw Cana.d.;. 

~~:q; Gn:£-lal .>opw1a.!J:m 
1-'\.:.,('~l;)lilt·!f.' 

Sr;rde(•f'e 

UT'i>CC€-pt8':)t{i' 

1977 M-lX:mum ~(lf'll<!rdna:-'11 !f'<v<~' 
1 SFS Maxnmm -acc~ptat:Mo 

C(YI{;flnlrat on 

EEC (Ditf.l'di-..-e c1~ fllKtltty of ~:wrf2ce • !.1";7 !fr:porat·ve !imH 
watOfS i!l!tmdod ~~Y ab~:wc1icn d Guida lgvel 
drlrbr:g \•4<!h:l(} 

EF.C !Oltedi\ro O<lt.vm'IIY :lfwaterft:r 1980 Max·•ndm adP1iS5ib!c 
~llf"\8!1 con<.:umptbr) OOltce'ltrRtlO<"~ 

Guide 1e<Je~ 

'#HO 9l-Hdei'ne-s lor dtlnk!=l<J •t:atm '1984 G~.<l:1e1h1<e va1l<t' 
qu~F!y 

mg. I nf 
:-.,l{).--:\ 

11 3 

10.2 

11.3 

5.6 
10 

· WiHYn this rat1Q€. atnmwt: .a ;:.H'Ob!em mav not be apparoflt pt)•tsic~ans .:,hoAd b~ notified 
ol 1"lR posoitJ!e ;::cc~maf~c~ d in~Hnh\e n·etha~rnogf~tinaen"',.a 

Not~t· WHO, WC·fld Hsallh Organi;;<.:t!~:)n: EtC. Euronel'Hl ECZ)r'!:.':li1'•C (/.Hrunl>n,ty EP!t Env~· 
eGnme•ttHi P<Oh1d10f< A.ger·cy. 

f-:.Jr"l'l Wr;rid Hr;nltl·' Orga:~:t:<'lhOP. ''rlf>H~lt~ H;:uards h'o:r l'nrates in Ddr.k;1g "-N~·wJr- R~pcrt 
'r (::)pt:v1fl<"-tWn. M<.V't.fl 5···9. • 9&4,~ Rcg,or:<ll Offl<:e fer f:Jr(;pe. Cop~)n 
.. tg ... e;.;:; V<i=\f'l pt')'~=n;ss;n:l. 

e·"' :tV.tHCi 
h~fqfli1 1 \?8S). 

1•.~ u;tr:1tc .,.\.1\Hailnng f('niH;..::r npp~at\~d lo t·-t: linked 11.1 ~aj.,ln:.: ~.\UKCr mnrtaldy 
iP Ch!\ .. • Hmv¢\':•r, 1t :-hould rc IWtt-d lh~Jt n~~h r!'>~. ror J<i'>!rk .:.·;tnl'1.::! Ct.Hrdatc 
nnt n;1!y ~>. nh mlr<.H¢. bul ,ll~.u \Vl!h <..:1..''--':::ud nlhet di~Liry nrem·ll'nlWK'old factors, 
,wd '·'· ht~Jb.'! all} nl tlh.'~' ~.:~ouation:.. a~..'W;l!ly 11!\'~)hc ..;,111.:-.Hthm !<..far frpm d:.\.H 

; !'al11knhaun1 <ltld fln:>:n. tQ~~: KkH~_jan:-.. t:t "tl., !tJ9iJ. 
'" ~:urrcml~ ~~n~m-..,V;:I· 

Rc;;i<..i~'l, 19~5\. Thl' 
Th;.; ~pcs.l!tll': tlf,viH!lk-:-r n!l!b.~ ii~df i:-. a 

a:Oh:, hn-~-,·,:yt·r \'(:'>l'~.u\·h i;, nn}:~)i:l(l on 1hb ~~ ..... ll: 
lPk ~)r n\1nh.' <l'' <l pr'"·cnr~m rc, c:an.:Hit\~oi!c !>i!f·n~·o<tmiJW.., :md nshrl N¥n<IHl\P 
,·~)mfOi.lllCJ', 1;.., hi1Yl1y '-''l<11""1i"h.:t1. NJtli~:.: le;t•~t~ v,>\~h .:mw~.·, c>t allink'" ;~nd~r a 

<'\lh''Y (1( u~nd111nt1~; w vidd tlH.' N~ni!ro~•n .Jcn>val\h'!~ ihc prcp1)mk'r:.~ll:..:c of 
whK~, oJ!T ~..~;run(1l!'·:w.: h~ mwn~'l"'. Th~· c.;.pi.'rtoHi•.l!l th;L 1h~:.:l· 'J ni,w-,n t"fltl)-
1·''1'\nd~ ,,rc al'>ll lu:nilll t..~Jn.:inog_('IV'- .. ug£,:<">1~ ;1 ml.'~..·h'<m...rn v.·hnchy ,:;,jH~'-utc tP 
nJJrit...· nHfld 1~:-.nll ;n ct.n.·lt1n~,tcnJ.::"-l.'• !Ttlm< ... :nt<'<HJW <:md \)r('('!l. PJX5l 

Detailed 1nformatinn nn dw ti).\H.dngtr~d d!"ct:1"> d nttr~1te :.lld r,Jt:-it(' i~ 
!llnv:tkd h~· Li"c Sy:-.tcnh. 1m:. 1 !9S'J le>PfL, addr<..'-.~.t.·d indwJt? ~cr\h..:i.!knlcti• .. :'> 

.t!H.II:tnuH c>..rP\I;r\'. hc-:nh d!"~..:t ..... (tf niH at...: .md n:tntc m hlHH<H'<:. md cl.nmn!-..; 
;lnd nK..::lwn•'nl' <1'!)d qtl~HH:Itfat:~··n ol l1l:>.k<;lng:t·;l.l ~~rtt:~.,·{..,, >\ddi~l,·•Twl h.:,-1111!, 

FUNOF.r•AfNTAL 1\SPE.CTS OF NITRATES iN GROUND'NATEFI F 

t:"x!.'t·">""i~'C ni\J~IH~.., in f_:f;)ttnd>.v,:!n lmve ahu t.'JWwd prd+:.m~ \'4.'il.h nnt~ir:.=H1l:
J.ml·z+a.••Nm}.! anmm[-. 1\ifh di·~·id::d <.;tmn:~-:.;h:-,.1, ".beep and l."dlik c;m be ''-'"!·i\:l..i<.l) 
:!l>'::'!rd l·~~ ni'il<tk~. in)!n h!rth thmup:h adult!Hn~-<J, 1\{tliHI:,l<l"lri~· ('\int!.k :-.!<lm<l<:h·~ 
i:Jl;mt~ :-.m h ~h IJ,>l >..(.'-.pig...,, .tlhf ~o:hkki.~n, .trt :J\<..q.,:<.mtbtbh.:~ for '"-'<ll,f.h rm·•t'k-111" 
-\• •. :h!(h.t"H"> aml pl.!;\ IH~1tmt::. they nr~..: f!Hk'h k~·~ ~1ik;. tt·d t'y the pl~'s!."nu:- of 
;·,i~r;ik'-.., lhw ..... ~\\:·t .. lh>:":·,,.:-:-: ;,:;m h•} a((c:ct;.•d il1rnugh ;:K1uluW\Jtl \ChamHer. ltll-<91 

"'-'u·p~vm'- PI n;tuto..' ·niH He !HIIs~mUlt! in h'<ec.h)ck mdu~k !'VHih~:'d~ n1 an,i 
,tbn.H \he n·.Hl· pigmcllt.'d area~ (.mnuth a-nd t:)'\.':..). -.,.h,)rfncs., nf~ hrt::tlh, rapid 
h!..'~Htht•nl, ::-tag~i..'1':d gt.~.it, fn'{tuent 11nnatn11l, und ·,:n!lapL' ln ·~evt.>n..· J...<l"i.'.,, ~nn-
>.Ul'>icn1'-'. fOII1<L ~tnd tk~<~th n~,.;ul! ~._.·ithtn lHiltl". 1\ lo~:'i ,,! milk production ;t! 

cO'-\'~ /md uhnrt~(l (~,th'C'> an: "-ig1h '.lf P~'~'"-'iible nilmtc poi<."..oning (ChmHlkr.. 

I9B9J, 

SUMMARY 
.NHrate-..; in grotwdwat<:.•r n.·pn:~cn~ n ..._,tH.l .. dy di"inbut~.~d rwH11tinn com:t..•m: 

tlit<J.n:s: an.·. Jlc.rh.\p"-1~lo:> nlO~>! t~biquitou~:,. of all {.!f<.Wudwntcn.::nnt~rH~n~HH'>. N<ltum! 
)lHl nm.n-induco:..:d S~Jun:t~:-. nf nitrates iu ground\H,tcr tir<;.' <1 rc~nh •.)f w;-th:·r u~a2c 
lhr mi .. ~<Hion: exce:'i"'IVC uppikauons ot ~\'·num~rua! IC!.1ihzer:-. nt nunure: a;td 
wa<..~e di\pt.h<d [H:It:!i<..Y:\ ~t,S(K'!<Ik'd •Vi\h Lmd .:tppli<:a1i-.;n ~)f -\llldfZt.'S nr '.4.-a'l.tl"\.\'(.lh~.·r 
cttkh~tlt.'-. wunic!pat m IPdnstriai hu1tHll b, m~d .. t . .'pt~o. t~"lnk .. ~ · ... tcm·... Tb:: key 
i..'O!K~'nl r..:..gilrding u·•..tge of gH.ltHldWt\h:!' wlth l'.>.t..:e:;...,iY...- concentmtt:ms (~r ni!r.\it'" 

i·. r.;h1k•d to human h~~ilth en;.;~~:t~,. particnhd~· ,,1th rc~ard l\.i inL.mt,, Tht m~1jor 
:H;;vh ~\l.:: ,,..,S.lK:i<Ht.~d \V~th l<>s.St'~ in UX.ft.!en lLtll!--pnrt:'lrHn-.,h:r capahilhi<:..•<.. in f!w 
hk><.ld 
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2 INFLUENCE OF SUBSURFACE PROCESSES 

INTRODUCTION 

N!tn.Jt(' u.mlamim11;nn of i'l lyp~>..·zdly it ,~.-:-~.~tt , . .'f.mlro~t..~n movc-
:)h'llt ma; fh:: i.IHSlturatt>d znue, the o::cum:·n\.:c nf tran:--f~\nmuiou prf>· 
,_,;!-'·Wii 1r1 either the Jr:;,,1tumtctl n1 'tH'..II"<1kd zonz·~- <lJhl nitrutc uw·~emcut \vith 
t'.HHln•lw~·Jt'~-. '1l1i~ dupl(.'i NIH '>UmnMrll't~ naru~,~n ~r;m<..fill11Jnti<!ll. ,)old ~nl!1spnrl 
an:J f.rtt: pn·y::t~>..."t'' tn the ..,~l\1:-:mf<lt't: -~nviromnent; i"a ... ·tol~ mllncm:ing tntrn~h .. 't 
;.:a-•:hing. tronl krt1Jitcr~~; tllld tb.: u~t· t:~t !iJb(tf~W)rv ... tmh>.'::-. fnr \'.xan-:innlkm oi 
h ... 111 d<;· tr<'.n~(nrm;;\ii(H1 pr<11..'~~ ... ~>..':"-. omd lead:Jnf'. 

