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Proflle sanples of Helrwood solr .,ere used to fnvestf¡;ate soil
resplration as affected by noisturc and tenperature. oxygen consunptron

ratc (oCR) fncreased lfnearly ulth an fncreese ln soil nofsture fron the
thresl¡old value of 2.51 up to the optinrur,r nol sture cont,cnt of 202 urr<j

dld not cltattge as the noisture content r.ras fncreased Èo 3nz. Tlre ocR

and C0, production rate uere decreased r¿fth soil depth. Tl¡ese raLes
obcyed Arrl¡enius equaEfon over the tenperatures range fror¡ 20 to 40oc.

soll col'unn studles of these sanpres rJere arso carried out to
detemine the effect of air porosity on the sofl deptlr at uhich tl¡e
reductlon of nitrate derfved fron urea-lr took place. The effecr of
nitrate concenrratron on the vertical dlstribution of varfous g,ases

produced fron denftrlficatlon of edded nitrate ln the aeroblc zone was

also studfed. Both corunn etudies uere conducted at 20oc onry. The

steady state 02 concentratlon fn soll colunns wlth several afr porosi-
ties was neasured and the o, dfffuslon coefffcient fn the soils r¡as

predÍcted at these afr poroslty treatnent.s fr<¡n the treasurenent of dc¡rtlr

to zero o, concentratlon (x*) vhfch eaa a functfon of both alr porosity
and lncubatlon tetlpcrature. rn the colunn rtudy vhere urea-Ìü uas nixed
lnto soil colunn, the reductfon of Nor- derfved frour urea and tr¡c

fon¡atfon of g,s6eous products were found to take place near x*. Thc

accunulatlon of Nro and N, near ** ,r" found to be row, possi.bly bccause

of the low rate of Nor- frux ecross the aeroblc-anaerobfc boundary.
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In the col.u¡,rn study t.'ftl¡ addecl nitratc, thc fsoto¡re contents of tlrc
Nro and N, shor¡ed that tlrey r¿ere all derfved fro¡n nltrate, fndfcating
thst tlre non-enzynatfc denftrlflcatf<¡n ls not takfnt place. Tl¡e 1n1tia1
Ìlto dlstrlbutfon 1n sofl columns uas unaffected by tlrc lnftlal conccn-

tratfor¡ of l'lo-- as long aE there .oa6 no rnaJor accunulatfon of Ii(-3 -- --..ò se !r¡çÀr EqÞ !¡u m.rJ0r accunuraE, l0n 01 liu2. l'or
tÌ¡e lov concentratron of No3 r r,2 Lras produced locally fro¡: i;2()

reductlon. For a lrigher No, concentration onry a srnlr anounr of. ìir(t
vas reduced locelly and considerable Ìir() dtffused to a g,reater depth for
further reductfon to Nr.
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Host denftrlffcatfon studies uith solls have been undcrtaken in

closed 6yster¡Ë. Anaerobic conditfons are frequently lnposed by floodin¡;

the sofl or by lncubatfng, tlre sofl In an atnosphere conposed of an incrr

¡;as. This provldes useful lnformatfon on tl¡e denitrification process buÈ

1s rrnl ike that r.¡hf clr corrnonly occurs f n tl¡e soll colunn.

colunn, the vertical distrfbutfon of o, varfes greatly dependfn6 upon

fts flux lnto the sofl and the rate at Ht¡icl¡ Or is used by respiration

in plant roots and sofl nicroorganisns. Such O, distributlon throughout

tl¡e soil profÍle provldes a good lndication of nitrogen transfornations

(nftrificatfon and denirrlffcarion) uhfch nay occur, and thus is of

great lnportance fn terns of the nltrogen econony of soils. If the soil
is fn an oxidlzed state nitro¡,en tends to be nftrlfled ufth fts gradual

accunulatlon 1n the I{Or- forn. If the soil fs fn a reduced staÈe nitro-
g,en ln tlre llo, forn tends to be converted to No, and evenÈualry to liro
and Ìir.

In the fleld or fn soll col.r¡¡ns ln the laboratory there is only one

surfacc of the sofl exposed to the atnosplrere througl¡ yl¡ich O, can en-

ter. As atnospherlc 0, ls transported dor.rnward through the soil, nainly

by dlf f usf on, lt 1s consu:red by respf ratory actfvity of nf croþs algng

the dfffusfon path. Consequently, tlrere exfsts a depth uithfn a soil

colunn at ulìlch all of tlre 0, l¡as been used by nicroorganisns. The ex-

Chapter I

INTRODUClION

In the soil

-l-



2

tent of o, penetratton fnto Boll fs thus governed by tuo oppo'ing pro-

ce6se6, the 'dlf f uslon ¡)roce6s' uhercby 0, E¡oves f nto tl¡e soil and t¡e
'consunptfon proceË6' r¿l¡erebl {), ts utlllzed.

the rates of dfffuslon and the respfratory conÊumptlon of o, g,overn

the penetratfon of 01 and thls penetratlon dfvides the soil cc¡lunn tnro

aeroblc and anaerobic laycrs. soll tenperature, molsture contenÈ, bulk

densfty and avallablllty of encrgy for nlcroorganfsrrs play frrportant

roles fn deternfnfn¿; the o, dfstributlon and tlre depttr of tl¡e boundary

betu¡een aeroblc and anaerobfc layers.

llltrate cannot conpete ulth o, as an electron acceptor. As a result,
v, conpletely lnhlbfts tl¡e reduction of llor-. consequently, N0, pro-

duced fron l'lllo+-yfelding fertllfzers occurs fn the oxidized zone, r¿hiIe

lJO, uhlch diffuses fnro the unoxldized zone Eay be reduced. Thus, the

detemfnatfon of the depth of aeroblc and anaeroblc lnterface ln a soiL

col'ur:r¡ 1s very ftrporÈanÈ in deternÍn1ng r¿l¡ether nftrogen will be nitri-
fied or denftrlfled.

llltrate uhfch crosses the boundary fron tl¡e aeroblc to the anaerobic

layer w11l be denftrlfied provided thet there fs sufflcfent denitrifying,

activity wltlrin the anacrobic layer. Thus, the concentratfon and verti-
cal dfstrfbutlon of lior- wflhtn thc eerobic layer yhlch g,overn tl¡e flux
of lJOr- acros6 the aerobfc-anaerobfc boundary ulll deternine the nagni-

tude of denltriffcation. Unlfke 02, NO3- can be reduced to several in-
ternediate products, Buch as, NO,

subJect to further reductlon, can

tor6. In aofl, N2O uhlch ls a ¡as

has a dlffuslon coefflclent severaÌ

and NoO. These fntemedlates, being¿

conpete rrlth NO, as electron accep-

at normal tenpcratures and pressures

thousa¡¡d tfnes greater than ttrat of



3

No3 ' It ls tlso stable under aerobic conditfons. Consequently, sone of

tlre Nro prorluccd fn 8n snaeroblc layer nay escape to tlre surface. o¡¡

the other hand, Nro fs unstabre undcr anaerobrc condltions and nay bc

transfomed lnto Nr.

The uagnftude of denftrlflcatfon, tlle productlon of liro and irs enls-
sfon fron the soil fnto the atnosplrere resultfng in tl¡e loss of nltrogen

applfed to sofl colunns fs not well understood. Tlrls invesrfgatlon vas

undertaken to determfne and predlct tl¡e o, concentration profile in soil
colunns consfstlng of recon6tltuted ffetd soll profiles l¡aving differenc

nofsture contents and bulk densftfes. rn additfon to deterninirì9, tlre 02

concentratfon profile, the studies reported fn thfs lnvestfgation in-
cluded deterninatlons of nftrification of urea wfthfn the aerobic laycr;
denltrlffcatfon of Nor- derivcd fro¡r urea near the aerobfc-anaerobic in-
terface; stablllty and perslstence of thc NO3 applied r¡ithin the acro-
bfc layer; and kfnd and anount of denftrlffcatlon products as affected

by the concentrarion of lJOr-.



2.1 HovEltENT OF GASES IllqUqH SOILS

The composltlon of gases ln the sofl at any tfnre ls controlled by the

reletlve rstes of t¡.ro processes operatlng slrnultaneously. The ffrst
process deals wlth the productlon of co, and consumption of 02. The

second deals ufth the rate of lnterchange betueen sofl gases and the

overlylng atunsphere. The composltfon of the gase6 fn the soil ls sub-

Ject to fluctuation as a result of changes fn elther the rate of produc-

tlon of C0, or fn the rate ufth whfch ft nay escepe from the sofl and be

replaced by 02.

Gases c8n rnove efther fn gaseous phase ln the pores whfch are drafned

of water or fn dlssolved forrr through the llquid phase. The dfffusion
coefffcfent for gas fn uåter fs about O.OOO1 tfnes that ln afr (Bakker

and Hlddlng, 1970). Therefore, eofl aeratron fs dependent largely upon

the volusre fractlon of alr-fflled pores.

Afr fllled poroslty decreases ufth en Lncrease fn butk densfty ancl

plth an fncrease fn the soll uater potenttel. The decreese fn alr po-

roslty ulth lncreasfng soll uater potentfsl depends on partlcle and a¡,-

8re88te slzes. Grable (f966) concluded that the alr porosfty decreased

nore ln ffne than fn coarse-textured aofls ufth an lncreese ln sofl wa-

ter potentlal frour -31 to -0.04 bers. Black (lgi7) elso tndfcated that

alr porosfty fs usually lees fn ffne then coerse sofls at equal L'ater

Chapter fI
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potentf 8l ' other r'¡orkers Presented data showf ng a rruch ßreater decrease

ln afr porosfty wlth surarr aggregate6 than urth lar8e spgregates as soir
water pot entlal fncreased (Baver et al. , 1972; Sedgtey , 1962).

T\¡o distlnct mechanlsms rnsy be lnvolved In the Interchange of gas be-

tueen the soll and the etr¡rosphere. The flrst is mass flow of gas to ancj

from lnternal spaces fn the soir, the second fs gaseous diffusfon.