NITROGEN TRANSFORMAT10NS 

T.1hk L\ .·nm~np .... '•H!~HlHtfY ~.:o:nmcn~:' nn 14 r..:·krcn,:~.'., dt'dlm.~ "Yd: 1ntru· 
trdn-.:fnrnhHi<>n"- 111 ll\,~ '-.Ub·oilf1,~(~~ ~:n:~,irctntn·.·nt (WI>· <..dt'1~tnl inh~ln;,UiPI~ 

!n>Y ,·e·;·.:-m~ d. !h\' ! t t,·L.>H:n.:c~~ w1!1 b.: nl•.:lndt;' hen- 11. !"li~ lnn,:,pnH nnd fat-· 
.··t t~llf\1,(:'11 in thl' >..\!IV·<Ill;~\:~ l'llVii'OlHrt.'nt Jf·:~f'lllh i!p(lH !he j(l!'nl ;Jf <.'11{·,:-riJI);: 

Pl!!\'/ u .,;iltl ·.,na~tl>.. h!•)c:ht:!YJ1c<·:l ;)ntt ph~:~ll"nrh~·!mL<d pr~Wil')\"'" in\·f<\1..'d m 

uaw~fnonin~ om~ fn11H l~r nitHWt'H 10 ;uwlhn L'•HH. 
~itr;)fc'n (<tTl cnk'i tht.' ,·;~h•,urf.;<..'C e1'J\'i!lin~n,:·)t m enh;.·r <~q; .. ~:t"-. (1r 

htJ;l\. •.h.·p:...·Pdiny upnn the :-uHrc~, ( )r~!ani.,_· n!ln~~~·n :..'Oihl'-1'~ nt u~~np~H>Ild"' 
:m!itw .lll"''·.: l!lih .. 'S. pl:*:;Jl'- .. 1nd h:nn1!' ~-,:,)JI':poJ..:.mi-:. \\ ~th Ju,\ nHro~\·'-'fl ·.'~ll;lt'~'~ 
! kt·t1dy and l\~;nck ~~~hI i .. Ini.lf;:_,nlk' niH't'i:!'-'ll ~..<~n\J:..h .:rnnHUti~Hn, <<itri;-:. <mJ 
::'nr<l.h~ i'1rnn:-.. :'4Hrn:;.:'li tnrm utllf~:th_'(\ 11r p:~rl.nll-; trc,'!lt~,l ~\<l'lt.,~\'1-'~\\!.:r 
<>! hutr~\01 ">'-'<1'~~~· lt!Hi!li.\.'1~ !f~;1y b~ i11 d!ht~r Of)Z~IHI~· tY' .tHHT:I.inWl1; fonn. 
~:iLT~~c·i {-,o.-n ch0mio::.~l f~n:lll('f" wtn \yp<nd!y h<.:- in amrnnniJm Hr nitntk fnun. 
l'nm..;!•mnaiinn pm::c;:;<..cs m the -;uh:-<1-.nfare ind·;Hk: \I <1mmnn11i>.'~tt;1.on. ·:.21 
;mwn\>nia '\';-,i;.llil!NHinn. \3) nitriik~1hon. and \o.iJ tknitrilk;.l\ion 'T\:w~p~nt pn, .. 
(~\-.~:-.that nril\' be lnvolvcC. in suh··a.!rl;u .. ·t,'" tnt•'.'['!Hl...~IH n~' varic!ls hli·ms include-. 
i)i d!!lUJ.;hliJ <._l~ <:JniH<ll~hun fnnnS. t2) diffn<-.!1Hl of n\tr>.H~: fomh, .H!J n) !l1{~Vt> 
tntnl ,>f i:Hher form i.vith the \VHt(.~J plu"t:. '\bioh~ prnte:)Si.'<.. <.l_;.,_·!t a~ ;..Hl\orp~k'n 
and {\~1~dn ~.'\dhngc !'!lay ,·;ltJ..\' n.'k'lllii.\l-1 or :-.r<mt"' <\l~)mumtm1 t'onn~ in fb: 
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Table 2..1 R&1erences Related to Nitrogen Tnmsformat!ons ln 1ha Subsurlace 

Environml;!nt 

AuthorlS) \year) 
Comments 

/.Jlok::!: ( 1'2~ :)) lh3t:=)'>~~!fJfl ol tracsfO! rr.at1on a00 transpod prcJ~S.SBJ0 
lfl ;:wHo! r<nan h;dmgf'JPtog:r:al soil 1ype9 

Fkhn"r (lSft!-j') Ges~npw·,r, of U·,e blO(j00Gh9fl'iiS11'/ d Mrc.g-e~·, 
compo=J~·Kl~-; ;~~ gr::mndwatAf 

.\p,.b"r~~ .. ¥td \'rCbi(H'i~.y $1;/>"jy ()j ft'Gtm!i- aft€'Ctir;g der;i~'tlicau<,-n 1:1 n8d)r•er'1! 
:_'():"lt::Jn'.iflt':l.t\:;d Wlll1 ,JP·4 ln 

C )r;n:. Clap;>, and S:.J1~-n<.l1 p9P-2_1 E•fec!s of w~<~tod mt.H,iClP;il \vn;.;le"'-'<'llt~r eifl.t..;t.;n:.r> on 
a!•)•nr:<~~i~·DYit1i7.·ng bac':'Jtifl ·~~ 110i, 

WI 
,:~l\JiO)llte c! dtJnltnllca;•o:l on '<nr,C>hJ conr.:e-Nra1U-1~> T 

:::. p-.,,~G! ;ime.su·.rm ;<Jquder 
Revi·~"J o~ !>ar.!"inrrr.ati:YlS ard ~Hu=sp~·-t f/ n;tf09(W~ =0 

tMe !lt:L!-i;;lfnce e>th1ronro~;r,t 

F11~~1 '.~h;'j!e!' c! oen tlilkaJ!on i:1 the :~t.b:=;.u f<Kf-i' 

<!H1~·J-onrn<?!nl 
F r.:•MJ ol the Blh<Ch ol irrl·~F~tior• hoquse~cy nn 
de'"'';l•c•::on ;n lhe suhmrttac~ E"-nv1ronn1ef\1: 

E.xarninHIICf: ol M!t:Wt'Jo;al d~g!adat10t- P<tthways iH~d 
under bot'o <2<?mtm: and anrtefObiC 

....... --···~~~v··-···~~~1 r.illaHlS in \...0),~1\~(jj "!Si~l"~l'!,dd_~'\J:""."':'lte.r_: 

~nlt·\U1hi.<..:i.'. in ;hhli<.iPu,tm~t1L pl\~ct··;'.t:~ -.udl ~·,., invnrptmll&ofl into mit..~tzl[li;;l ._,, 
rl,H~t lmHJ<i'~~- (;.1\l \l(l Ul l;iptr~ 2 1 -.JJB!:n<Hilt:-. lh.:- nitJO§.!t'~~ ..:yt:lc In tLe suh~ 
.... urb, .. , ..... 'ISil>lPm..=:nt !i{edd~ and P~1;rid •. l\lht 1 t\:-. :-.m:;:.::-.lc•J in hp.ure ~-I. l.lh" 

<k'~·lp'{tk( C>J ~~:nW.i· lr<l:),for.lHtll>l! pr~K'!..>·Si.."., !:-. ~~ !t~·;)~·t\01\ (lf th.~ pC!l>C!K\: of 

;)\;t.!i?m~ ()f ll:•lL\<-'illF ~·~,wd;tinll'). 
i\I~Hwmiw .. :;:n~~~n h th~· br•.L ~ ... h'J! In ~ht: rdrh.:r<d;;:;.nio" of 1)rg.o· .. ni<.: n;trng•::n. 

.\auwJnlfi,·,-,itNI i' th..'Fw·d i.\:-. lnt: hinh}lp;..'ltl "t.'O~Wr>..,)nn ~·r \1rtf.m1k ri~wgt<' lo 
;H1nnnn'\lU:Hli!!u~.~-~= : f{..:ddy and P<.~tnd,. \ IJ~ l), l.ndl'J ,ln<l·:;Jd:w; :lttillonJ.itinn .... 

;;lnlf~l)llium-n:(Ol>:!.>:H ;.\CI.'J11i\\!;Jti<Hl 111..'-.:lH" !11..',<;<1i!'>l" of t\lt "-llppn.·~·~!OD n\' 

lll\!·i!kaH,•n 
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F~gum 2.1 TP( nitrog€n -C'fCIO :r: !h'3 sobsurtat~~ ar.v,rcrm~nl.\from R!'<-rlj..-_ !\. n and Patt1tk. 
\N ; I in Ci1C Cl~·-ln~ .. l 'iP~·fews lf1 F.m·I'O>'!"te,•:a; t.::~~·wo!. Vr;;L ! 3. t.J<: 4 .. t 9H 1 . 
pp. 271--3'J3) 

i\m;uoni.t '1-olotulltl~tinn i'> a phy•;icn~hcmk.;d pnK·('S~ \\lwrc ~un~W1!l.IU'l">~ 
!ltlw~t·Jl ~" tnnvd) W ht." w t·quilibn,Hn h.::twtxl! t!w 1ta~i.T•U~ ,md h\d!OX'f·i lnrms 
<;'> b)H<1\v-s (R<.>ddy :Jt1d [J<.!IrtcL PW' I 1 • • , 



H~·~ltlklfl 1'1) i:- pH d<:f'tl..~ndcnt. \dth ~Ill alh;dln~~ p![ (;wnr1n~ the \l!~· .. cn.:l' d 
!tsmr~ t··f !\H. In \l'•lllti\HL v.-hik ~\I J~'idtc nr PClliTJ.! plL 1 h<~ <i1!1l'iln!HU!11 

i~ pr..::<lnm\ro<mt\~ n1 Jw h··,ni .... · fnrru h!~'.nt:' 2.1 ;-;.lW\\:' the cft~..~cl d pH 
.;!!d k"liP'-'IahL.' nn ~h.-.· th<nb~IIlnn ol ,tmn:nni;l ..:111.~ tHnrnomt\11\ i~Hr-.. ln v..:th.'f 

tBt·bu~.c. )Vi.'\J 

ec :10_ 
1!: 

i ~ 
B .co~ ~00 :r 

f "' eel i«J a 
0 s 
~ e 

< 
< ec 
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Figure 2.2 f. :teet nt &·KJ h;mpaf~;wrc Qr. ~Tie d•s1nbuhon A (:Hn~Ot):s. ano ,>fl'H'I1Cf~!W""l ;<H' 
=1~ '>"'<'Btor Behrk~. J .. Jaurtla! of Hr::iro/cgy VDi 27 ·.97& ~p 155··167 
WiU\ DO'fT"-'~~1Cf'1. of f:b~NiM SG!.OOC<?, l\n1Sterd<.1f1<) 

:~<lnli~:.H\;)1~ is thnlh'..i.J a~ lht• h!~llog1r~J •.)\~JHW)tl uf <.\HilnnnJilJU~nitrog..-t\ 

::: ::~:;·:;·ill:~~~::~~':,·.~~:':'.~ :::~'.:::\~ :~ ~: .:·:~.:.:;,~~:~::.~~:~~::;:~ ;~.:~:~;;,:· .~~: '1::~~~~11;:~~: 
'\lHf(l~ntnt·''h'·'" ~~..:H_~· ···of# ~o,.·~ and P:irrof><K'h?r ·:N().: _.,. NO~l- H~Hh {)I"J..'•\O~qn-. 
;1rc ~ ·ir->~n ~''-'~~·;~ i1.-t> •• h..'\'! :oh~t·. ch:mt mHlOt! t,p\w: .. · t~.)d'>. 'I he~~~ nltr~t"lt:r" ~kri\.T •.:th.:r~~y 

~h' ~~-..:.idcH.ot~ n~· anHnoqiiiHI·-!lllfOc!\.·n and/or nitrilc--nl!fO~I.-·n. Tht:~'-' >'i/!im

l'~Ph rcqu=l't~ (). ,_knn~ <l.=lH';I<;'lliH!'l·-l~itroj.!cn (\xidtHinn h' n1lnl<...'····nllnwut .ud 
tH!Ili~·" rd't"~lf.'01·>xilb~~''n ~~~ 1'-llratt: ·llitrnp~H /\mmoni~nl l'><i~L!ti<>ll 1

lft1i:11ik· ~.:<ill 
b: .. ,HH::n d'· 1.R<2"dd;- and P.\!nd __ It)}'. I\. 