2.L.L !,tass Flow

Hass flor¡ can resurt from the penetratfon of wlnd rnto rarge sofl
pores or air removar due to wrnd suctron (Russell, r973). Hass frow can

also occur due to the expansion and contractfon of the soil gases as a

result of changes ln temperature or barometrlc pressure (Grable, 1g66).

Bouyoucos ( 191 5) (quotecl by Grable ( 1966) ) found that tenperarure fluc-
tuatlon may result ln slgntflcant nass flow. He reported that about 3O

nl of soil alr plus lrater vapor were expelled from 1000 nL of mofst soil
per lOoc fncrease ln temperature. The same volume of air r¡ould enter
the sofls when they coored. In conparfson, about lg nr of afr wourd be

expelled from soll contafninE no uater, the difference ln volurne belng

due to water vapor. The coefficrent of expansron of dry arr fs approxi-
nately I/275 per degree centfgrade. However, the dlurnal fluctuation of
sofl temperature is only sfgnlffcant for the 0 to 20 cm depth (Baver et

al', 1972; Sntth,1932) and therefore the effect of temperarure on mass

flow ls restrlcred to shallour depths (Grable, 1966). Buckfngham (1904 )

fndfcated that changes ln barometrfc pressure are too snalL to cause ap-

precfable gaseous transfer ln soll.
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Another aspect of nass flou worthy of consfderatlon fs the rener¡al

of the sofl efr caused by the fnffltretlon of ralnfall and frrlpatlon

Ltster. thls results efther fron the dfsplacement of afr ln the pores by

uster uhlch ls subsequently dlsplaced agaln by afr durfng dralnage¡ or

from the alr dlssolved fn lrrlgatfon or raln water. The afr enters the

sofl by diffuslon and nass flow fn a volume equal to that of the u,ater

lost f rorn the sof I (Baver et al. , 1972- Grable, 1966). l\'arer at 25oc ln

equlllbrlurn wlth the aturosphere (2O.9'A partlal pressure of Or) conralns

ebout 6 nl of dfssolved 02 per llter. this ls ebout the ssrne enount of

O, as f s usecì ln one hour t'y I ¡ dry weÍ¡ht of act f ve roots (Grat,le,

1966).

lfass flou ls also en fnportant nechanlsn for Êas trênsport in sojls

lntermlttently flooded wlth sewage water and Eeptfc tank effluent (Lance

et el., 1973; Thonas er al., 1968). For exanpJe, Lance et ar. (1973)

founcJ that 0. enterlng the sofl by nass flow was about 0.7 tines thatz

enterinp by dlffuslon when 5-day dry perlods slrernarecl with 2-day

floodÍng periods. Oxygen nass flow was about 0.5 tfr.res as r¡uch as díffu-

sion durfng 5-day dry perfods alternatfng ufth 9-day flooclng perfois.

Therefore, the rener¡al of the sofl alr e6 e result of ralnfall fs peri-

odfc dependlng on the distrlbutlon of the ralns.

2.1.2 Dlffuslon Flou

Dlffuslon ls the urolecular transfer of gases through porous meciia due

to a Partfal pressure gradlent. Accordlng to the kfnetlc theory of gas-

€6, molecules of 88ses are ln a Btate of novenent ln all dfrectlons.

luo gases ¡¡lll readlly urlx as the ¡rolecules of each gas nove fnto the
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6Pace occupled by the other. Inasnucl¡ as trre sofr atr tends ro contain
nore c(), and less o, than tl¡e atr¡osprrere, drf fusion rn soir. lnvorvcs
prlmarlly the Dovetrent of co, out of the sofl fnto the atnosphere and
the noveroent of o, fron the atnosphcre rnto Èhe solr.. An equfribriu_
uould rarely be attalned fn soll due to thc fact that the producLion and
renoval of CO. and replenlstrZ dns repJ.enl6l¡ncnt of 02 f luctuate contlnuously çi tì¡
changes 1n 6trucÈure r noisture content and terìperat.ure of thc soil .
Tlrus, both the co, and the 02 concentrations fn the soi.r air are contlrì_
uously flucruatlng (Russell , lg73).

The general equatlon of r:ìâas transport can bc used to describc trre ().,

transport within tlre soil. Trre equation fs a statenent of tlre 1ar.,of
conservation of E¡ass. considering a s¡.raLr volunc eLcnent of arbi trar),
shape' the nct rate of accunulacion of roass i fn the elemcnt of voÌune
can be expressed as

¡Cr/àrc-V.Ji

where C, = conccntration of substance (i) in (nole or g per
unft volune);

È = tfnc;

8, = anount of substance I produced or consuned per unlt tÍnrc
per unl È volr.¡rre whlch ls consldered to be negative sl¡en

co¡ì'unpt10n is occurring and posltfvc when production of thc
substance Is takfng place;

and J, - total nass fl.ux expresscd as nass current per unit
area ler unft tfne.

1 €1.
I (t)



the eynbolV (def) fs the vecror di

three-dloenslonel gradlent fn space.

Total ¡oass flux can be obtafned

thst

where D, fs the dlsperslon coefffcfent of substance (f) and v ls the av-

erËge velocfty of flowlng substances as a r¡hole. This equatlon stares

that the nass flux of an elenent ecross a fixed plane fs determined by

two quantltles, one resultfng from the dlsperslve flux caused by a con-

centratlon gradient end the other resulting from the convective flux.
Irrhen Eq. (2) ls substlrured fnro the equation of contfnulty (l) and ex-
pressed fn a one-dinenslonal forn under constant average velocfty the

result fs, the general nass transport equatfon (Cho, 1.971)

Jl--DrBradCr+vC,

8

fferentlal operator repre6entfng the

fron dispersfon theory whlch 6tares

r.rhere x fs the df stance.

I'lhen the average velocfty rs equal to zero, the totar nass

(2) 1s reduced to dfffuslve flux or

Jf , - D, grad C,

Ðcr/et = cn, 3c, / ¿*2) - v Ðcr/ex

The above equatfon (Ftck's Law) ststes thst the dfffuslve flux (dÍsper-

afon coefflclent þcones the dlffusfon coefffclent) is a functlon of the

concentratfon gradient and the dfffuslon coefffcfent of the nedlun. For

Sa6eous DoveDent 1n sofl, ln r¡hlch the rate of mass flux due to convec-

tfon le neglfglbte, (v ãCf/ex - 0), Eq. (3) is reduced ro

(2)

+ e.
1

'àcrlat - o, 3c, /e*2 ! er.

flux from Eq.

(3)

(4)

(s)
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The dlffusfve transport of g,a6es such es o, and co, fn tlre s'ir oc-
curli Eràinly fn tltc ¡iascor¡s Pltase. Dfffuslon can al.so occur ir¡ rhc liqritr
f ract lon buÈ would bc ¡¡uch slor¡er. Tl¡e dif f uslon coef f iclcnr of a ¡;as

ln eofl (D) cannot exceed the value for dlffusfon 1n at,nosplrcrc, and be-

cau8e of the tortuoua nature of the dLffuston path fn sorl, D fs gener-

ally less than the diffuslon coefficient of a g,aË in air (pennan, t94o).

the solurfons of thrs partfal dffferentiar equarton (5) vfth appr'-
priatc lnitfal and boundary conditions, allows one to calculate tlrc

novenent and distributfon of g,ase6. Tl¡ese sol.utions are nainly depen-

dent on tl¡e rates of gaseous productlon or consurnption (ei) and tlrcir
dlffusion coefficlent (D) whicl¡, Ín general, decrease uiÈh soil depclr

(tresscling, 1962). Tlrerefore, these tLro parameters r¿ill be revler.,¡ed in
detafl. .

2.2 THE COEFFICIE}TT OF DIFFUSION

The effect of tenperature and pressure on

can be represented by the equatlon (Bakker and

where T fs the absolute tctlpereture (oll), p ls the the pårtial pressr¡re

and D, fs the dfffusion coefficfent 8t Tl and pr.

The dlffusion coefflcfent of o, fs abour 1.25 tines that of co, in
both uater and arr (Grable, 1966). At 25oc and 101.3 kpa pressure rrìe

solubflltles of o, and co, fn uarer are 0.039 and 1.45 g/lfter, respec-

tlvely. lhus, CO, ls 37 tfnes as soluble ln vater as 0r. 
-The 

g,rearer

solubfllty of Co, ln r¡ater fncreases tts concenrration gradfent ¿¡¡¡d

tl¡erefore, fn uater lt ls transnltted fron r'lnsfde to outslde" fn a hvd-

Dt - D2 eJTz)l'7s Gr/pz)

Èi¡e diffusion coèfficient

Hldding,1970)

(6)
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rsted 6ysten at a hfgher rate than o, for equrvarent df6tances, areas
and partfal pressure gradlents (Grable, 1966).

The dfffuslon coefflcfent of a gas fn soll ls co¡nmonly descrfbed by

a ratfo, D/Da, D berng the coefffcrent of dlffusron rn the soil
("t2l""") and D" belng the coefffclent of diffusion of the same gas fn
alr at the same tenperature and pressure (pennan, 1940). The ratio,
D/D", depends on the sofl only and not on the gas used for dlffusion
Deesurenent (currfe, rg70; Lal et a1., 7g76; penman, 194o). Therefore,

the co, diffuslon coefflclent, for exanple, could be obtafned frour the
O2 dlffuslon coefffclent by the relarlonshlp

In other ¡¡ords, the eofl systen provfdes the same

and nodlfles the fundarnental transport constant

the same wey (Currfe, 1970).

to'.o, - (D")co2 Q/D)02.