r 
23 

rht'l"d\'>r('. i1 ta:<e~ -~ IHOk"' (>X~~t.'H W :)Xkilit! •-'lldl !110!¢ d' ammonlunHtiH"t."!!!-."ll 
hl nt<J\ltc. Swh:hi\,l'lh:trk~lll~·· th·~ nq.w.rn~::n~- n_'qam~ 4.S7 p 0: p<-:·1 _;;r:m~ ('f tun~ .. H ... ·· 

ni~.lnHntn·g....-:n <·.<;;,khtcd (f(cdfl: and Pn•ti-d" !Ol'\li 
')c~\"t~l<, ktne;:;:.: n\K .:ql!<.iLOll~ hJJV(' l'l<.'I'.'P pn•p~h;.'f~ {I!! flltrl1I!...<!I!OF, !ildUd!Jl,i: 

1cn> (~rdc1, :ir"': ~.~nkr_ nnd !he 1Vl!mPd e;.p.ullh'H ut' p()ptd:,~~<":n (lynanm:" T;tt>lc 
2.0; , onl.'in., ~~•<w-' Ht:-.1 <.'nkr lnKlK r,iit~ "·n~.:i'JJ;.:k·ni<-. tfH' ni!rilh'':ill(·f"l hi :-,\lii'-

!R((h.1y 1md 1\ttlit-k. 19~1 ). En-..·n(•utn~·r:td f;;~..,;~)r~ IJH1u~.'n<:ill~ 1lw mtrihcdinl' 
r:H2 it·..:hni.::!! l l<.::mp~·1:.Unc pH. { ;l ~dLH;in~l:.· d \',<Ht.'r, ;J.} nwrp1tW.· nn·hon 
~nur--\.·. ~ "1 mi<.·ynbt;;! pt!j•Uh!it;ll, ;Hid (6) ,•nm~•.nttl=!n mtJ·oJ;;~·n Z'J>th.:~!FnJinn 

Table 2.2 Flrs1~0rder Kinetic Rllltl'! Coeftlcierrts for Nitriflcation in Soils 

Fhst .. nrdt!r 

Tyf.W ot sy!5.1ert1 and Temperature mtecon$tant 
pr'Ota-M f" C) tk day-'} 

5<:\.:"'a':' ciay 

NH 

s11n~jy toarr= 
""NO., 

Wt=~r>S!Dr silt !o..t!fl 
Nh .. ,. NO 

~-M,r'<h~l: s:-t !oam 
Nd, ·~NO~ 

Cdc:: silty lonr-n 

NH, ' 
~.h:moo<i Silty •.:day 

}IX·m·' 
NH, ~.NO~ 

Gmr.dy silt kHHn 
~NO 

L':r.tic 
0•"\lC:r) 

HH, ~·" 

20 

0.22 
9.0 

0.14 

9.00 
O.tG:J 

O.f.l:11 

ON7 

Remarks 

LahorMCF~' lncubat•er· at 
var~·-ng te:T1:-<eratur~s 

Stecujy~state ~\0w t!'ltough so1' 
c:oiurnn 1'!1a•r.tan1ed 61 -95 em 

Slf!ady :J:t~IG llv~ lhrot:gf1 soil 
(",0)\llllf'IS, US!f-g "'N 

incub&tit·~u SH;d'f 
ncdha!ior~ 

Flelct study conducted crl tt··e 
t;lintor. Rn:P.ri~.~tWC(.<-11 Po'"'ttac, 
~f, f>it)<:::l"le.ster, Ml 

r.at>:!S caft~utated 
bn,..,eti <n ch,~ngrw. :n NH{ .. N 
and r·.J-~.\-N r::o=·v-;entri'l.f1on 

Frr>rn Hf~:ir!·:. K n ar·d PB;rid·,, IN. H .~~· ( ~HC (:r;tfot1 Pf<}•diNi• .. : 'n FtW!fr)IJflif:"'["llfil Conlrol 

V<A ·~~ ~~(' .t ~f!M1 p,J ;,n;?, .:}03 

i\mlri!~<. .. ai'~-·Ji i.; ddlncd il<o. the hinl<Jf\•:al n:duct!Oil •)i nitruh' to t;a..,coo..; 
:.>rhl·pn..!Jt"!·· "nth a\ m•JkC!thu ~~- \W ".J .. () ,·\ ~:nmmunly af'~:-..·ptt·d pa:hway for 

h.nk·:.~~~ ;t! tk:Jtitritkaii(IH ~~ ! KG{_~Jh.), l9HflJ: 



Unde1 aHJ.I.'Whk ,,r 0\)')1~11-frc..:· <nmhl1mh arJ m :he pr=..:<>CIKt~ pf ,~va:Ltht 

~ ~~; , ~' ~·;. ~~:"::: ~:~ ;, ... l::~, :k ;' ;,~,: :, ~;," ,~1~:~ ;; ~~.~:: ~ '~',: •;;:,:· •:~,:n~;i1l:;;~;,;: ~1~' 'f~ ;~~~ ~~ n i ::~: ~~::;c 
}''<r;u:mi!~'l;ns.· A~ ith t··l~a, if'/'. J11vdhn·, ,'\.lin'O!"fl, C!f.l. (i!Hl'f•ll~l{lo, :n·, Aiu.li:· 
pn'<'~. J(af'nhud?.'' /;Jrw •. lili!.•bac!liH.\ S."otUh'Hiit1JrOL {"f,>ra.v·fi;J. {\iiW•:nn·u.\ 

.Srh·;/!u'''· ..JlU; NtJndop.~t"ndoJHOilil"i \.Vhc>l nxy~~~n h av;ukl::k. the·;~.: 
0\td!Z¢ :! r:l:N.hydr<t\1:? ~u1.htr<.11t' t<• CO_, ~Hid 1(0 l~'> fn\IO'.V~ !RcJd~ ~tmi 
I'J>-:it 

t;n(kr nxv!:!r·n~ir-.:-e condition•; . .,(lilt(. mi...:roorp~ni:-.nl~ ~~x1Jit:.>: a l·arht\!lyd!·nt:: 
~uh":>trak to ( '( .. ;, ;..,ml 11:0 n.;in~! n'trat~ in,t>.~tnl of ~'xyp...:n :_u., ~lt1 ekt:tnn ;H.::~·eptnr 
:md I.'C!)\'O:rtlng. li1C nltr~'.1e tt) t\: g.•~~. ~l:-o slhlV...r~ by !ht: ftc~H<"'v·ng: m•;:nllll_.;a;;tion 

d{~dd~ (md P.uritL i\fX!r 

'\\~V.:r<d Lhdh: tate~ i.'qU~Ition .. h:wc nt'o hcCll prnp~l:-l'J {w (knilri!ictdon, 
hlt.ln<lll\! .lt'HH.~r·.kr .m~t ~ir-,Hmkl n~laJinn"h!p'-. 'L"!l'>lc 2 .-\ conr<·.\HI'o -.;nrnt: ~~!"">t
'l' ;~('! r~1 t<•, 1 11h\lll~i~ fn•· >h.'i1ltdh:..:atinn i11 '-d\.b and ... edinu:nh fReddy <~Ih11\mit' h. 
lq\l J ~(:'<<.·rat L~etnr" <W: knn\'.1.'1 l<.) n;Hu.::r,t.:t: 1:l!: rtl:k '~l (k'nltnHcn!i~lli, dth<..'f 

~~lP:·. ih \lf iwJn\.'~·tJ"V .. -\fiH'tH! thl!\t~ ~sl'.C t(K' Rhi:.<..Cfll'l' (lt 
,:;:,l;l, :~k <:'~~;,,~~~. t<:",\l!f~Ll;lH··:. '-.\~lf moi~W!Y-. pH, pc·escrl<.::C <JI (CHHrtllt"l:--., ~md '>~l<! 
tcst;l'X 

.\" ,m ~·;.. .• \m)lk :\J tht: i:l!luc:t~·c ·~)t ;.km·.lihcuthm 111 f!H".lnd~·:at..:-r. HO\'-<lrd 
, pl:--.)J dc::-;c1lh:>.; t'tv· !·r;pt:r!Jlh.-~· nf thL' ti~m~fnnnmh:m pFw:C''" in ~11n<~jm :inw
,1111':\: ,qod~r. 'l he ( l1:1.lk ,;,~uiL•J ul (;d''KnH·f•mral Enl!bnd i:-. :-. ... ·.-;_r,u~-.!y ~1ff.::<:t~d 
h•" mlr.;h~·~ 1<·;1llt<·...i ff,,m art ;dn1W"<tl h.1nd ~wd, l1kc rf':<my ..,Lrltl<u atp:i~l'l". ih 
t:um:~ ·\ rnk<'l)e r~··, >.t P..:l..~ dtp:mb nn th...: na!lJr<..' and ~·aJr:-.; •.1f ~kut~r!lw,tl!nn 
Pit.' 1q!llllhll d>:...\1":lvni~'l.! 111 nttr<il•.' -.upptlrh 1t v,:\'>tp01\H ha:<d <'n lht"nm,dyn;I:11K 
C.\lh"'fL~ {}l;,tl tktiilr•\(;:;1!,01'\ j<,; ani\·/y OU'll\1'1!1)! dld tl\:n 11><..~ pw:'Jh'~H \~·i!! b( "hnn 
ll,·cd \1,\f<.' dC"tll-kzi .;(Hhid .... :·~:thl,,, h1:--t•J iH1 m<IJ~"'t·tl~n ~tm! ~m<IP!nJt.•nl<Ji 1:)\)(<)P'-' 
cL\Id, hP'.\,t:'..'t'r, in~h·alt' tb;\\ tk:n'lrilkation ;, Jllt .. :g:nlflt'<~lll ~\Ill:. th.;tt l:h.' app:;~·.:r-1 
~nv, t 1111:.: nt 'b"' n"",tr.tfC corwcn!r:lt!"l~ ~ ltnm > J! j l<) <.?, tl'{/~ NO .... N ~in t

1
:K ~!pp<m~nl 

JXC'C;\\)~! 11! !10\\' j, pnU~U·dy dll•.' H• nlU,i!'·f: l,it·h•i\;.;n \~ ~H~'f'~ pf d\!L'I\'1lt t'rlfh\ 
J'h>,: pc.;'>,("ll~··: ~,!· r~:UK1..>.l nin-<.'}.:'-~n ~j·<.:"d*-~" i-. pn<...~tt,k ...:':;dt'llJ..::t'" \.;! ;k';llldth:<!!iOi1 

tn "'~)n:t.' nldc .,..,_,!<...:!'"'· lhl\'<'11tJ i It!~~:;~ <:·~n~·\ndn! lh~lt ,kqtrnkal>rW C;'H!llll b .... • 
rdi('<'IHp..tn nRu.krn rl'vharg(~ V.'tli .. ;;.:J~. 