A good deal of research has been done on trying to find a sinple re-
latfonshfp between the dfffusron coefficfent and the alr porosfty of
sofl (E)' Buckfnghan (1904) was one of the early scientfsts to srudv

the dlffuslon of co, rn soll. He derived the relatronship

Penman (1940) proposed a general relatlonshrp for both dry and noisr po-

rous sollds

D/O - E2
a

(7)

lurpedance to all gases

for each conponent in

p/Ds (l/Kl)

( 0.0< <0.7 )

(0.2s< <0.6)

(8)

(e)



where K,

va tlons ,

0.25 .

ship
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fs the tortuosfty factor and fs equal to zl/2. penman-s obser-
however, all lfe above E - 0.35, those of Buckrnghan above E =

over the range steted, penman-s data fftted the rfnear reratron_

that f s' Kl remained constant f or a nunber of porous mâterf a ls both r.¡et

and dry' But, evaPoratlve loss of water durfng experlnents on riret solls
could lead to erroneously hfgh D/D" values at low alr-filled poroslties.
other r¡orkers (Taylor, rg49; van Bavel , rg52) obtafned a slnflar rela-
tfonshlp wlth the proportlonarfty constant rangrng between 0.60 and

o'67' The Penman concept has been nodlfled to stress the iurportance of
the slze dlstrfbutfon of pores rn the drffusron process (Marsharr,

I959)' The relatfonshfp of D/D^ to afr porosrty fs expressed by the for-
rrul a

D/Da - 0.66 E,

r¿here *, - t-
for both dry sand

D/D =(I/Rz)E-83/2a

I /2

where (Er) equals totel poroslty. Thfs equatfon reduces to the lfar-
ehall-s equatfon (lr) for a dry systen (E - Er). rn thfs equarion,
freedon fron obstn¡ctfon ls consldered to be a functfon of porosity
rather than tortuoslty. The hlgher the porosfty, the greater ere the

chances of pore contfnulty. Fron the above equatfon lt fs clear that

However, Currfe (1970) proposed

and rset sand as follows:

D/Da - (E/Er)o 
"r¡t,t

( 10)

(11)

a slnllar equation

( t2)
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when the alr poroslty becoures snaller than 0.A3, the values of reLatlve
dfffusfvfty (D/Da) predfcted by Harshall-s equatlon (lt¡ are lower than
those obtalned by the pennan formura (Eq. (9)). Howsys¡, varues pre_
dlcted by Marshall-s equatlon are hrgher when the arr porostty rs great_
er than 0.43.

ì{illlngton (1959) consldered both nass flow and dfffusfve flow to be

functlons of the cross-6ectronal area evarrabre for frow and the in_
crease fn path length or tortuoslty. The area avallable for flow fs de-
pendent upon the pore-volume drstrlbutlon wfthln the sofl. The rela_
tionshfp for dry sofl 1s expressed by the formura derÍved from particle
ge ooe t ry

where K, = l/E-I/3. This treattrent endows K, with characteristícs of
length and is an fndex of the nunber of pores per unlt rength. This
curvilfnear relatfonshfp shows close slnflarfty wfth that of MarshalÌ -

equatfon (11). Mittfngton also pofnted out that there are deviatlons
from the Penman fornula at afr porositres hrgher and lower than 0.29.

0ther exponentrar power relatronships have been proposed by severar
authors. Grable and sie¡ner (196g), for exaurple, found the rerative
dlffusfvlty to be equal ro (1oo r¡3.rs 10-6. Laf et al. (1976) found
the relatlve dlffusfvlty to be equal to (f¡5/3. These dffferences fn
the values of the exponentfal power could be attrfbuted to the presence

of .dåter fllns on the sorfd surface r¡hfch not onry reduces the afr po-
roslty, but elso nodffres the pore geo.etry end the length of gas pas-
t8ge.

DlDa (1/K3) r = t4/3 (13)



For a nårrow rsnge of E values in r¡hfch

the relatlonshlp can be described best by a

(Bakker and Hlddlng, 1970)

The factor b ls lnterpreted as the volume of blocked pores.

comes zero r¿hen E - b, provlded the porosity (E) 1s constant.

latlonshlp was also used by wesselfng (1962) in hfs 6tudy of

tlon. values for these factors (a and b) can be obtalned

eq uat I on

D/D - 9.9 (E - O.I2).
a

¡/Da a(E - b).

t3

aeratlon becones fnportant,

llnear equatlon of the forn

Many workers (Blake and page, 1948; Baver and Farnsworth, 1940, Tay-

lor, 1949; Wyckhoff and Botset, 1936) have found sltuations ln whfch the

dlffuslon coefflclent ¡ras practlcally zero for E, ranging fron 0. I to

0.15. It has elso been found that soll aeratlon is lfkely to becone

limltfng to plant growth when the alr-f11led porosfty falls below abour

thfs range (Baver and Farnsworth, l94O), though ft nust be realfzed that

It is the rate of exchange rather than sfnply the content of soil aÍr

that'ls the declslve factor.

Sofl structure also fnfluences gaseous dlffuslon coefffcfent espe-

elally at lower values of afr poroslty (call, lg57; Blake and page,

L948; Gradr¡ell, 1961, 1965; Donby and Kohnke, 1956; Grable end slemer,

1968). For exarnple, Bakker and Hlddlne (1970) found rhar ar equal atr

porosfty, dfffuslon coefflcfents ln sanples of puddled solls were con-

slderably lower than ln sanples of non-puddled solls. when E was 0.07,

(14)

D/n be-
a

This re-

soll aera-

fron the

(1s)
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D ln a puddled solls trss about one-tenth that fn non-puddled solls.
lJhen E vas 0.14, D ln puddled solls uas one-fourth that ln non-puddled

sofls. Hosever, when E was 0.2 dtfferences became negllgfble. Sfr¡f-
larly Grable end Slerner ('1968) found that o, dlffuslon decrease¿ to zero

at or near alr porosltles of 0.1-0.12 for the sr¡allest spprepates and

the urost cosrpact solls. For large aggreßates and non-conpacted soil,
zero values of D/D" uere obtarned at alr porositres of o.rg-0.29. such

observatfons were explalned on the basls that alterlng egpregate sfze or

bulk denslty of sofl uflt alter lts wster desorptfon characterl6tics.

2.3 FACTORS .AFFECTING RESPIR.ATIO}i ACTIVITY

ltlcrobfal resplratlon fs greatly fnfluenced by tenperature, nofsture

content and the anount of easily decourposable organlc uratter (parr et

sl., 1963: Parr and Norrnan, l9(,A; parr et al., 1967; Nyhan, 1976; Lance

et al, L973; Rusell' 1973). Ti,e effects of the environnental facrors,
tenperature and molsture, wfll be dlscussed ln detafl.

2.3.1 Ef fect of Ter¡perature

The Influence of ternperatuie

exponentfal ancJ fs expressed by

and lïurphy, 1972)

uhere V - reactlon rate (f.

unlt as V), EO - actlvatfon

stsnt (Joule/nole/oX¡, anrl T

V - A e-EA/RT

on the rates of hlochenfcal processes is

Arrhenlus eguatfon (Barrow, I9731' Dawson

(16)

€. ¡ nole/sec), I r frequency factor (same

enerpy (Joule/mole), R - unlversal gas con-

- ahsolute tenperature loK¡.
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Ac cordf ng

lows;

of
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In V versus

Foclrr (197L),

¡.¡l¡ e re

an.'

V-Y

I/T generally yields

1t can bc €x¡rrss5.¿

Terr¡reracurc affects cl¡cnfcal and bfological reactions differcnrl.y.
tsiological (enzync) reaccfons are generally retarded at tenperatures
hfgher tl¡an ó5oc (tsrenner and shaw, lg5gb) and lower tha¡r 5oc (lJaiJ.e;*
and Beauchartp, 1973a) whereas chenical reaccions are not nornarly sub-
ject to these linitaÈions. Thc rates of biological processes neasured
by eitlrer ì'1, produccfon or rìo, reduct.ion over tl¡e tenperature ranrc
f ro¡r l5 to 350c obeyed tl¡e Arrl¡enf us equarion ( )rrenner and shau¡, l95tìb;
Khdyer , 1973; Stanf ord et al. , 1975). A shar¡r break in tl¡e curve L¡as

f^und berow l0 to tsoc (Focht , Ig74; Misra et aJ.., r974; sranford er
a1 ' , 1975). The rat ter autr¡ors 6ug,gested thar tl¡rs was due to renpera_
ture effects on solubility or diffuslonr o! to a differential influencc
of tenperature on one of tl¡e 

'equentiar reactfons. cho et ar. ( 1979)
srated that tlte observed devlaÈ1on fro¡r tlre Arrhenius relatir.¡n at Lou
tenperatures Lras because biorogicar activrty ceased near ooc ( zr3 ot.,¡,

not et absoluÈe zero (OoX).

the value of Q¡0, trre ratlo of the rate6 observed at tenperarures
differing fron eacl¡ other by looc' e.t. vT/Vr-to, rs arso.used to cre-
scrfbe ¡he effect of tenperature upon a biologicar process. Biorogical

|:

l-

ZT

A e(-LA/ 273. I 5H)

IL,/ lR(273.1s)2) l

a lfnear

dlreccly

t5

relationslri ¡r.

in oC as fol-

(tt ¡



16
processes usually foltow Ven-t Hoff-s tenperature rule havlng QIO values
beÈween 2 and 3 (Stevenson, 1965). lt was suggesred that QrO fs a lfn_
ear functfon of the recfprocal of absolute temperature when soll samples
ere lncubated ln the laborstory at varfous constant temperatures, and

tn" Qi0 calculated by thls relatlonshfp hotds true only for temperarures
below 35 - 45oc (Nyhan, tg76). The enhanced actfvity of thermophllfc
and thermotoLerant nlcroorganisns fron about 45 to 65oC results in ln_
creased Qro values fn sone experf nents (Drobnf k , rg62). However, f or rr.,

productfon or NOr- reductfon processes, QIO fn soll was found to be ap_
proxlurately t'o fn the range 15 to 35oc (cooper and snith, 1963; Khdyer,
1978; stanforrì et a1., tg75). Focht and chang (1g75) calcurat"d Qlo
vaLues froo the data of varfous authors and found that urost fell ln the
vlcfnfty of two to three. However, the lower rfnit of the tes¡perature
range confornfng to 

" Qto of two was estfnated to be lloc rn waterroggec
sofl' The rate of reactfon decreased almost ten-fotd as the tenperarure
dropped fron 11 to 5oc (Stanford er al., lg75).

A change ln tenperature alters the specfes conposltlon of the active
flora and at the same tl¡ne has a dlrect lnfluence on eech organlsn with-
fn the co¡r¡munfty. Each lndtvldual nlcroblal specfes and the bfochemfcal
capacltles of the conounrty es whole have temperature optf'a. Because

the conposftlon of the flora varfes frosr localfty to locallty and fs fn-
fluenced ln a sfngle sfte by specfes of plant resldue returned to the
sofl, a sfngle optluum of srfcrobiel actfvlty cannot be found (Arexander,
t977 ) .

one of the procedures for preparfng sorr saurples for brorogfcat study
lnvolves freezlng. Freezlng brlngs about changes in soll such that the



rate of

196r). Hack's dats suggests that the greater rnftral surge of co, evo-
lutfon from the prevlously frozen soils was forlor.red by e lower eventual
rBte. Thfs wourd account for the srnfrar totar co, evorutron that uas
obtalned from frozen and non-frozen sampres over proronged periods of
tfne' For exaopre, the resurts of repeated freezrng and thawfng on the
rate of resplratlon show that chlllfng to -log or freezfng to _l96oC re_
sulted ln a surge of broroglcar ectfvlty upon fncubatron et 240c. They
shor¡ed that the lnitlal peak of actlvlty for the two treatments de-
creased r¡lth each successfve chllllng or freezrng and the rate eventual-
ly dropped below that for the control sanple.

Most research concernfng temperature effects upon nlcroblal activftl,
has been carrled out under constant tetrperature. However, tenperatures
fn the sofl are rarely constant es the surface soil layers undergo wide
diurnal and seasonal tenperature fluctuatlons. sosre investfgators have
studfed the effects of such fluctuatlons on urfcroblal activity (canrpbell
and Biederbeck, 1972; 1973; Biederbeck and canpberl , 1976). rn rhese
studies the dlurnal fluctuatlon was slmulated by having in each 24-hour
perlod t hours at a sraxltru' tenperature and 9 hours at a nfnfnur' te.per-
ature wfth two transrtion perrods of 3 h each. They found that mrcrobi_
al growth was conslderably greater at a constant ¡Deen temperature such
es 7'5oc, than at dfurnally fluctuatlng tenperatures of 13oc during the
day and 20c at nrght (Tr3/2) (average of 7.soc). canpbell and Bleder-
beck ( 1973) found that an upward shlft ln teurperature after 14 days frorn
113/2 to 118/7 (slnulatfng Hay temperatures) caused an increase fn ni_
crobiel populatfon and lncreased the rate of N transforr¡atlons. when the

t7
release of co, rncreases (Mack, r963; Sourrdes and Alrfson,
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lncubatfon temperature Has shlfted dow¡ward from T27/16 to Tlg/7 (stnu-
latfng september teDperatures), r¡lcrobfal populatlons decreasec! markedly
whereas arnmonlffcatlon and nftrlflcatfon rates lncreased sl¡niflcantJ;,,
resultfn¡ ln a temporary frush of rnfnerar-N. They hypothesfzec that a

sudden shfft ln soll temPerature from optlmal to suboptitral concitlons
(e'g., during earry farr ln the surface rayer of fierds sorls ) caused,
et least fnÍtially, a -klll- of some mfcrobial cells. Thfs provlded an ì.

substrate whfch r¡as a¡nnonlffed and nftrlfled by the surrrfvfnÊ or'anlsns.
Thfs hypothesis was supported by a 4 years fietd sturìy rn which ÍÈ was

found that at the beginnfng of the flrst cold spell each fall or follow-
ing late frosts fn sprrn¡ there were sudden flushes fn No, lroduction.

2.3.2 Effect of Holsrure

The effect of mofsture content on nlcrobial actfvtty ln soll has been

the subject of nany lnvestJ gatlons. Drar"fng conclusions from these

studles fs difficult because sofl srolsture content fs expressed Ín a va-
rlety of ways whfch cannot be conpared easily, such as percentage of
naxlmun water-holding capaclty, soil water potentfal etc.

A htgh mofsture content rnay decrease fndfrectry the actrvrty of ae_

robes and 0, consumptlon by hfnderfng the r¡oveÌnent of air, thus decreas-
lnP the 0, suppty and creatfng anaeroblc condltlons (Bremner anc Shaw,

1958a; Bafley and Beaucharnp, lg73b). For 0, consuf,rptfon to reflecr ac_

curately the respiratory sctlvfty of sofl, lt fs necessary that the en-
vfronment of the ufcroorganism be conpretery aerobfc. under hÍ¡h rnois_

ture, cor ls riberated but o, fs not consumecr, and varues of o, uptake
under-estlmate the extent of nfcroblal actlvity. Even though extrene



care Eay be exerclsed ln order to tralntaln

ttfll be lfsrftfng fn sooe nfcroenvfronment6

the naJor portlon of plcroblal actlvlty ln
ky, 1960).

Rates of o, consuurPtlon generally are hfghest at 6oll water poten-
tlels rangfng fron -0.5 to -0.15 bars (wfant, 1967; MlIler and Johnson,

1964)' Hfller and Johnson (1g64) reporred that the nicroblal activlry at
zero water potentfal (water saturared sotl) exhlbl ted I . l to I .3_fold
decrease relatlve to the naxfmun value. At e weter potentfal of -3 bars
a I ' 1 to I '5-fold decrease fn resplratfon relatfve to naxi¡ruûr activf ty
was observed- At L¡ater potentfar lower than -50 bars (afr-dry solr) a

l2 to 13.5-fold decrease ln resplratlon occurred.

The exact nater potentlal for the naxfnum evolutlon of cor is lnflu-
enced by soll aeratlon. Bahunlck and clark (1947) showed thar sone free
o, was requfred for naxinun productron of cor. Durrng 15 days fncuba-
tlon ln r¡hfch the surface to volune ratlo of the soils r.¡as decreased so

that aeratlon r¡ould be retarded, maxfnum productfon of co, occurred at a

water potentfal of -0.01 bars. Mlller and Johnson (1964) found thar a

lag perlod r¿as evident ln the productfon of co, fron sofls fncubated ar
zero water potentlal. The lag perfod r,¡as related to the tlme requfred
for development of a populatfon favored by anaerobfc condltlons. Haxl-
nuu bfologlcal actlvfty can then be expected to take place at hlgher wa-

ter potentlels where ueter ls avaflable to the nicroorganfsns but aera-
tlon fs eufflcrent. Thls reratfonshrp holds rrue regardress of the

length of the rncubatfon perfod (Mflrer and Johnson, 1964).

aerobfc condi tlons,

around sofl partlcles

soll probably occurs

t9

o2 t"Y

, where

(Stotz-
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The extent of co, productfon or o, consunptron can be estlnated qual_
ltatlvely from organrc tratter deconposrtfon. l-or cxanple, r.osscs of
traccr carbon fron flnely ground tslue grapa grass fn sofl. ucre s6sessed
and tl¡e results used to develop a nuJ.tiple re¡;ressron equatlon vl¡iclr
predicted percent carbon loss per horrr as an exponential. f unct ion of r.,a-

ter Potent ial , tinc, tenPerature, and tlre lnverse of tenperature (liyÌrarr,

t976)' lnese data sl¡or¡ed that variation fn soil uater porential infl.u-
enced Blue grana decompclsltf<¡n patterns nore Èl¡an eitllcr terrp.,rature .,r
tine variations. They shoued tlrat at rgoC, uhen tenperaturc u¡as j.init_
fng rnicrobial activity, tl¡ere uas a pronounced decrease in rate of car-
bon loss r¡1th decrease in soir. water potentiar. If the r.oss rate of
carbon at a ì'/ater Potent ial of -0.009 bars f or BJ.ue grana soil mlx.ures
was given a value of I .OU the loss rates of carbc.,n f or nixtures incuba t_
ed at -0.6, -5.7 and -ll3 bars u,ere 0.gg,0.32 and 0.u03, respecrivery.
This carbon loss rate-soil. LtaÈer potential reratfonship occurred fc-¡r

soiJ' sarnpres incubared at teuperatures of 3, r0r 25,40 and 5Ooc.

Canpbell and tsiederbeck ( 1976) studied the relationships betr.,een

change fn nicrobial population and tl¡e change in several variabl.es suc'
as noisture content and soll tenperature using forr¡ard selection nulri-
ple regresslon analysfs. The relatfonshfps differed a¡,¡ong sofls of dif-
ferent texture- For exanple, they found that in thc heavler-texturcd
soils, the noisture change vas the nost fnportant variabrc and iI ac-
counted for betueen 40 and 802 of the nfcrobial varlabiliry. rn rlrese

sofrs the lnfluence of noisture change upon nicrobial popuratfon was a

functlon of rnaxlmu¡r tefrPerature. In the loan Èextured soil, relaIiotr-
shlps were nore conplex. Generarly, the changes rn nfcrouiar popurarion



Lrere dfrcctly related

ver6ely related to the

ture.

Estfnates of tr¡e effect of. o, revcr on res¡riratlon ncasured bl cr),
evolutfon lndicatcd that c02 loss uas unaffectcd by o, concentraÈion ar.

levels as loç as 2.5 percent (parr and Reuszer, t959). llovcver, sn¿rll
changes fn tl¡e concentration of co, affected nlcrobiaL activity ln soil
and hence fnl¡ibit carbon dissinllation (lJyhan, 1976).