Rol\U'Ii o:t .d .. 1 J9tP> tk..;cn!wd ,l ... ;wh t"n~.·~J~J on the inlhwnct• of dcnltl; .. 
tk~l(i•Jil nn th'-' HJ!J,tto.:: i;1 return\~~\~'-'!""> :\!>~~Auk :J~H•Ylllh ,mJ r.:l('~ t,)f 

d·.:nttriEnHHHi tlnw t; Y:)ln lkhl pro!lk ill n~F·;·;., CdiC..3n:1i,L \~l.'f<2' :-;LH.Jit:d 
>11 rdatH\n ld lhe lfll1llt.::!Kt' of in·igati<..>,1 1u: .. p:c~~c:· :.Hd ':nd HKO:'p(·,r;.tll~-,n of crop 
1•.::-:itiU\..' \ppllC<!IId"li hcqHCI\'-''Il>> nf dtJ'('(~ !l"fi~~Hinn-.; JK'r W"i:;tk. <IHC Hr~ga~i(lfl f)l.':l" 

\\.:";.';.•!- .. {!rl\l <)lK !P1f_~.;tlUH C'.'L'fY 2 \V\.'<:."1\'- V\.\,'l'¢ ...:--.tab\1~h~J C"'H ar..:;.~.;. Goppcc\ With 
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T2ble 2.3 FirStvOtder Rate COnli<tants fOf Denitrification in Soil.s ~nd Sediments 

SOII/sedhnent 

r:wiJa ~)fg:J.1!C w.:u!s 
p3 :)OhJ~ 

hJron scil 
t::>~'W Q1J"/ loami 

'4&rdlrmi s.::n~1y lc·<Jftl 
:cltJmtra t~,~~ !o,yr
\riu(<=<r·~·· t,ay :o~~'f1 

·b'k< kao~ 
\~yb l<. .':.(:(\.'!'{ k.:,r.~ 

~k \•V{IS!~ a~.Jdetl 

8e(>l N-~St~ ~dck:.-c 
t\>cll:(~· WJ'>\C· a :kied 
t~lo\il'l" "H<iSlf) ;,c;rH.ifl 

First-order 
Tempera1t1f& rate constant 

('C) (k day-') 

5·-36 

0 1-i 5 

30 

Remarks 

Laboratory ;rrcubati-::n': stuctv 
comJucted at var'ous ' 
tornp~mtures; rat13~ PM€0 on 
NC,-N less 

Organic 9/.ds obiahed hom SfJ',.-e-r~11 
location~ !f"l 'SOUU1 and ;:-,untm.i 
Fbnda, SOilS 1nciJbated w1d:t~r 
~'HlQX·t >.Xlnditions. and stir<e<.1 
C<:t~{11iJOUSI}•: ralflS based on 
NO,-N ic,"' 

Sed o)tainP.d !rom cropp\!!\J field 

10 

35 0.Q3 .. .o 90 Sc:ts c•.-Jl!!!'!eteli trom sf:lvNn• 

30 oo.:HJ.7£ 

n<"u 

n 14 
(j •}J<l·(• 03 

o ot 
1.n:\-o2 t-;7 

('. l(r ·1.~·4 

0 lb· fi.$8 

·c>e..ati!Jn~: in ~;·1f! U.S , r~1te~. are 
dlfh;sicn cl N 

r..s~es on 

Soils coll!!!cted •rom s-everal 
!t,c.J!\OrN ·,{'. tt··e 'J S; ooits 
!IV::tlt.oated lli':OOf rtllftX~~; 
o>nditions, ard stirred 
{";()nfi>~LJously. raMs hased on 
NO.\·N toss 

Sr,i! ir<Cllh;1terJ to ar. OAreil 
with Nc; ... N 1JTes0nt 

ul u::o::t...vate~ IH'ld llf'.(!mlywg 
:i<.d: rafi~R ba~Jd 'J;1 NOJ-N 
d sap?W.i<R.nc0 
R,w~ r(•1E~~~\l11S ntfHl"!:iUmJ \!n(j~r 

s1eaC'f·'-..\a:<r. (i)'l·il\l(i!l'~ 

OJ}l-{176 S~t.wn-ents oblr.Hf0d h:;.rr, Yt:Hlt,)us 
;1mes lh.nhg sea.st)n!<: ··N w~:~~: 
:JSt}~J !o •1n!O!n1ine denlh,f~:atJon· 
ra!es l'fl(i!asumd tAwod on N~ 
pmductiOtl 

t·:·Y~~···R~;jd; .. ··~····r.-c:.rflj ra!ri;k w .. H .... ;~··c~q···L-,,-C~~~~al Hevrevvs in Er.v:r..:::mmem<f Co11tm' 
'h:. 1'3, NcA. i9S1, pp. ?.73 .. 303 

p>!t<:.•nnial;y .. ~ ~:·a., .... h:t"td1z~r wns <1pr!ied ~~t !he nnr of .100 k~ N per hn'taw <:h 
KNO. cnrh::ht(l \"-i!h )h HI:'-~'!- I":--J ir! 1-m~ Jihh. rhc nu~:; ,)f voh\tdf· }:Lht'S :il 
th<;..> <.;oil ~mi'tld! 1,\,";il\ Hh~<l;:.,U!"t:<l rwrn nn~ :.KCHilJUI<ltiO(l of Nll nml l;l\~ llencJth 
<~!Hight t..:nv~r~ p!m . .:o::.d over t!w ~~~d ~urhn>~ k··r 1 tD 4 hf•UI'<.; :n 'o..('\'er:al tirnc~ 



!-.JI fRATES IN GROUNDW.A:TEF:. 

m~\lh't1i~llf'\V ;dk·r irn}ralion ,md .M k~;, h-cqm~nl int~rv;.1b ::.<.:-. d.._.:nitd!l ... ·uuon lhl\ . ..;s 
l.k'd-:<J,cd. Sul;J\1 rah.'~ nf tola! tkni!nfk';l1i:00 \'..-<:rc m-c~t};ur<.'d !It :I~ I" wdl~-dr~t!ncd 
;)t!uvi~li 'lnil tol\dCi nonP<~J --.:~cllt: <lppl!cat~i-•llS of n~rt:;ation \\ atcr Fo! p\r•t' \I, uhout 
\;arhun :doJ,tinn. th-: l<1rg..;~t d-:n1trih,:adon nf \)nly 1.5:.:;. nf I he ,)ppli~ .. d feliill?.l'l 
'x:t:- mca..;,urc·d m dt~~ mc~!;t ffl:.'q"\.ltnlly uTig<l.ted plnt. r·or the k,">.-..:\ ft\~'·lucoltly 
LTl&:~Hr:d ut' ont' ~rr\(lutwn ::···t:ry 2 w.:-ch ~mly 0.7~+ (,r the appticd ~·ertU!:ll':· 
\\~l' {)e11itntk21wn rat~.::~. dcc:r<:.~us-:0 ro n ... ·.u·.zr.·><' vi>;lm~s •xi!hm l or 1 

da~ \ r!t"lc:. ;ni;;;.niniL . 
]"he ~;pp\ti.:d!Hm !teqn<;.'H(~· \< thret irrip1ti<.nr ... per w~:rJ... :;:n·,~j hi~hd" :''KJ.1 

~'(llll"ClHr~·.iinn':'< a<.. aleilS!ln:ti l'v huth 'lOH -;nhJtion and ~oil :-.<1mpk" vntbm lh<: n-·nt 
!Ofl(' d th1.' ,_·p•p lh~Hl lhi)\(" ~)f lhC: ut\Kr t\\-1> HT'•i;.,llil.!l"; !n~qUClh·ic·· !R~)\-..:tnll d 

,)\ ! u:-<,tl;. ·nw". ir"CI._pJtnL ~maU nnt.at!Of1'" tt:!K\'d lt) ~~-.;ull m k--<.; 1.-J.tlnn)..' ln«S<'\ 

:h .. :\l frl.>llL'lll. hlr,;e irr:.\:'.i.l.lli'H'>. J.kn~tritk.ltiur Of u!H"..\k ttnJw.:;r )<.,;~~. ~HPllbt= .. •d 
u<;\np. ,\ ll\H\!c:nancd mndd lhH intiuded tr<msp:\n an·J pbn~ ,tpt<~l-<: d \h>!l'r 

;md 111110{1¢11 m "''it Tht: J,llt: tk!Hirih.;<~Hon w;.h d~tnnn;-.tnt'·~d t<- 1-,... <'! fm~etivn 
,,t !litr;~k (.n!v.:cntr<l\!l'll. ;tv:1il.~)··k ""'~!t'>:Hl o:C•rk"l't1tntth~n, ~h;p.,_,.,;- ,,f ... ~_,d \\":Jtt'' 

~.;'<Pnli<H~. an<l !cmr;<."'r<il'~rt:· 
ln lt1"1'"'·. tk' lo·~· ul ~·!ln'Jl h.~.i~}il g..\lloll'- _!!J .. l y:J fud lt:'d'...:-l\ ;,, <..·.1nl~illl" 

n «<IOH nt ;
1 

-..h.1H:~w ;\:.jlnh.:r !h'>H CL;ll\,_;:..tun. Sndth Carnl!!l<.<.! B•.11lky, ;..,d~·lJL 
and Vroh\«..~ .. :.·~. t \N2J. \ q{<.>">pt•=.".ih: ;;tudv \\·a--: i.hl'n ennt!~~~·t~.·d ~·xal~lll''-" 

~.·a;·lnr·, rd~!h:d Jn ,min u!!1 t'IOri:'n:.~amunn Hl\~1; ... 1n:;, 'Jiq;~··c 
L-,L 1•f th;,.: an~'lltkd m1r.ak: \h\: l.:ltcc, 

m; df,:mtdR<~:lmL and tlw .,-~\rt,\hldv n( tknnn!h:ailnn 
:h(• -...He w-;.;r.: t~"\a!'llin-::J. {)-;.•nitrlh:at.hm t:\/)~;.1 riodUCIJOIH ~ld.\Ji.Htt<:.J ."U! 

1

-'W-: 
(·t" the t.i-..'pll'tl,)n .,t t~ttr<~h:-·nHr<.•~(·n umkc· ll\1\~r..'r•.+:,.· ~nn-:.!i!k•n .... [h·,~h '~·.r~'~'r: 
1 nm¢1<Hl!~dl(l!l .aHl ·.kP!!rilh·;d!~Hi •',\h.'~ in\.·r ... ·nc;cd ,l:-.yfl'P'i)tl~:<>lly \Vith Hh~I~.-'H:-o!n_t: 
nHnlh; lll ~.t JH;'.'- H':Hlln ~tpp!\!:,iw.<~!dy I n•M rHWlk ,\d.h11on 1,! o p lo t 1!"JM 

phn'.ph>.ll>: did :H>t ·~iJ:m!':;.·~~n~l: Jlh'n:y.;c '.he :md CO-. pw-dth'thH~. Pt:tHtrih~ 
.._._~qon r<1h> ~~,;:)"~_' .:t h.::\:-;t v:::.- ln\~('f !h<!H lhi~<...:· \lb<.CfVt'd ,~! pH 

7 

('t>rnp;lri·.~m·· 1!1 ,;:wwt.:.., <.•.1th difi~riu;. .:.h:;~rec-.. ~~r hydrn-.:,,,t-wn "'~"m>.unnml'-'n 
imli.:;d~·d 1ba1 at k.~~~ a tl'nfnU Yanaoon in ~cdim.:f'lt dcnitrhk<Hi,)n ll'-."CJ!t('d ~\t 
'h•.' \..:HIH;nni\\,'t-:d -....!fl."' \I.Hadky. :\dinn, <m<:i \'rnhh:~h.~, !'}92). 

NITROGEN TRANSPORT AND FATE 

!)tft\,-..!nn nf ammnnnH~'Hl>lr•.>_~~.·n and nHralr in th.: :-,l.;h-.urhlct: t•m·:rnnm~nt 
p\;.

1
v-; a r<~k m .. ub-.udaG trarrspnr; alrmg wtUl :'lhlon._· p!PCC.S'-,t''"- '-il!<:h ~t~> ad;-.•.Jrptt'-

1
0 

,m,i hm ~~xdhmg..::. Tht:: qu<.nttilJ o! ,)n.ltni..1l1iunH)]twgen uan;..(nn.:d hy ditil..l~lon 
ph ... ~l~<lilh'n,) \)l'f uml >.J>.l~<• p..:r w11~ tint1.• ~~ prnpnrlintml h~ th .. ~ ddht!>.i~:->11 s..:ncfhcknl 

,n"td th' ..::\ ·~K ('fHJ >.llit~n \!r~tdl<.'llL ,\t !ht! ~>!~.iw;ttcr interfnn.'. cnm::elH!~\ttnn :;.r<u..l\<.:-nb 
can b,;• r\:'lativ~·h lar~t.' nnd. h...-:-nri:'. dllfu;-c;ion cd· amntt\n1m11-ninnge1l from Lht• 
;m.\(':n">hc hh'f.'~. '-'·~~~ 'tx, r<ir!d. Muk.;u1m diffusion iJ> ;tc-.~umcd <,o to\!m.v Fid,·~· 
~<:-.>.· ;md io. ,~>.prt;ss::d m 1.l.~IIH" ci th:~ whPh.' "><'11m '>etlnncnl diffusion \.'<..KftkltnL 
·o. l.'>hkh nH lnde·. 1ht· e.{k .. :h nt' wrt:.ln"-ity hut nfll Jhv"!>t d ~ld..:Hrpihw. Daln m 
T;:hlc ; .'t ~.hn>.l; !bel) '.-,tltt~·~ lw ,j!fln!Olllliff!-l)i!ro_g('ll UHJ\ illJ:; rn ..;cv .. ·ral t.tnacn.)hi.; 
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Table 2.4 O!ffuskm Coe-fficients for NHrN Movement In Soils and Sediments 
··-- ····~- --·-·-·· ·······--~~-~. 