The rate of co, evorutfon was enhanced vhen sofr was exp<.rsed co a cy-
cle of drylng and r¡etting, es conpared tc¡ sr,¡i1s tlrat were contlnuously
wer (Sorenson , rg75; Srevenson, lg56; tsirclr, lg5g, lg60). iJhcn a soil
uas air-driecl and tlren rewetted there Lras a 6urge of biologlcal. activi cy

vhich decli¡led witlrin a few days. L,aclr successive re-wet.tin¡; vas accorì-
panier.J by a surge of act,ivity ress than tr¡e previous one (Birch and

Friend, l96l). sinirarly, a higher initiar respirarory acrivity (uz

consunpcion) of the air-drÍed and rer¡olstened soils as conp¿rred Io freslr
sanpJ.es Lras reported (Stevenso¡¡, 1956). In the alr_dried, renoistened
soils Ehere uas a naxinun lnitial rare followed by a gradual decrcasc
approaching respiratory raEe in fresh soirs over a period varying frt-rr,

as sl¡ort as r-2 r¡ours to as rong as t-2 ueeks dependlng on tlre soir.
(stevenson, 195ó). varlatlon ln the duratfon of ÈÌre period of decreasc
and fn tl¡e nagnitude of the enhanccr¡ent fn biological actfvity brou¡;lrr
about by drying folloucd by wettfng could have resulted fron variarÍon
fn the e'ount of sorubre nitrogenou' naterfals (e.s. anino acid) rc-
leased upon afr drylng (Scevenson, 1956; ìtack, lg62).

to u¡olsture change and nl

lnfttal rnofsturc contcnt

nlnun tetrperature

and the ruaxi-un

2I

and fn-

Ienpe ra-



2.4 soLUTroN oF THE O, TRANSPORT

The non-stesdy and steady Êtate o, concentratfon proflles must be de-

termlned fn order to determlne the size anrl locatfon of the aeroblc zone

ln an uniform soll column of Iength -L" closecl at the bottom. If the

lnftfal concentrstlon of the o, ln the sofl r, co, the o, concentrêtfon

at the soll surface fs nalntainecJ at Co and O, ls beln¡ consuneC fn the

sofl at a rate (€) Sraas per crrhfc centJ¡'reter per seconC, the equation

of O, transport becones (see Eq. (5))

EQUATI0N IN S0IL

Ðclðr=D 3r/a*2-r.

wlth fnitial anC bounclary condltfons

C(x't) =

C(x,t ) =

JC(x,r)/àx

whfle D ancr € are assumed to be constants. papendick and

(1965) have solvecl the problem of flndfng the 0, concentrarlon

llore detalled appltcatlons have been reported by several workers

and siener 1968; Kowalf k et el. 1979; Krrkharn and powers, 1972).

The one-dinenslonal forrn of gaseous dfffusfon in a porous

wfthout 6lnk or productlon fs glven by

c
o

c
o

-

for O(x(L

for x=0

0for x=L

22

and t

and

and t

-Q

r>0

)0,

Ðc/at-D(3r/arz>.

It ls convenfent to transforn Eg. (tB) to

there fs a general solutlon for the letter

1o echfeve thls tran6forrnatlon, Klrkhan and

lowfng substltutfon;

(18)

(1e)

Runkles

profi le.

(Grable

( 20)

the form of Eq. (20) because

(Kl rkham and Powers, L972).

Powers (1972) nade the fol-

rrediun



C(xrt) - rr(x) + v(xrt),

fn vhiclr the functfon u does not lnvolve

botl¡ x and r. Subsrfturln¡; Eq. (21) into

dffferentia tion givcs

¡v/¿t - D l2u/ð*2 * r, d2u/d*2 - e

vlrere du/dr - 0.

By setting D dTu/ax2 - € - 0 (steady ÊraÈe condirion),

òv/èr - D ¿2*,/¡x2.

23

(2t)

t whlle the functfon v involves

Eq. (18) and carrving our rlrc

Tlre t ransf orrra tion yl elds Eq .

pears fn eaclr of tl¡e terE¡s.

able to the boundary condition

result 1s

C(0,t) - Co = u(O) + v(0,t).

Tlris equatfon is satisfied by choosin¡; v(0rt)

Eq. (21) fs differenriared wirh respecr ro

stituted for x - L and t)0, the resul.t fs

(23) 1n a l¡onogencous forn,

tsy applying r lre ne rh<.¡d of

url¡ere C(xrt) - C for x =

tàc/ð*J*-L' 0 - ldu(0)/dxl*-L + [à v(x,r)/Ð *J*_L.

Equation (25) vill be uarisfied if

thus, E1. Q2) bec<.¡rres

f,q. (22) bccones

(22)

(23)

that is, v al)-

clrange of va ri -

0 and t)U, Ehc

¿2u/ax2 - el'!)

f <¡r the bounda ry

0; u(0) = C

and ð C/¡ I

for 0(x(L

condition u(0) - Co,

(24¡

o' 'A'Iso, if

x=0issub-

Idu/dx]*-L - 0 andðv(L,r)/òx = r,,

du(L)/dx = 0.

( 25)

(it,)



To obtaln the value

trsy þ solved a6 an

substl tuted lnto Eq.

24

of the ftrst rern (rfght slde) of Eq. (2I), Eq. (26)

ordlnary dtfferentlal equatlon. The value of u(x) fs
(21) to give

C(x,t ¡ - (ê/2D¡x2- etx/D + c^ * v(x,t ).o

In thfs equatfon, the lnltfal condltfon C(x,t ) = C

assuoed, and then rearranged to obtafn

v(x,O) - -(e/2D)x2 + Gt/o)x for

Therefore, to obtafn the value of the second tern of the Eq

probleu can be restated as

Ð'/ât = n $ut¿*2

wlth fnitial condftions

v(O,t) = 0 for

[èv(L,t)/àxJ = O

v(x,0) E - (e/2D)

(27 )

for O(x(L and t=0 ls

Therefore, lr is possibre to wrfte the fornal sorutfon of Eq. (ls) as

the susr of the solutfon for steady 6tste diffuslon, u(x) and the solu_

tfon for a case of non-steady 6tete dtffuslon, v(xrt) r¡here one surface
ls nalntafned at zero concentratlon, 1.e., v(Ort) - O, t>0. The nethod

of separatlon of variables nay be applled to obtefn the solutlon of Eq.

(29) uslng the boundary condftlons of Eq. (30¡ to gfve;

nr6

0(x(L.

t>0

*2 * çetln¡ *

t)9\
\ -v./

(2I), rhe

v - ( t6eL2/ 1r3D) Itrl"(-n2ot ) /en-t)3)i"rnçrnx/ n )l
n-1

for O(x(L.

(2e )

(30)

(30a )



uhÊrr B ¡ (2n - t) ¡12t.

Substftutlon of thls

c(x,t) - c^ - ox(x -2t)/zn +o

)

"(-B-Dt)/(rn-t)3)

¡olutlon lnto Eq.

Thls golutfon descrlbes the o, concentretfon c(xrt) uhen the psrsDete16
9, D, L and Co are known (papendfck and Runkles, 1965).

The appllcabllfty of thls theoretlcal nodel was tested by courparing
o, concentrstfons Deasured ln an experlænt whfch satfsfled the boundary
condltlons wlth the concentretfons conputed froo Eq. (3t) for non_ste'dy
ttate condftfons' The urtlnate or steady-stete 02 concentretfon fn the
soll at any dfstance o(x<1 cen be obtafned fron Eq. (3t¡. Thus, as r
goe6 to lnffnfty thfs equatlon ts reduced to

(27) glves the deslred result

(rceLz / " 
3¡tf {stn(nBx/ n )

n-l

n¡6

25

C(x, o) - C_ - gx(2l-x)/Zo.
o

Thls equatfon gfves the cteady-atate 0, concentratfon fn the sofl at_
nosphere as a functfon of depth ufth knor¡n varues of g, D, L and co.
Papendfck and Runklea (1965) found thet the reratfve o, concentrerron
approached fts ultln¿te vel.ue r¡ther rapfdly. The theoretfcal eoll o,
concentrstlon uas approxlnatcly 65 ¡nd 75 per ccnt of fte ultftrste velue
tt the 15 and 135 cn depths, rcspecttvely, ln 16 hours.

(3t I

(32)



2.5 BIOLOGICAL DENITRIFICATION

Denr trr frcatron rs the product ron of N2 0. gaseous nlt ropen oxr des
through the reductlon of NO3- (1.\,lJler anC Delr.rfche, 1954). Bfoloplcal
denltrlffcatlon ls carrled out by facultatlve anaerobfc bacterfa under
anoxlc condrtrons. Accordfng to Russerl (r973), the reductron of f..or-
goes through the Nor- stage althorrgh Nor- nornraìly does not accunurate
fn the sofl. The NOr- produced ls further reduced to NrO or to t,_2. Ln_
der certarn condf trons (rn an anaerobfc systen) lt nay po throuph the
nitrfc oxide (NO) srage.

It ls Fenerally accepted that N20 ancr ri, are the rnajor products anc
thelr proportrons depend on environmentar factors. Thus, the steDs Jn
NOr- reductfon have been sugpested as

no3----) noz --) ti2o --> ¡i2

C1ark, i965).

Althou¡h there ls a generally accepted pathr.,ay for <lenftrlflcation,
the kfnetlcs of this 6equence of reactrons rs not fully ,nderstood.
There are conflrctrng reports concernfng the effect of rior- concentra_
tlon on the rate of denltrlflcatfon. The controversy concerns the cres-
tlon of whfch krnetlc rate equatfon applres best to rior- reductron. A

26

zero-order reactlon rate uould not be dependent on

tlon' whlle that of e ffrst-orcfer reactfon r¿ould. some workers (Boulciin
et al., 1974; stanford et al., rgTs) reported the process of rior- dfsap_
pearance to reser¡hle e ffrst order reactfon. However, other vorkers
(Bowrnan and Focht, rg74; Focht, rg74) reported t'he proce66 to be zero
order at hlgh end ffrst order et lor¿ NOr- concentratlons. Thus, Jt woulcJ

be slnflar to the Hfcheelfs-llenton type reactfon. rn a Hlchaelfs-ltenron

(Cooper and Smf th, 1963; BroaCbent anC

the ìiOr- concent ra-
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type resctron the rate depends dfrectly on the amount of enzyne present
vhen the subtrate rs at a saturation rever (conn and stunpf, 1967).
ll'lren the enz)me concentratfon renalns constant an lncrease ln substraÈe
results fn an fncrease ln reactfon rate. But, the fncrease fn reaction
rate becol'es progresslvely snaller ¡.¡fth each lncrease fn substrate con-
centratlon untll a naxlDurD constant rate fs attalned. At ]ow substrate
concentratfons, the reactfon folrows spparent first_order krnetfcs,
r¿hlle at hlgh substrate concentrations ft seems to folrow zero-order ki-
netfcs.