OiHusion 
Temperature coefficients: 

Soillsettlm~nt ('C) (cm~/day) Remarks 

F k:.<Orie£.:1 SOl~ 
Crowley sH lOam 
M<f.J.Iand ~·11 toa:n 
M~Kwn sllty cfa.v lOJFTl 

Maw1e sad1H':e!~ls 
{\J'"l lf~ !sl.ar.d Sot..r1d) 

<,/e·t.metrlc wnter 
NHi(-i"'lt \<:I"P 1f.':::rn~J 

!Jrrr1t<'ln k:an 

W<:ll('l 

ccdl;r:! Kfl" ' 1<::rr: ') 

01(\ 

O.i6 
o.;:o 
0 2:) 

0 10 
0 15 
o ;•o 

(it)Wt-f;)i !>ill k.i~Ht' 0 l)G 
0 11 
0 ?7 

un~a 

""''.,. .~n"'"" ~uen 

30 
3(? 

3G 

20 

2' 
21 
?1 
2i 
?1 
2\ 

K. ~- and ?a•,n&.. W 
188L pp. 271--303 

0.216 
0, i':2 
O.US9 

:J850 

o.oo:_; 

J004 
Qf)l(l 

GOSQ 

0.01~ 
0 ozz 
(}(16 

Expewnen o:::aN.1l!f.rt'd wlt?i ar-1 
hltia( fHTI-IT!(f<'llUm·N 

r;t 200 gg<'g soH; 
p.t;'nnd of 2 d::ws 

Sedirner<ts ·v\·dh aodlfion.a= 
atrmonium-N added; diffusion 
coefht~JGn~..::. adjusted for 
ndsorptimr ;p.:::ww.tkm f-'-eried of 
5.0 dayi 

EJ<p.ettmeni oondl.cfed with .soils 
trcntod w;tn !4.3 rnet~/! 0f 
(Nrl . .JrSOe '">OltH on. Wld 
~dJU~tt~d tO '~<lriOLi~ W!IIP.I 
cnnh,mts. soils •·~ra stenl::z:Kl 
USL~1 ·,-rqd1.a!iOtl bf::!"OW UYZ!: 
~(l(,dt:;J.!.mc pr,•dod (.,f Jw t ·r !J~yf' 

f: >H)$flff1~V)i 

=n<fial ""'"'""""-' t, 
cone~~·ilmt=o:-: ·:)! ?.en 11glg so!l, 
1Hr11iCHWJC1 ip:)lt)!!Or W-"S tl$00 to 
;:~•·cvf-f"'l ammoJ)itJm·N :)x:daiion 
i"cJb~t·.or. tf:ivd of 7 :o 15 davs 

,~BbOfEI!VfY Sludy cor~1tjde:::1 
\J$.!110 l<Pd=SIWb(t(i 'N~~1.ti'lt:! SOil 

Cdle~; 'OC\Ib~Ha1~ pcr.O<..i of 7 tn 
28 days 

..;nil n1 :..'..•dii11CII! -.yqcm'> iR~<!tiy ,uu.\ Pnlrid" !l)Jo(J•. ~iH<Ht.• ,_llfhh:on cno:Hit::ll!lil 
da\,! ntt-1 und:;..·rlyu)J.! un~:~et<Jhi•..: s~>il i'~ .,,,nl!\),lnt;;t) in T1hle 1.-:); KNI1lv mnl Pmri(.k. 
j\l){J) Th<: 0 \'alnt>" ill.lr~th: nn: typi•:tll!} gre~·Hi.!! tLm tho ... ~.; tPr ;Hnm<miurn· 
nhrn~<..'n -..;wo:c nit!'fHt' t<.. .tn ;UHon iHHi i~ 11<11 ;,Hl~orh.:d (lllltt lh\.' ~uhnrfac...-· ~'Xt'hange 

t.umpk\ 
:\mnwniunHlitrn:;~.-n na~ 1m: be l!;uhpnrt:,;J l.hrt'U£.h th ... · tHl"<ttm:;.ttcd /i.HK 

.wd >iH(• grm.>Jl<hvah.~! du~ to ad.:-Mrptmn, t~::.Hk~n e"\~_.h:.mg..;:- m::nrpcrJttnn into 
mi\.Tnhia~ htonta"!>.~. Pr rdca~-<· t\1 th,~· a:mo~rh~~r-.:: 111 the ;;a~t·mt-. J>>rn1. Ad~orpti.Jt) 
o;;, pr<ll~o.1hly tht' HHIJ<H' m.:dmnt~m d n~\hWrd in OK =;.uh~urb-.:J" environment 
t'mJ('t ;.wa~rnbh ~.:ondillnns in the !>.l1b'itHfa\..l! ctwirnnrnenL p~~!-.iD\'t'!} ckHf!e-d 
~uFmQ\1ittm h'>l1" !NH/! ar~ rt<adily adsorll(~d onto nq;!.<.ttivdy o:..hlrg~d sn1l jXtrli
dc~. Since· ani.lcrobk ~-.·ondition:.. in :-,uil~ art• lbtmHy ~~s<.onat.;;d wnh $;aturah:d 
\Olb. snme nnwcmcm uf <.unmonin ·with gr~)llihh\-<.~tt'r um \IC<.'·Jt. !Jnw~vt't. tht~ 
Wu':f·m~nt wll\ be ~.low qnce ad~orption ,.,ill t<..mllm.;.;; tn o~~...·.ur nn boll pm1Klt"/:• 
m tiJt' ayu~kr 
_ f'o ~tr·.'C ~~s an e>:ampte. of I he influ-rn-..:c nf ~\d~1)rpttou. a -,.wdy .. -om.hKted 
')> )parks li9X7; ow ill h(~ SUHHl1<tfile.d N!IJ,.lb:-tch.:ufHm n<> 1t afft: .. ·h gr ... nmrhvatt:"! 



NITRAT!::S IN GROUNDWATER 

Diffusion 
T0mperature c.ootncien1s 

fl\Xl<iAn :>·J.l 
S'it lGafll 

Si;; 0 43 
Sa•·o 04:1 
G~aa~tw•,'\ds 0.~~8 

F!codt-J S(Jl!s 

!C) 

3-Q 

:~o 

:::n 

;m 

21 
21 
2\ 
2l 
--~i 
?1 
2\ 

:~n 

''" CUJG 

(\25 
0 -~·1 

0.04 
0 17 
0 32. 
0 ::::, 
0?1 
0.34 

0.-12' 

1 ·s 
L20 
~ 21 

0.5' 
j ;~":''\ 

0 68 
1ilC 
1.70 
081 
uc 
1.20 

(.1.45 
0.38 
OJ2 
0?(:1 

Exp:)fltrH.>n~ condtJd€d w/h <':f1 

i~l1t1a! ni1:<.W''!·"l ccrcwotrat!or' 

·aomtu:-r b€'f0rfl H$8-: 
lr'l·.~~!'Ga!i·:·r r:encd o~ 1-:> d>:~ys 

Cx;;o~;<n•n•Jr.t o:::nd~,!:':.Wd 'f'i!tl' slit. 
sand c.rg!<-'1.\-\Sbea.dt· salm~tod 
w1th o 1 N :'-la~-Jo~ 

t~\lr;)kl diifus-~o'l frcrn floctt 
wa:r1r :nt(< the :Jr)der!ya~g soi' 
co!umr- \'.'ilS ne1;1aured: 
dit1ttswn en elf c;ents for 
(l.trate· N wem rr.easu~m. 
~1S1ng t~1c charqes !f' ch~oride 
car;cc-ntr.r'l.tion d !Ieee waH-l! 

Fl('rl' RH, :l.l'{ K n MPd P.&UlC'..:. w "' ·;l:; Cil'(;' ·c;,;;~;!Re!Ji(~~;&. m Envm;nmQ''llt;l Controf, \}()! 

No <o Hl8~,pp ,,(t:h5tJ::l 

pl~Hulll·l: \\ <l" on nine :n~(:Or nud-:\lhmt~,_- ~<.:lll typ~:'~. The "-()i\-; haJ 
, \\·\J..: r~n1~c- :n m~1th'L ciT". ,1nJ ~<dd-: ~·onttnL Charge pPJp~:ltks mdi!d· 
ir1~ anl''~ll l:xch;il'.e.( l·~~pauty tALC) .>.01~ p~··1nl <1!' ;,tTO ~,d! •,:Jk~l. (P'/Sii,} \.~·.:-~t;. 
lh;ii..'lil11;1<.;{:. nw P7.Sl::. \':JlW..'"- \'·!..'1~" IO\\, :ndlcat!n:; little ,mH>l'l :.id!--orptitm t:apaL'
i:y·. bo .. .,:c~,-·~r t\K ALl' ,~.dw.'.<.. \\.:•:re dtt.;n .;qpn!i,_· .. rnt >ttld ~-kl'-'a'(~d w~th prolik 

.:~ n\i!.\1.· <tnd '-:Lty t<"mh.'!1l" nKrc.t-,ed. l'h<.." titKli\'"' nf nltCtlc ;rh:nlitrn ard 
and the dfec1 \'l '.OH!f!i..:lltl'< ani<:~n~ tlrliJHrJtc tVI\~Hd,Jr. v.c>~~ int.c>..t•?~\tcd 

<i.l pH.!_!}.:".). ami 7.H. ~~;!;.\\1: !C!C'l!!~IP >.\';;~ h!~!hC">< dt pl!.l.l! ,JqJ V<H!-. ~Hnnt,:h 
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t..nFetawd with day ami oxide ~ontcnt~. The ~u;l-><·•rplh)l1 kinctll.'!-> \t..C'fC n'pid .aud 
('t~nTktely l'PVCP~ihle. inrik<~.ling that th~-~ Hitn-H~ ud~PrplHHl me;.:h~mi:;nl \\.'<.h t>k~-.> 
tnl~llttk. \\'hftl('Vt'r '-ttmnc \Vii' pre:'i~IH. nmrne rc~e:ntion :)ignilkamly den~a~ed 
art~.!);.·,,~ n•en Jepn'"~.ed \Yh~n .:hlondt' \"<1' Jd(\:d tSpml."'. 19},7,, 

( 'atwn exc:1:w.!:<:' ~na:· h1' 1!1'\:Plvn.l, ,dung with a.J<;urp~ion itl the n:t...:-nti('ll of 
<tlnlllnninw inn-., m ~~.-·ll-r. lhJ\"-'<2\'U, ju~! :t'- !lle <tt.h;,.lf}Jfi\m ··-·"~fM..:Hy nf <'I '-<f1il i.:an 
h( \,,,.,·.:~ .. k~L lh~ catinn ~xch;.m~l? c:ipitUI)' -:an abr.• >c ..:x.lt>~dMctL lJm.k1 tl'h:v~ 
~(~~ui11ion. ... !hC ~minn ~~xd:~mgc "Hes u1 rht.: <..oil hcn·:nlh .. Hi ,.;m1m~m;m~ input 
..;nU!T\' wnuld b6,'•.'>l11l' •:qu;lthmk~d w1til the c,nion~ in u,c lcac:hah.· The kachat:· 
·.vnuld dt.:n 11'10\'{~ ;n the pnnnd;v.,:t.::r '.'>-HI'. ih =:,ninn ..,;drnpo .. i!io;l nsrnti~tll>' 
uncktng('Ll. Amm,mitt-nitn'_£:cn t<:Jfl ht' HK'~~rptHaH.~d illt(! micnlhi.l! nr pi'.HH hi<.)" 
m<b'- 111 th..:: :-.ub«nrL:lu: cu·~·~r,Inma:t: h.nVC'-'CL thl:-. b. prob;Jhly 11nf1! m~\jor n!mm·:d 
?n•:t.ha1W~H1 r~b!lh.' 111 nitro~!..!'r< in the sd>\.tirLv..:e. FinaH), as n1)Wd :..•adler. !IIHUW,. 