Khdyer (r979) 6tudfed the dfsappearance of NO3-_N from three frooded
I'lanltoba sofls, and found that wlth NO3--N concentrations of 100 to 200
ug/g the fnftrar rate of disappearance wes rndependent of N0, concen_
tratÍon. sfnrrar findings were obtafned from addrtron of 50 to 200 ug
Nor--N/g soir at norsture conrenrs of 30 and 677" (2mm layer of stagnanr
water) (cho and sakdinan, rg78). Ntcholson ( tgTg) found that rhe rares
of NOr- loss and N2 Productfon fn an agitated rake sedlment were fnde-
pendent of rì0, concentratlon 1n the range of 2.5 to 10 ue NO, -N/ml so-
lutl0n' on the other hand, rates of NOr- ross and N, productfon were de_
pendent on NO, concentratfon ln the non-agltated lake sedinent with the
6ame range of added NO3-' He concluded that denltrifrcation was zero-
order (agftated sedfnent) due to the unfforo dfstriburron of NO, in rhe
sauple. slnrrar zero-order retes of NOr- ross r¡ere obtarned during the
denftrffrcatron of stfrred sofr suspensfons (parrfck, 1g6o).

cho and sakdlnan (197g) 6t'ted that varfatrons fn lnftfar NOr- con_
centratlon of soil affected the production, reductron, end eccumuration
of denftrlflcatron lnternedfetes, although the rate of No3- dfsappear_
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ance wa6 zero-order. Thefr experfurental results shot¡ed that lncreased

lnltfal Nor- concentratlon lncreased the nagnftude and duratfon of naxf-
nuur Nro eccunulatlon. sfnllar result6 were obtalned by Khdyer (197g) 1n

flooded soil and by Nlcholson ( lgTg) fn lake sedimenr. In thetr work li,
was produced earller at lower concentratlons of N0, than at higher Nor-
concentratlons' A slnflar observatfon was also nade by Blackmer and

Brenner (1978). They found that the reductlon of Nro to N, was lnhrbit_
ed by a hfgh concentratlon of NOr-. rn other words, the fnftlal rate of
nolecular nltrogen fornatfon was dependent on lnftial NOr- concentra-

t 1on.

Several Hlchaelfs-Menton type equetfons were used to descrfbe the

dfsappearance of *03 , the fornatlon end dfsappearance of denftrlfica-
tlon lntermedfates (NOZ , N2O), and rhe production of N, (Cho and Mills,
1979)' Sone characterfstlc features of denftrlflcation obtafned by cho

snd sakdinan (1978), Khdyer (I97g), Nrcholson (rg7g), and cooper and

s¡nfth (1963) agreed r¡ith those of the Mlchaelfs-Menron nodel. They are

(1) the lndependence of the rate of dlsappearance of NOr- wfth respect

to No3 concentratlon; (2) the consrancy fn the fnftfal rere of lüro for-
Datlon lrrespectfve of the NOr- concentratfon; (3) the delay fn appear-

ance of Nro naxiuru¡o wlth an lncrease ln NO, concentratfon; and (4) the

delayed and slower rate of N, productfon due to an lncrease rn NO, con-

cent rat I on .

Most denl trfffcatlon

rrhfch pemlt treesuretrent of

ferent than that operstfng

on concentratlon gradients

etudles are carried out fn closed 6ystems

evolved gases. Such systetrs are qulte dÍf-

ln the fleld. The dfffusfon of gases depends

from the soil 6y6tetr to the atmosphere or
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vlce versa' Nltrous oxfde uas observed ln the absorptlon hands in the
7.8 ¡rm repfon of the sorar 6pectrun (ArreI, r946), but knowredge of Jts
llfe cycle ls stl tI very lncomplete because fer¡ r¡easurements of I ts
concentratfon 8re avallahle ancl there ls llmJ ted fnfornation of sources

and slnks. BrJce et ar. (r977) reportecr evf<ìence that the soir ma1, act

as a sfgnfflcant 6lnk for Nro. Thel,observed a re¡uJar cliurnal varie-
tlon of liro concentratron fn the arr at 5 meters ahove grounc rever. A

rnlnlrqun (0.233 ¡:r li/nl gas ) was nearly alua1,s recordec in the earJ1,

hours of the rnornrnp and a maxrt¡um (0.315 ¡:g rr-/rnr gas) was recorcìec f n

the late af ternoon or evenin¡ wi th an avera¡,e of 0.27S ¡re li/nl Fas.
Such a dfurnal varlatlon can be explained either by sone process uhjclr
lncreases the Nr0 concentratlon rr,rinp the day, or alternativeJy ce-
pletes the l'iro concentratJon ar ni¡ht (Brice et ar., l977). Hoçe'er,
Freney et al. (1978) found fn both the lahoratory and the fieìC, that at

sorl noisture contents less than field capaci ty, N2o ças er¡i ttec fror
soJ ls ' There r.'es no evlrlence that sof ls ln the f ield ever ahsorbec Ìrro.

2.6 EFFECT OF OXYGEN DIFFUSION
F loo o¿ o-õo¡;o rTlõ¡,'s--

Factors whlch decrease the suppry of o, to sorl ¡¡rcrohes usuar.I1, ¡ro-
rnote biologlcal denftrfflcatlon sfnce NO3 is utfllzeri as a ternjnal
electron acceptor fn prace of or. Factors whrch affect the 02 díffusjon
rate (ODR) also affect the dfffuslon of nlrrogenous pases. If ¡;20 cif_
fuslon fs slow or ft has a rarge dfstance to nove through the solr, rt
fs ¡¡ore Jlkely to be further reduced to Nrr especlally ln cases where

NOr- or NO, have been depleted (cacry ancl Barthorornew, r96r ).

-0ì THE DETfITRIFICATION PROCESS UNDER
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The supply of 02 after a sofr rs frooded depends upon Dorecurar dff_

fusfon through the fnterstrtfal water (ponnamperu¡na, rg72). The rate of
oz dtffuslon from the flooded uater fs usuarry ruch slor¡er than the rate
of o, consu'rptlon fn the floodecr soir. oxygen drffusfon durfng fncuba-
tlon of sofl ¡¿as greetry reduced by e 2-cur rayer (rooz water) of stag_
nant uater (Khdyer, 1978), and there was lrttle drfference betr¡een the
o, ftow through 3 mm than through l0 nm of standfng water above the soll
surfece (Cho and Sakdlnan, t97g).

The requlreDents of facultatfve anaerobfc end true anaerobfc orpan-
lsms for electron acceptors upon depletlon of o, result fn the reduction
of severar oxldized courpounds rn the sofr. Nitrate, ,02 , the higher
oxfdes of lln, hydrated ferrfc oxfde or sulfate can be reduced if an en-
ergy 60urce rs avaflabre to the nlcroorganisns. Therefore, conditions
favorfng the actlrrrties of denitrffyfng nlcroorganisms are establfshed
and N'r- and NOr- becone nuch less stable fn flooded soil.

F100ded soils are characterfzed by rwo dfstfnct solr layers;
1' A surface aerobrc, right-coloured, reddfsh-brown zone which nay

range ln thlckness from a few r¡m to 2-3 cur (patrlck and Mahaptra,
1968); and

2' '{n underlyfng anaerobrc (reduced) soir rayer, dark EÌray or green-
lsh-gray corour (pearsalr ancr Hortrmer, 1g3g; Alberda, 1g53; How-

eler and Bourdfn, 7g7t; and patrfck and Deraune, rg72).
The thtckness of the oxrdrzed zone 

's 
deterurfned by the o, suppry and o,

consuroptlon rates. rn systens low ln organfc D¿rtter end open to the at_
urosphere, the depth of the surfsce aerobfc rayer nay fncreese wfth time
(Bouldfn, 1968)' the addltlon of readfly avallable organic natter usu-
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ally decreases the depth of the lfght-coloured upper zone (Engler and

Pstrfck, 1974; and Reddy er al., l97g).

Flve nathematfcal oodels for descrfbing the dlffusion and consunptfon

of or in submerged sofls nere reported by Bouldln (1968) and Howeler and

Bouldln (1971). The ffrst two nodels descrfbe the sltuation where res-
plratfon by urfcroorganfsns fn the oxldlzed zone consunes all of the o,
whlch crosses the soll-water lnterface, and the thlckness of the oxl-
dlzed zone reDâlns constant with tlne. As a consequence, nfcrobial res-
plratfon fn the whole oxfdfzed zone also remains constent wfth tfne.
These are referred to es steady-state nodels. The other three models

descrlbe situatfons fn whfch no nfcrobrar resprration occurs, but o, is
consuned by fnstantaneous chenfcal reactfons at the lnterface betr¡een

the oxldÍzed and reduced zone. At tfne zero, the sofl ls unrformly re-
duced end no oxidlzed zone ls present. Thereafter the concentratfon of

o, at the soll-water lnterface ls urafntained at a constant level, and O,

diffuslon end chenlcal reactlons occur slnultaneously. These are refer-
red to as translent-6tate nodels where reductant6 such as ferrous ancì

nanganous lons were considered to be non-mobfle (0, srust diffuse to the

reductant for reactlon to occur), nobile (as reductant reacts wfth 02,

concentratlon gradient6 of reductant are created resultlng ln the diffu-
slon of reductent toward the lnte¡face betr¡een reduced and oxidized

sotl), or both srobile and non-oobfle.