(';111 b~ rck~n!-:t~d ln the atml).;,p:u~n.· <\'\ a nm...:tlon of the ~oil/liquid pH 
\Vhtn the pH is ncutr.1l or helov->. rn-.Jsr nf the ni!wgcn JS in ~h~~ 

wnm1'IHUnl iGn l(~nn. /\.~ ~h0 t:oH !~(OJ)te<- ha~ic. the ammoniuro Dn t:-. tnnsf<~mted 
in<(\ <lllHlhmia and ~:tn he relcas1.'d ffyqn the .'<!Oil <11> n ga~. 

;\'i;r;tt(' i~ ;:ypil:~llly rnnrt tm~bik tn the 'IUhsurface t.>m'u·nnn>~~n! thau ru11mn· 
rim::~-nilnl~cn. \Vhen mt.rop;n lH lhl.." fnrm 1)!' mtrdr H~a~;hcs ~rnund\\'ittt•r. ir 
h.'~.:nnh.'S ·l~ry mobile hc::k'al!l.,t" of i£5 ...,duhtlity and 'Jniunic fon~. Nitr;1tc:c. t.'<m 
rm:-\~ \"'ith grnund~A:,~tc-t ~.vith minH'nal tr.;.ub!om1::ttJf'>!l. 1llt:Y ~::111 m1grate king 
,Eq;:m-cc~ frorn :nptll area>. if 1-hcre rm.· highly 1-...::rmt:dhlr ~\H\.'><;utfac(.~ ma:t"riah that 
(,.'-,lntdin dJ~svh<·d <lKygen. Thr only .,'l)ll(htinn t1u.t .::an ~1tT ... ~ct this pro~.(\-.< i·~ ~~ 
dl'('hnc b1 tht redox p()tcntb! qf {\K~ _l!tnundw;m~t. In !hi'- GL'-!t.. mHI.:ls nn:ed ~:r.u·lit'r. 
•!w ,knitrHicatinn proo..·('.;~ ~;~u: nccur 

FACTORS INFLUENCING NITROGEN LEACHING FROM FERTILIZERS 

!S!lrU1£tm k:aching from applk~.-1 kriiltzcr:-. h the prtcuntlr ;.~·,\:11\ ;n tJw 
1r>m'~l(~nnatinu proces.,~-. dc~crihr .. d h1 the pn:-.•o<inu" ~t·r:rinn. T~'.bk 2 (, ~'$)1l1<nn:-. 
'WIDrn:ltY C0!1lffiO:l1t~ on ! '! rcferente.:; de::ding wi1h f<~• .. :lnr~~ inlfw::n":~np the k;!o.:-hing 
nf nitnJ~t·n ~nrr• the ..;ubsud~itC ~O\''IH11Hn0nt. Tn ~en'~~ as c:xumpi:..:~. th..: amn-unl 
of k~achwg ,md hc:n • .:..: the arHnt111l nf uHn~t~.·<.: in grmmdwatcr hl\'C' bc.;.·n fdU~KI t(• 
j·,._:- lJ. ~~1lk'IJ01i Of th~~ tJ!l1!11g nf fen.iiiter Jpplicdi(lll. Vt::~>.':lt)liH' l,))Vt'L am; ~Dlj 
!11~ro',·uy tBnmcH ;m;\ ~\d;lhe. PH:\}; lcttihz.cr uppli...:;Jiinn no~tlux\ ;:vtd amuun~ 
:d,k~..it(Jillmw~- 147.~-~~ !-.-llt1i7.er an1'Junt ar.!tkd <:~nd {lr<-llll<lf!.t v<>iurnc frn1n van<>u:-. 
~~-;lh:;· tr~:;,llmt~nts tLetey r:l til . H7XL and krli~iz~r <omoun\ acldcJ .md irn,cannn 
r.dt' (LudV<l!•:k, Ro.t:-.."'. anJ l..JuuiJL 1976>. 

B•mwff and Adtdw I; Q{ :t; \i(:\\.l 1hcd ,1 2 ·y>: .. r samplill;: p11Jj.!liJH\. ,:t ! 4-tb}' 
mh:-!v,d~. (,\!. Ihrd: '>'-dh m th<.· M<WL~. \\\•:...! Ct·.:rm.wv. ;,1\{'<1 ·Ltt' hii!l;~·~1 <l~nnunl 
d llllUh: !U <,ui! ~"''l"' '•.it:nd i<l 1\h.• •• innit; of twn n( ':ht: '.\-C\1~. s.iua;~·d m <.i \\'!n~· 
~:w<'><wg ,q\,'~' and ~·nrn~;,;p\md::d ,.,.,i,.h 111f' kt'ti!it~ltinn pC'rit)d 1)nnc ~tnd hliy• ,.\ 
FUlHnHnn nmnum w;)~ n~c,w.!cd it1 1h:..· v.':~Hc.r. CnHm,.h<.':'.lcr aJ-,.,H<:teltd hom 'lvdh 
\~X\Hh;[~{j !JK hJ,dJC:'l-t CW!._'tlltf~\{IOJ'J~ I ,f ni1Wk\ f1 ~1liW1lJ~ ,\Ill'!' h•1li •tf,lfiOn. r..:i:rat~ 
lh:.:~w,1;(i!'. ill lilt th;ro \h.~l! ~iw:Ht.'d in a fru11 ,m-.1 ~.q;d~lhh>;;rovdng ~~n.·~~ "'··l" 



Table 2-6 RBfll:rences: RatatE'd to Leaching o! Nitrogell into the Subsurface 
Environment 

Conunents 

an:i 
(n!'ue(l(;f3 oi f{:f'tll.zN appi~<.allon rat~. ~;N'Ison. ard 

<)fl n'lrcgen :cacl:iflg I(ISses f!~rl 
r:l :nofg.:sni·: ru~mqen ln SG1I n cenlf<~l 

s~eti€<n 
Sl:ddy cl ~heo o~·f<trinulion cl ·1an.d 
sew&ge plant ~llluePt to nirJ:tM 

:"::acWffi 1nfluenc~r:g nhroger, leacrHng :r. a ferH1Z:&r:.l 
3gricui;.Jre1. arf:!.:i 

Ni~~ate ieach:ng tf't~ougtl the \<·ado...w zone as a 
hnction nt imgu::on water appl1ca1i:;n 

Oo~wrn~n<itK.,;1 of lirs1--Droer rht.::'! con~!o•• fc•f the 
1aacn1ng ol amrno:H< and nJrale horn 1t1-e slora.go 
,:~rea al :3 ferli::;zer plant 

aqu•fffr zcnss. ~·~.ln~rable to nilrogBr 

Field r;x,pe-nrr.enl on nltragtm ~eadw-:g as l h;~)ctor1 
of IK1"n'?J !\~P~~Jlh_;fO~ practKhS 

r,.;,!n (XI.H:If\:''n~nto;: nn rilrate le~clt:ng at.,:;{Hrmercla·, 

f"-'rmin-::J :o;ltcs 1n Ga!ikW'Wi 
$:)~! rl!lrm~ GO'KenhtV<on5C. as a l,m,.~lion o11~rtH . ..:of 

\;·l"''f:Uicr •utJd~i b: 
ami w~~w 

nl •ne wh.J(nce o': o·;er\¥'J.HV i>1Q owd 
·ate t>n rilf:)·J>Zr foss~'? •rom 'ih\'"l:: n 

L::<(' ~J1 "i-(h! oA;I'H<1.". to ~>1tHJ)' 1ea·::~1;nq o: r\!r:Jqer 

hmV .:up!l<::-<1 St:'·'<'>'i.HJC 
Oe.<1~rtYlin::1·.orl l~'l:,'J<?!nce :A fm~~hz:>'!tio-1 r211e -,.1:~ 

\18dOS&·l(.H1(' t;Cl-te!'ll bON~?:~'1 Wi]JhYJ 

:ard 
~<Jd)' of 'Nt~lr;t <1nd 'lltli{l('11 l' ,,:;u;x.eii a1 <i ::;1t~~ 

I' K;.wS~i:' 

lz'<.,.-.., (~\ 11..\t:nL !•u! <..<.)IJCCn!r;!{IPll' '<'•t:f~ ~01'rl\'~\'lW~ hi::_;:h.:'L 1''..\.'H lbHl~;l !b.' r('r\iil

!dhifl W~t' l!d <t~ inlt:w,~~ J, (]l"t m :h~' ,•,·il1i.>!.!nW><'U1~ <;r.:~• Tllt: .::\len! ·~I n:p:LJll><: 

,J.··xr ~~~nl Hw p(\~\)'-Jl~, t'lll\ll.· <-nii \\l'ft' ah:~ ~nun:! 1q l~t; J..; ... :i~~·;{'· lat:~Pr'- for tiw 
ft'l t llL',l\lnn-dcpt'1 !dent nur;l.\e (, ~n~··~-~~ _: atinn ~1: JJP~mdv. ~llt'f. 'I ht· k:~-.. h~ n~ ,lf n<\l · 
tnaL~' furmtd nllf,'ilt' !u th~.· '>t>!l w;1\ ,)!~;,_·, ;.'.>i r,m:-,f(h-:n<Jk \i'.lp•)f

1."Jn..:.:-. 
(;ilhnt"'.:-.. t 1<>7:~1 ..:lc~.,:rih~>.! :~n ~.·xpt;t'lli":!.:'nt in whl":h rntrdl>: Jnd <:lmHltiH\lHH 

k-r!1\1ll .. T, \nT .. : ;1ppb .. 'J lD ~~~h\ plnl~ ceot:.:in1Pp ~/JrgJ~tH·n ~\nd ht•• .. ·b Sn('tton 
h·.,in'c!~'r-. 'p\'1>..' U?>.('d ~.nnd:..· "nil at 1J1·..: 1 '· -~· .. :Hd q.\1

. Lk.pth'-., <~Pd \11t"f~hT 

!"!lhl!T \~r\'-. rtbn ~<H·1ph:d Nit1'~":.l\.'. nilJllt'. and amm<nH;Jm '.'..'~:t,• d(•t ... :Tlllin•::>tl 1n 

lih~~~ «ounpk\. Mor~ nin n~.d1 \1.\:l~ lmt to h•)th ~~.tri'<H.."0 rm:nff ,md dt:('P l<.: ... acl!iny 
li\TP bnxtd>..:a\t f~llill!t:r~ than h<.,m dri!h.·d f,.;11iiJ.N'\. Littk Jiff.:r~JF't' 111 tlH~ 
Jt:<.,.d~ of HHf(•5:~:n f;J)Irat<: pJu~ .mmwnium~ itt ~\cd \U<i-tr '-'-~'"' fNmd i."~tw~t~n 
rutmte nnd ~~mmoniu:n f(.'rl!li"ter:-.. The: br.::,t.~, ... ..,, d~.:~cp kttdl\ng nf nitrnk~i- ,u.-.:urn.'d 
in ;ht: h!l and 111 tht: sprin~ The ~mnLHH k~~·.:h.~d wa::; prop,.)rtinnn! w th(• <~mmmt 
·,•t m~mg.cn ~q;pl1ed. \Vh•.>n 175 h.g ~:h;.~ v:a:-. applied, th<." <r''-'W¥~: tnf tltn~!.?! ~X'·ph
LJriml'>l .::\.mount of' nHWfC' found i11 ~od wakt the 9~ft dcplh "'''" 6 !n 0 mg.:! 
·~·" nifnHC~mhnge!L r\t tl'K' -~-ft dcp!h. ni~nit>ll!IP.lf~H \i~tlt-:1: from I w '} mrJl 
~d1en !rl:!;,mn~nr r;mged fmm tHI nitrq!cn w 17'1. !-..~ t\/1w. 