The best exarnple of a chenfcal reductant whlch reacts instantaneouslv

wfth o, ls Fe*2. other exanples ere Hn*2 end s-2. However, the Fe+2 rs

probably the predonfnant chenfcal reductant fn nost sftuatlons (Howeler

and Bouldln, 1971). They reported thet all of the above nodels have
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shortconlngs of varfous klnds, the urost serfous being that none consld-
ers both nlcroblal respfratlon fn the oxidlzed zone and chenlcal con-

sunptfon at the lnterface betr¡een oxldlzed and reduced soll. Further-
Eore' they concluded that a nodel whlch cosìblnes both of these o, sinks
was 80 complex r¡lth so Eany parameters lnvolved that it was not very
useful ln terns of interpretfng the results of their experinents. How-

ever' for the statfc-oxldTzed zone where the depth of the oxldized zone

does not change with tlne, the followlng equatfons are used to describe

the systen;

àc/s'

ects'

ðt

àt

t'fth the boundary condftlon

D, 3t"/
D" 3r"/

c
s

c
s

c
s

åx

ex

2 -u
2

c
s

0,

0,

orx=Ort)0

x)0rt=O

xcc,rt)0

where c" f" concentratlon of o, fn soll solutfon at distance x below the
lnterface; c"o fs the concentratfon of o, fn solutlon et the lnterface;
k ls the proportionalfty conEtant relatfng o2 consuurptlon per unit vo1_

ume of sofl to concentration of or; kc" and g" are frrst and zero-order
rates of o, consunptlon ln soll solutÍon, respectively; D" ls the diffu-
slon coefffclent of O, ln the sofl solutfon; and t ls the tiu¡e.

?he physicel neanlng of the boundary condltfons corre6ponds to a sft-
uatfon where soluble o, is contrnuarry supplfed to a sofr-water rnter-
face and the eorr profile does not contafn or. rn Eq. (33), Hoder r,

c
s

e
s

(33, Model I)

(34, Model II)

(3s)
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nfcrobler resprratfon is proportronal to the concentratfon of o, rn each
olcrovolune of sofl end hence varles r¿fth dfEtance from the soll-water
lnterface' rn Eq. (34), Model rr, the mlcroblal resplretlon ls fndepen-
dent of 02 concentratron and hence rndependent of drstance from the
sofl¡¿ater lnterface (Howeler and Bouldin, l97l ).

The essentrar condfttons for Moder r are as forrows:
1. The sorutfon at the sofr-water fnterface rs mafntafned ar a con-

6tant 02 concentratlon;

2' The rate of consunptfon of 02 o"r unlt volume fn an lncrementar.
volusre of sofr is proportronar to the concentratron of o, in so_
lutfon rn that fncrenental voruure (and remafns constant);

3' The dtffusfon coefflcíent of o2 7n the solr fs constanr; and
4. A steady-state conditfon exfsts, that rs, the concentration of o,

at any gfven pornt rn the flooded-sorr remafns constant wf th
tlne.

Under these condftfons, the followfng equations descrlbe the concen-
tratfon of 0, as e functfon of dfstance fron the rnterface, the flux
across the lnterface and the total quantrty of orwhrch crosses the 1n_
terface fn a glven tfne perfod;

C"/C"o - I/2 exp {-x

exp Ix (k/Ds ¡1/27.rrc

dQ/dt -

Q'co
6

(k/Ds )t/2t erfc lx/2 (rn;t/2

Íx/2 (tor)t/2 + (ktf/2,

c6o (Dsk¡l/2 ¡"rt (Lt)1 /2 + .-kt/(n*71/2,

(Ds/k )1/2 (u, + t/2) erf (Lt)l /2 + rt t/nf lz

(tt )l /27 + t /z

(36¡

-kt

(37 )

(38)



where - D6 [dc"/dx]x-o - dQ/dt = flux of 02 whlch cro66es
face, Q - quantfty of O2 ,hfch crosses the lnterface,

z

anderfc z-r -erf z-|-2/(tr¡r/2 ("-r,or.
)
0

l{hen kt ls sufffclently large rhen erf (kt)l/2 = l, and Eqs.

end (38) becosre

c/co !
s

dQ/d t

Q-Co
6

exp {-x (k/DB )l/2}
c"o {ort )1/2

(Dsk)t/2 (t + 0.5/k)

Derfvatlons of these equatlons from the transfent -state equatlon were

descrlbed by Danckr¡erts (1950). The non-steady solutfon fs nost conven-

lently obtalned by applyrng the Laplace transforsratfon. cho (r971) re-
ported the general solutlon for the non-steady state equatfon for con_

vectlve transport of N conpounds wlth ffrst-order reactlon klnetlcs for
the N-transformetrons. This general solutfon can be apprfed to the
non-convective 02 transport by settfng the averege verocfty of flo*in¡
systen at zero. The average velocfty rras defined in Eq. (2).

The steady-st8te 02 transport equatfon r¡lth constant consunptfon of
oz per unft volune per unft trne (Moder rI) can be reduced to
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the fnter -

n" dzc"/a*' - a"

by setrtng ãC"/¡t - O.

The equatfons descrlbfng thls systen are

(36¡,¡37¡

(3e)

(40)

(41)

c" - €"*2 /2o" - x(2csog6/o")t/z + c
dQ/dt - (2c"o e"D")t/2

( 42)

(43)

(44)



Q - t¡ta"oto")t/2

where €" ls the rate of consurnptfon of 02 per unlt volume of flooded

soll per unlt tlne and other synbols are the salDe as for Model l'

Frosr Hodel I (Eq. (39)) ff we deflne the thlckness of oxldlzed zone,

xO.Ol as the dfstence from the r¡ater-soll fnterface to where Cr/C"o =

0.01, *0.01 can be calculated frou

*o.o' - (- ln o.ot) (D"/Ðl/z

Therefore, ft can be seen that reducing the value of k fro¡n 1'3 10-3 to

1.3 lo-5 per 6ec (lo0 tlnes) causes an lncrease ln the thlckness of the

aeroblc layer from 0.2 to 2 cn (lo tlsres) (Bouldfn, 1968).

The thickness of the aerobic layer can be deflned fn a slmllar way

for Hodel Iï

x* = (2c o¡ le \l/2' Ê 8''6'

*wherexEx 8tC =0.s
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(4s)

These steady state ¡nodels were evaluated by Howeler and Bouldln (1971)

by calculatfon of 8" and k, usfng equatfons for dQ/dt "nd 
**' Their

data were descrfbed better by a square-root relatfonshlp betv¡een dQ/dt

and C o es predfcted by Hodel II, than a llnear relatlonshfp as predict-
s'

ed by Hodel I. they also concluded that solls wfth hlgh 8" and k val-

ues had low x* values and vfce versa. Solls wlth a hlgh organlc Datter

content tended to have a hlgh nlcroblal respfratlon rate and thln oxl-

dtzed zone. The neasured O, flux uas falrly well correlated wlth organ-

fc Datter content of the sofl (r - 0.64) but r¡as nuch better correlated

wfth the content of fulvlc acfd (r ' 0'87)'

(tr6)

(47 )



ìlany of the changes occurrfng fn
dtffusfon of both fons and nolecules.

les fn the upper aeroblc layer creat

bfle fons dlffuse upward fn response

Luane, 1972).

some authors (patrrck and Tusneen , 1972; patrrck and Gotoh, r97/1)

concluded that apPrecfable denltrlffcatfon occurs ln flooded sofls if
both o, fron the atnosphere end NHo+ from the flooded soil are avalla-
ble' They showed that a llttle nftrogen Loss occurred ln flooded sorls
supplled wfth amnonfun sulfate fn an oxygen-free atmosphere. Howsys¡,
an fncrease fn the 0, content of the atmosphere to 5 0r 701! resulted rn
fornation of a thfn aeroblc zone r¿hlch led to substantial nttrogen loss.
An fncrease ln the 02 partlal pressure from 20 to g0Z fncreased the
thlckness of the aerobic rayer, but drd not rncrease the nitrogen ross
appreciably (parrfck and Goroh, lg74).

The anount of N, produced usually greatly exceeded the amount of lil:o+
and NOr- present rn the aerobfc surface layer 8t sny one tfme (patrick
and Deluane, rg72; patrrck and Reddy, 1976). rt rras proposed that riHo+
and NOr- dlffused ln opposlte dtrectlons, up and dow¡ the soll column,
respectlvely, fn resPonse to thefr concentration ¡radfents (patrfck and
Deluane, 1972)' Thfs was rarer verrfled usfng rabelred wHo+-H (patríck
and Reddy, 1976). Nftrete, unllke amnonfum, rs not strongry adsorbed to
organlc or clay nlcelles, and hence the dfffuslon coefflcfent for NOr-
ls about slx-ford greater than NHo+ drffusron and rt fs relatfver.y free
to respond to a concentratfon gradrent (Engler et ar., r976; patrrck and

Reddy, 1976). Approxlurately one-half of the nltrogen involved ln the
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flooded 6ystens can be explalned by

Oxfdatlon of reduced fonlc 6pec-

es concentrstlon gradients and mo_

to these gradlents (patrick and De_



nf trlffcatlon-denf triflcatlon process was orfglnally

face aerobfc soil or uater layer wlth the renainder

the underlyfng enaeroblc layer.

present fn

dl ffusfng
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3. 1 SOIL SA}IPLES

Efght sanples f rour a l.lerlr¿ood solt (Legal locatlon sE 3o-l I-14 ),
rangfng fn depth frosr 0 to 60 cm end lncreasfnp fn pH wfth depth (pli

6'45-7.73) vere used for ell lnvestlgatlons. Sarrples from the O to 20

co depth uere taken at 5-cn lntevals, and frour 20 to 60 cm depth at

lo-co lntervals. The sarnples uere afr drled and crushed to pass through

e 2 nm sleve. Sosre of the physfcal and chesrfcal propertfes of the soll
saurples ere ghown ln Table l. the averege value of particle denslty for
the elght sanples Has 2.55 g/cn3. Thfs value r¡as used to estlnste the

alr porosltles of eofl colunns as descrlbed later.