llK' :..unnum:- or' le.w ... hed narah.':-. Ji)r a gtven rim.: pc.rind \\'(•n: dt'ieiuincd 
r·:· Ls..•tey Cl a!. ( !978) at v~urou ... {(.Hllt!h':H:Iitl L\rminp. 1,!\("-o. In c~dir,~mi~l. amJ lll 
,, t:;.lrtblly I..'IJIUmlkd e.t.p~!!nK·ntal pkt n•t't~tvint! \·m'iOll"' waJt!r and f.:·nll!t~'r 
applkat1nn rrc.:t1:n ... ·n~" S•)rr.c of th~~ agncuht•nd -"itt~.., had tHe draiwtue sv:-;lt.'I11" 

and t'>H~t·r~ )lad "fret' Jrnin:~ge·· to rb .. • gwnndwalt'r. l..tnc.w rt."gn:.·')..;)>:~n .H~alyst::-. 
'Nl~lt: ~.·<~ndut..'lt:·d on thl' d:wt. ~i1nilar rc~tlli" wen.:: ob~ervc~d fnr the tik und tn\~ 
dn1.mage '~~tern~. The hight:"'t cr•rrelalinn ....:~..)cflicwn1 '.Va:.; •>t the dr:linagt: voh.nnc 
.1nd fcnllilcr nHro.ee11 app!kat~on. ·1 hf next hl11H:~a <..Undati<:.~H t'tX'flid~nt w;h 
!(w mwmnt lea ... ~~c~i vc-r:-us dr<.\lnagt •(ofun::•. h>ilnw¢U hy .nm:mnt ka>..'h0d ve-I'Stl"

l{:ttilii'Kr Hl~I'Of:t'R ~~ppti~-.'~ttlon . . h\ :-.lgmtkant lm0ar r<:ht!H)Il'~hlp he-tween JmuwH 
~~t ka.:hed nitnHl! and <.h~1mag..:: vuhmw wa~ :.:.bn (lbl:dned at tlw· L"\P~nmcnt~•l uk1!. 

The pt;q)t)SC ot' 1he \tully hy Lt~<Jwick, Rt'tt"\. and Lan,\;:tn ~ 1976.) Wl;!- \~) 
('\dual\'" ~oil nitr~llC <K·cnmuhltit'tl:.. ftlllowin~ ~~ vcur' ,Jf CtmlintH'-1..1~ C(lfl1 !.!nwnt 
w,th dHkr:::nt nitn~;f_!cn <.md irri¥<\tHHl ro;.~gir~~e<.,. :md tn compar(• thc\C: n•,~J!Is hl 
prc,,·nt nitr.Hl' ctmu:mtn:.i{'lh 1'~1011d m ;n if.!<l\ed bnn fk•td:-. nl CC!Enjl ;~nti t~a,tcrn 
Ct'JPmt\11 Sod nilraw .. cntcnt ill th•:: _!!1(1-cH \:tr'np!cJ pmt!k •klt\ :--:.!gnillcJJHfy 

;u1k·:'l~n·d hy hntn kt1iiiJ.t•r nii""Zl~l'll iHh.l 1rng<1tH•n trcntmcnt<.:: th~~ (!reater a\:t.il 
'rULitinl" W\'tc a~<..o;..'lale-1 ..,, itb t!h.' t\q; :H;:hc~ h:fllli;;,:r nnn)~~cn :lpol!d:.t~nn mk'\ 
/!hl ~he I\'.\' !n\\'Gr Hi!~h!Hlll r;:.:~;,_ t\i~n..t~;: <.'unt<:n1 Bh'h~<t·A'd hh'IUh: m rr·l;ttnlll 

!•• (,·r1i!itt'l' Hli10p.:L h<.'t',\,',.'('n (,·f ;!nd 26° k~ '\1/lla .. Jl)k) ,,'U\dd k· dcs:.:ribo.•>J h: 
!'-'(' ~urp!v 1C!!h'~-<(•1> ~~~ll_,:~tiilO" .,.._·par<l1JI ~~ !!h,· lrn.~afh··:· ll'<,';H!l11.:nh olio lm•. Plll'" 

d~1d i:l}~.h I !\~'"-. 

USAGE OF LABORATORY STUDIES 

L;;twrah'·rv qmk~" ,:an ;~id 1n Hw dL\'C!npnK-nl ot ini·ulnH.tonn <m tnm~lt)r
m.u:~·1t il!•d ~~·(m:;pon <H:d talt' pnx·t..,,e~. d!Hl nn J;.1...:..:1m·-.; 'rul1u..:-ntinF n>trqh:n 
k .. ;.,(·pn~ t>Nn krtiii7~r-.... Tabk 2.7 cnm.niJi:-. ~-·nmlJCnh Elf\ t:n re!err~ncc~ 
ol.k"cnhm;<: poh.~mi~'ll: n:lcvaul bbor~ltnry ~tudk'- nit1'111.!t:"H tr~tlhi•JITI'~~-
1inn<... \Ytre 1h~ f(KU" of l\Vo o.,tlh.:!i~," !Lindll~v, Dnk. ~Hld l\1:1nnc-rin~;t:·IIJ7.+, \Vi!litnrd 
;,t <;\., II.Jf/)), <md iknitril;:.:;.ltinn ,,.,,, t.•n;phtl:-!llcd ;,n fot<l ~;.tu~tics (Bis\\'Jt'- ~;nd 
\~··~:ll~".:k., l~m_:.., OnvcnporL Lt.•mhb..;, and JnriL""· !97). Sdi'\,VmL Kr.nner, ,md 
(w~:<.:l-:~~- l•hq: \\'itlardi.on i:\ll1J \tcck. t969L 

I .:ndky. D·~·i-.·. antl '\>bnn~rin~; i 1974) (\¢:-,cdhcd <1 lahf">lftl('1) -..,:udy ur Hllf{)< 
.~t:n ITIHhll.nm::ltiN1 in wa·H;,..'W;lter p~n:obting throupil ".Oil t'tlhw;n~. ·nw ~h1d~ 



Table 2.7 References Related to Labotatory Studies of Nitrogen lransformations in 

the Subsurface Erwironm~···· --···- ~·······~···-······---~····--.. 
Comments 

-~----------------,------------~-------:----: ----------- --- '' 

uoor guil."le k1r a ··nathem~lK'"..a: rrooel (LT3VS!} 
de'Je\:cperi to describe tmr-soort a>l~~ lata 
;)(('..Cf:sses. :nciuding denUrJirali-on, 1:1 

nonN1110gen-acuR tabormory scaie·fl>C<tl~l 

aclders. 
us~ ot lal:x.ltu:o>v so(l roh;rnns ~s denitr<fyinG 
~ea.ctors ~lihl~cted to var~·ing carbon-to·n\trcge-:1 

tat' OS 
8tvdv C•' cenitrifJcatlon in 1aboratory ":i:J.rldy co:ur:ms 

Wliti ntolh>MlO! added a~ a Ciubon sou~t':f~ 

us~:-: ol co\unns- d ~r::lmturb-ad loess sn~lw stucho· 
tt'-f1 mo'-'"t.m~e:'ll <:rf ;!it1ated ~oter, chJ)rid>\ ant._i 
nitt3V! as. related to 11'-e transfer~)~ n1tatt& towr,r::l 

ve5::~::.e!5< 

:ran$bP11ilhm:s 'r 
'3?.3ll C:IL.Hfli"'S 

IWC•-dHr.er-,,;or;H rn-l.t.h?;matJ::-a! 

l.J{~~:~~:~::~~fh'~:~~~f~~;liMfl~ 10 t!U(}/ ~llqB:Jti·~, 
Use (>I lys-~n~lers rn siLdV ·.:-w rr·r·\'t>rr~RJ~t 0l 

nnr~ie:<-- n SC•tl :systen''Z 

:_ujd!~>;:-;,;d \,;_lr:! ~np ;1pp!!<:d w;;-• .. ~e•, '·o~)il n~~H'-.!t;rt.' runknt:--. and .,\)i\ l:Vp1::... WtHnti!d 

~· ,\1, fl1J6'Jil!.::j!(•rlt'<! lHI d ~~f !he !llC\C'ra.;n; \lt l\llr~~tC'> Hi :-.11i\ "~f'ih::\11:-. hy 

;1· .. inZ, H-lv~i~~h..'kt.., m>uk· n! lh~"'t"'f ~lns·<' pq10 l5 1n. m dlmne~:.:r ;md h.; 

I! in, h;u·.~!il. i'l'k• lv~illl>..'h.'r;, -.vcrc !!lktl ~-..if!, km 'W.>jnr '->()11 t)pe~ fJ\W~ ~!·w \l.·i..'5il 

~ide o! tlH' ~~:11 J;\t<,p:in \'aiky· q~ C,liifnrHl,L The vq!m1\l..'~ ~\lr<:Ctt'd I rom t!Jr 

pYh'~"' .:nd ~-.nlic.:k ... ~ w tht: h:a~;ha\~:-. Wt.'r..:- rc<..:o-;\kd. Ttw· <;;Hnpk..; '\Vl'!l.~ ltna1yn:d 

t"m ,·hlo 1 id~-.,. am1m1t"!la, lot;>,! nilrn~ct •• :md J.tont pt'i\.'t'Ht e'<.n~~~ niuog:~n Thf: 

; 1 i 1 r~tc lc~'d.-.. in 1-~<h"hat~~ co!kc~c<l durinf! initwl k.t•:hin~ und hdmt: h.·rtlli'l.,tiuu 

fiiiU!,i,::d fn.lfll ~0,000 mj_:/l in nx.:di~ d~'Y to 2)00 fllt;:'l m pant~<.-'lw hne ~andy lnant 

Th~~t" !n!.!h nitr;.lll' lcvd<o ind:il,'<HC blh'/ reltltivcly lo\V kv<;b or nat tv~~ nHrak''-. ~;)t"1 

bt• f,.'onc~;ntra'.<...:ti Ul rhe g:omH.iwat~.:\ by kd~hint:.. The hi~h..:sl pt:.r<:~m.at:~ 11t kr'v 

t;llH't niaq."!cn ,.,.~h ka .. :ht.·d from -~oih to .,. ... ,hieh KNo~.wa~ '-'l:~plkd. !r~~~~mtK'~'~ 
:I'.H' 'iOUld', hm111 nnd knthenl --,~~nd; di1: h.)<tm, r(''>ptcU\d)·. S2 l.tnd 6)','\: {\f trw 

! 0 t.·J 111ln~ct·n ~dk..:ted ~n t1H:- "~~iJ ;,;~tr<K't ',va.;, iertih;cr nitrog~:n. By ,_:~mip~\ri!->( 1 !\, 

;)niv 1 ~ 1~., 1~··-i f·?· tlt~· nttJn~cn in the otract """'n~ klldi7.cr nJtf()f!.en wh'->n 

:u?\;nnnLwl "-J\f<H·~' ,md -.u1ft~r-"\..'(•I;ted 1.\i\.:a '<'-'Cr~· me nilf\"•f.<..'ll <:.OlHcc..:;. \iuch of 

r 

1. 

t 
\ 
t 
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the ;lf!dr-d JHill!!lnium-!Htn··.\;~ll \.\'<1' .. tlcd up h; ttw d.ty >:nmph.·:-. n( !he :;oil rw;H· 

Hw :~.ond snrfacc, 
A~ noted in Ch~-wu.•r i. \•.:pti~..· t<!Tik \f'>h:i'P.~ rna; h· <J >.om·L·~ (!f I lin-ate:-. lll 

grmtnd't.\"<tter 'iyStl~!ll~- 3i'J.\\'tl!< and \Y,l.mnt:k { ~9::>;5) \:~\nducted u hlhomtN~ s-lud~ 

rd<1teJ to denlttHk-<!tlnn of septk· l~lllk -->yqem l':ftim;nt:- in lh~ ~uh~Hrfm.:c CIWi

n:m:n(•JH Th<.~ .... wd; \·v;,1~ 1."f'ttHlucted u"in).! kitche-n "'d.t:o.tc h" dK: sot1n:e of wgam...: 

•.. ·.a;txm fnr dt~nhrit1cation in ;:'!11 mr:=u.:hcd gro\vth '>.Y'item. Soil C('hmm~ -..•.en.' u;;.cd 

~h lknitril"ying rc1.::h...1P>. w·ith the t'c<~d ~olution,; rornpn-:-.cd pf n nitnhe-d ~(~!uhon 

;11HJ khdK~n wa~t~.:.·. hV(' diiftrent ~<.:rhon (Cxpr-:'1:->~d as mcthannl) !n nitr-.Jgcn 

raHo<> n:mginv, frmn 2.2 to (l·J v.:cre a;•pJir-d w ~{i ~nil column~.,\ high tk.tm.~~ <.-Yr 

d<:.'!lHriticution wn" obt!.iin.:-J from C:t\ ratios ot 4: l ;)I high-..~r. 

DtPh!r.pnrc Lembke-. and Jnne;, ( 19).51 tuum.: th.al nitrnte •,v~1" l'htuivcly 

?t:t.\u.x~d when nl~th:mul ~•·;h ado:kd J~ ;1 ~~~h~lmt~ mo.n~n;1l 10 a ~low!~· rnoving 

-.:lluliPn in p<\run-.. col;Jmns ,\pplicd 1111r,~H.' t•xlulned WJ':-t tTI111)\';\l dtlring 24 

d;t~·<> a! }-rc. and 6Yk !"t'tni"''Dl !'t.>l\~w;c~ 27 day ... 1t l ,{"C. The pn"~<\gt.:- ·A nitrate 

:.~n(' chhH de through IlK ~:nlumns ~\{l'• ;,n:omp.mkd hy .m HKrc·a~(' lU re-dox 

l'"ll!:.:nii;d and. in \din~ <,1<..!:----. ~1:'--rolouum pf tl-J~~ ~:muc.n: Th·- n:'Hnv<.d or ;l high 

j .. C,X!Ha 1:~ (If ni'rtllc icl-:;hvd:<- ;:.lr~!c j'!•lrt ~dl)-.:i1!.:.':"- \V,.~-; '~nn~1tnt;~~ni,j! for llw 

Pf·:'~!h-" r nt f"f:!ll()\l!if! r;_\n~:->"- n\lt"DL t"tnm vJJ! \\·<:!f<.-'r jq ttw \h:i;Ji!y uf Uk 1:r:nns 

Vdu!:' ~~ t<::d11:iquc rh~i tk•:.,,,_r(h·d. !t ~;iutld q;v,_)\v(' a •-:·: . ..;fn~ 'l··r \V;Ih.'t 1ahk 

~>Jmrol '<Vltb ~·thhf1UfF nf -:..u!Hrat>' m.!tuhli Plt!ud•K("d b.\ '~'fL>c\' :~prltcatiN~ nr 

dct.p ph1wln,~. 
Srlr'<'<<H!.I<>amct. <:ll~d c~~dd;·~ 119;.;4) ,-;i'W <n(l!.'d d('IWPiiVJtion u-..!11~ !en 

n·•~~:ltf!ll vr-:..~1.'1" l m ir.. '>I/!.', lh<: Vl~\,ds \~~~r'~ h!lt:1t •.vnh .:'-)·n·"'>'-' ... and (}f ·m~.~ 

~-d. l'llc p(1r~ ·:;:~h.lill( ('N~iiC!' '-:t1ti!ari<~n"l \VH'"- Y.2f t.n 260 hk·r"-. An:Krnhl;: 

u .• ndi~iJJn"- \~~_:r-t t/S~<It'H'-bt:>d d1~~- ~;ddir;nn of g l'!lun~-..('. Tho.:: !'Ci:ii'Wr~ \Wn ... • kd 

·~w •.'.';\lt<r v, uh 'in and ]:nO mtr<lt·:: tronl K \;0, iu '-lith;.\ ~\'<lY lh::t J \'nhnm.:tril· 

!,!;,· nf nnw (>! p b~' 0.-4, :wd f),)) kd \'•;;t-, "l..'f~at::d. Tht; \OitC"JK'ln\~ r;It(:!-. {I( n~n· ... -

:q•pro¥,.i.ru.U; ... "il th~.· .:.~wrai ft'<..:haQ>~ ol (~n<;uH>.',.,~Her. ~h~: t~:dMrge nt' g,rnl.l~t:h,...:)t~..~r 

un-.kr ,',)ndi~inn:-. Hf P'flpllion . .JUd the n:rh<H~~ ... ~ ..:onditinn~ ~'>f .an intcn'i'--t.' w;t~lc 

\\.-;1 \l'! bnd tll'ntH'i.'lH ~y,\::rL The dflu~.·nt fru\ll lh(~ fi?IK'·,wn '>C"'>:-.dt. \V<:.:H.' lll<IHi

ton.:t' inr ni~t·._;te cmc..:·ntr~nlt,n on a :lll\l11hly bm.,l'. Th-:.: con;;;;;t~lLtlll.'t\ \V;h su

tlon;\;y trnm !he 7th h~ dw S)th month ;·1fler the h-:g:innml~ of •he ~·xrR~rimt.'HL 

\Vi!ta·dson d>d \t..::(:k ll96l)) dncnPed ~tHI1e Llh~)fHiPry sw~h'"-Oll lar}:c "f!i! 

;:;tJhHlHh \vith a .. ::nnanlh:d w.Ht'r table and ."Hil1tnt'rgcr! dr::lill!) flw::..e "\tudit.·-~ 

>kmouMr.!h.~d that \\'IV lntN nitrate t'{\~lt~.'n! ~.,·:u,_~r un1 k:~ ddiYe-r<:d fr<'JTI af:ncu! .. 

Umi dr:nll•;. A lkld ex.p-erim~.~nl O:l-li drain ·mhrut·ry..~-LlL'~' th;~~ m!c!c"t:-ph gn:'Un<.hvmrr 

hi~h Ht l"t<;l\\\' nitrate indi.:::ar!..":d tk1t dt'n!trih.:d r\-·;lk'f fn>m l!Tit!<th.•d q;riCJdlme 

z:~n n.::r:tlt.\.~ n\tnm: I.'I.)Oc{'lilr<Hinm, in dr~dnag<..:- v:>.~tt.•r by di\Ltlion Wlwn"' J'>lil]KT 

z::~mditi•Hh .:nn h: c .. t::lHi<ohtd (in,luding (~xygcn ~hon;.lf::('. !ld~qU~J!c <ll'g'<lllll' (:<;r .. 

bon';" <U\ .:ncrgy -.our..::~. ~tnd a ~actcrioJ pnpubtlon•. illta~rohw nn•dhion<.:. dt'Yt~lop 

and r\~..;u!t in lh:niH'>tkation, Bn<.-crJ on the I"(.'Mdt";"; nhtdncd in the c.:olumn~. a 

nnt>.H~ .. f!Hrnf!<:n \·:nmt::nt nf' :-ii}O mgll in ~.he: gtotmdw;:U'"-'r \~·,,aid rc(..juir·.:.' a :.urnH:l..' 

apr~!icatton of Jl)(}f} pnumh pt"r H\.'rc nitrn~en <"I~ a r.iWlk ferti!ticT in a. s.hp:lt': 

;_tpplit;wion. 



NllRA1 ES IN GROUMJVJATER 

t-nwll; .. L!mbt~\)tn <.md [kl<.T,q;,~ 1 1'/1-JUJ d¢..;('Ht'~l'd ;1 t~.,.o- .. litn~~n~~~~J1.d ntmh~ 
u1W!lr..:.~l rnodc! fnt -;in!llitHi"ng tht t,r;tn"port am~ t<1~~ \If nr~mtic chl'll~\Gtb in. a 
L!hnt·~~tnry- ... udt, ~ngh.>~;,yrr .hp~hT Tw.:) !al'~e {-l. n \'/H.k'. 4ft hij!h. nnd )6 fl 
lnny.l ph\..,k.d <RlUih'r~ wt~r~.: u~~·tL \'vith ::;.;d1 <H.juifer ·~·('-tH~wt1ng rhr;.:c· hon1ont~l 
k:::.::h -1; m;!:.::rml L1c?1 !ayt'1 \\<t' ;!!'>..;un;,;;;J 1!.1 h· h_;m.;lgennq<.: :tm: t~-<ltJnpR' \'>"Jt!' 
n:~l.;:T1 ;n ~\.<k:· I!•>W. rt~.: ~:,:-.t•.'ll'l'- \\·Ci\' tl\:-:-'d fpf thr qudy n> !r<Hl'-PI\fl .rnd i':tk 
o! ~.:n~mi\ ;d ... c1nd It•! ..:\ ~~llu!inn .._,f f!lU\\ 1\1 dtm\ldl'n:-.iit.:~ ~,1 iutiit!t:nou~ tnc: ntn,·d 
pi.•Pt>h:tiotl:-. ThJ phv ... h\d <hmlkt.; (::n ahn be u-- .... -0 tt,r the )..(Hd> (~r prnF~:~..:-d 
ph~·..,)~·;)! ,md hid>'i'!l~<l; IC~w.'<.'iwtinn 'chcm~\. The dcn:l~!p<.::d m•'th~~m;il!td 1nr.>dt'l 

,lf<l l p1 1'~ ,_:.,<.;l'.:-. ~·f .... mn;:;_C, i~! "P~r-;Jqn, <tnd i~dv~'t tli ~~l. 
:~4tu!,ihr:un1 ~nrptc\m, ~fHt'~ :)r-.,J-,)r,__kr :ov, pw~ 

,__~:s.~c" lin(h\\Hng. mi.:.·1nhw1 de,,ra•dJI''"" irn.·rcr~ibk ~.mpllim ,:;.lli.t'nr di·.;-:..ch!ll(
1

l\ 

intr-. tiK• <H"gan;~- ph.·t"<.:'. !11 th• snthcd qat..'L anH thA·Pniel' tp~, m ltH' 

<h:l."I)HO!.:< !m llh' 1na1Pr 

and Gn .+>(1 ,!l'CUlJPI fm 

... ~,rh .. 't.l \UIC ;\ ;ruan r;:~H.'.\:" nf H.'!l11..'<.h;ltion ._ ... · .... :nniu~ Iil~~y he t'Oft··Hkrl'd r-~ th~.· 
1!'-.\' 1.\( lhC llHXkL <n~.oiud~!!g. pl<H.'t"trl¢111 qf tnjl!CIJ(I));t'X1rat'\H.)ll \Yt.:ih H'· "tl'•bJl't' 
pinm~ ..;pn..'~\l.hng l~r plun1~ '\tuping aiL I 1\u:: .._'ft-:;.:1~ of r.;_'pnn~ n~· var~ inf h~dr:n!)k' 
V11ldtKt\V~Iy •IT\ tb.• '<~lapt• (I! lht p!Ull'-2'-· 

SUMMARY 
Chcnll .... ~l! um~ nlktt~tl;nhl¥-lld pnKT:-~.:' <.dl~ mllu~lk;.' till' ttin\'~tn~nt n! 

.. ,,t,nll\ fonn~ ,~1 !Hlrt)r\:n 111 th(' -.,uh'->(ntat:e ~m·irnnHh~(.l. l'urilkallt)Jl and dt~n!~ 
\"! .n..,d.\l,ltl pl~)~..-"i.:"""'''~- ;:·;1\Jn~ \\ i<h ('•lllcr mH.:rnhlui, rd)1otk. ~~nti !J~·drodynan>tL' pbt··· 
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