Chapter III

}I.ATERIAIS AND }IEI'I{ODS

3.2

The effects of soll nofsture and lncubatlon temperature on the rates

of O, consumptlon and CO, productfon r¡ere stuclle<l uslng closeC systerns

(experlurent l). fncubatlon tubes (Flg. l) wlth fnternal volunes of ap-

proxfurately 60 nl nere s¡ede f ron Taper Standa rd E 24/40 Jof nts, 2 rnn

bore hfBh vacuum stopcocks, and E 10/18 cone Jofnts. Atl stopcocks and

Jofnts uere connected to each other using Cornfng hlgh vacuun ßrease. In

order to analyze quantftatfvely evolved gese6, Bet6 of tubes were ad-

Justed to the eaoe volrrme by the addftion of glass beads.

INCT]BATION STI.IDIES IJITH CLOSED SYSTEHS

-38-



Sorre physlcel and cheurlcal
( Lega I

Sofl CaCO
depth equrvarånt PH t;:::iÏ E c 

::Ë::l'
__Í:]____,__J1] (s/cor¡ (mhos /cn) (z)

0-5

5-l 0

l0-t 5

I 5-20

TABLE I

ProPertles of L¡ellyood aoll proflle saurples
locatlon SE 30-l l-t4 ).

Trece

lrace

Trace

Trace

20-30 0.26

30-40 0.38

40-50 0.91

6 .43

6.46

6.84

6.86

7 .3s

7.40

7 .50

7 .7350- 60

2,41

2.46

2 .54

2.56

2.57

2.59

2.s3

2 ,59I.3r

39

0.53

0.41

0.34

0.28

0.46

0.47

0.45

0. 40

3.9

3.6

3.2

2.9

2.6

2.4

2.4

2.1
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Ten-grau aanplee of eofl uere lncubeted et aofsture contents of 5,

10, 15' 20, 25 and 302 on dry eoll uefght brsfa rrlth urea-N st rares of

ô0' 80' 120, 160,2oo end 240 pglß oven-drfed rofl, regpecrlvely. These

rltes of urea uere equlvalent to 786 pß N/ul aofl eolutlon. The nofs-

tened eofl eanple uaa placed ln the lncubatfon tube and the pressure of

the fncubatfon atnosphere uas louered to 650 nn Hg (86.7 kpe) by evacu-

stfng a snall ¡oount of afr. thf6 uer done to acconsrodate the produced

8aBeE. These soll ranples rere fncubeted at 35oC for the deslred perlod

of tlte fn a horfzontal posltlon to naxfnfze eofl surface to eoil volusre

retf o.

Gas eanple tubes, each havlng about 50 ol fnternal volune, uere con-

structed fron rlght angle 2 trD stopcocks and t fo/tg gocket Jolnts (Fle.

2). T\ro gas eaurple tubes uere used to collect the cvolved gaees frour

each fncubatfon tube. One ¡¡as aanple tube contafned ebout 5 g of potas-

eluur hydroxfde a6 a ueter and CO, absorbent. The other conteined 3 nl of

concentrated eulfurlc acfd to absorb ueter.

After the aarçle had been lncubated for the requfred tlbe fte atnos-

phere uas aampled. The gae eanple tubes sere vfgorouely ehaken after

raurplfng and rere ahaken perfodfcally for an hour to engure u¡xfurun ab-

eorbence of ooleture. the gas ue6 fntroduced lnto a VG-Hfcronass 602c

DaB6 BpectroDeter and ecenned fron atoDfc naee unft (a.n.u.) 28 to 46.

Quantltatfve estlnetlon of the geses uas carrfed out ae descrfbed later.

the ¡oll eauplee after fncubatlon rere tranferred to ¡n Erlennyer flask

vfth 50 ul 2N XCI aolutlon and nechanlcally rhaken for I hour for pH de-

tcrufnatfons. the pH values rere uaed fn the quantftâtlr¡e eetlnetfons

of total dlcsolved CO, ae deecrlbed later.
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I l0118 Outer

concentroled H2so4

or KoH pellets

Figure 2: Gas Sample Î\¡be.
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In a sinllar fncubatlon study, snother set of sarrplcs uas incubated

at tenl)eraÈures of lO, 20 and 40oc at a:,o{sture conrent of 25i( and a,
urea N concent,ratlon of 2U0 ug/g oven-drled solI.

3.3

Experinrent 2 co¡tcernerJ the lnfl.ucnce of alr poroslty on gaseous dif-
fusfon and denlr rificatlon of lior- derlved fron urea lrl,ereas experincnt

3 concerned the effect of No, concentrat.ion on denitrification. tsc¡Lir

experinents r'rerc condt¡cted with coLur,¡ns desfgncd to sinulate tÌ¡e ficld

conditions. The soll colunns r.,cre enclosed f n plastic tubes eitlrer 3t,

or 60 cn in length with an inner diar¡eter of 4.4 cn. Ilach of thc tubes

l¡ad snall openln8s covercd ¡¿i tlr a rul¡bcr scptun along the length of t.i¡e

tubc f or gas sanpling (Fi¡;. 3). Each of tlre long. colunns (60 cn) lracl

gas sanpling porrs ar 2.5, 7.5, 12.5,17.5, 25r 35, 45, and 55 cn wirlr

an imperneable layer at 60 cnr. Each slrort colunn (30 cn) lrarJ gas sarr-

pìing ports at 2.5r 7.5, 12,5,17.5, and 25 cn with an in¡rerrìeable Laver

a t 30 cm . Tl¡e soll colunns were f llled v1 th incrcnents of 5 or l0 cr.ì c o

reconstftute the soil profile as lt vas ln the field. For exar.rple, !hc

in' re rents were 60 to 50, 51, to 40, 40 to 30, 30 to zù, 20 to 15, 15 to

10, l0 t<.¡ 5 and 5 tc¡ 0 cn f or tl¡e 60 crn colur¡n. As eacl¡ incrcnent ol

soil vas added the colunn Ltas cærpacted to provide the desired bul.k dcn-

sity. The bulk densfty lras estlnated fronr the weiglrt of soi] and the

volurne it occupled. The bulk densftfes used for colunn studies wcre

honogeneous throughout eaclr coluron. The top of each soil colunn was

covered ulth a plastic flln uhtch had sevcral snall openings to provide

S,aseous exchange wl¡lle ¡¡lnlmizing, Lrater loss. A small. pan of Lrater wa s

COLLIHI'¡ STUDIES: GETJERAL PROCEDURES.
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GAS SAMPLING POfiT

Figure 3: Schenatfc diagran of so1l colr.n¡n.
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placed ebove the aofl ¡urface to uefntafn the relatlve hunfdlty above

the aofl ¡urface near 1001.

Gae ranplfng lnvolved cxtrectfng I nl of ¡ofl afr throuph the rubber

sePtuur ufth t ædfcal eyrfnge end transferrlng the aaurple to r ta6 6sb-

ple tube uhlch contalned elther KOH or H2SO¿. Alr conranlnsrlon durfn¡

the eaurpllng atage ves nlnfnfzed by uefng I nl of dfetflled seter fn the

eyrlnge and keepfng the eyrfnge ln r vertlcal posftlon (the needle fn

the bottorn) to Prevent dlrect contsct betseen the gas aarnple and the elr

âtnosphere through the needle. Transfer of the gas sas carrfed out by

uslng a specfal tran6ferrfng tube. One end of the tran6ferrfng, tube had

e rubber septun and the other yss ¡rade fron E 10/18 socker Jofnr vlth

glassvool fn betueen. The gas eaurple tubes and the tranefer tube r¡ere

connected to a vacuun llne and the gas ua6 transferred after the systeur

had been evaeuated. the glassuool vas used to absorb the uater ln the

syrfnge durfng the gas tranefer. The gas saurple tube ra6 connected to

the traBt Bpectroneter and the analysfe u¡s carrfed out by scannlng

aon.u. fron 28 to 46.

A eeparate sofl colurrn ua6 constructed ulth several short pfeces of

plastfc tubes ln order to deternine fnorgenfc foms of nftrogen fn the

eofl. the colunn uae ldentlcal to the gas sanplfng colurr except that

gas eanpllng porte sere absent. After the gofl colunn had been lncubat-

ed for the requfred tfne, the aoll colunn eas Bectfoned fnto I leyers.

the contente of each layer uere nfxed and dlvlded lnto three portlons.

these three portlons of aoll uere enalyzed for NOr- end NOr-, gravlrne-

trtc sater content and NH4+, rcapecttvely¡ !B descrlbed ln the physlcal

rnd chenfcal analyaes sectlon.
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3.3.1 EXPERTHENT 2: Ef fect of af r porosf ty on ga'eous df f f r.,sron andããn-rtiTFGaîro"-g-g ffi urea.

varfarfon 1n alr poroslty uas acconplislred by usfng four conbinaLions
of nofsture content and burk crensfty. Hoisrt¡re contents were 23, 25,30
and 30)i and the respectlvc bulk densfties were r.2,1.32, 1.32, and l.l5

I
E/cn" Percent total Porosity vas calculated fron varues of bulk densi-
ty and averate parclcle density (A.55 f /cn3¡. Air poroslt.y vas calcrr_
lated by subtracting the volunetrlc Lrater content frorr tlre totaL porosi-
fy' Avera¿;e values of volunetric L,ater conËent for the incubatic¡n
perlod were used l¡¡ tlrese calculations (see sectfo¡¡ 4.2.1). Tlrese four
conbinations gave air porosities of 25.6, !6.2,1u.5, g.5r, respectivc-
ly' All colunns eere lncubated at 20oc uith 20() pt urca-li/g oven-driecl
sof I labelled Lrith li-15 at 52.6 ator.¡ perccnt, enricl¡nenr. Long colur.:ns
( 60 cr'r) uere used f or this treatncnt vi th the exceptio¡r of to.5;i air po-
rosity ulrere a short colun¡¡ (30 cn) was used. Gas sanples fron various
sanpling ports L¡ere taken regularry for analysis as described earLier.
sinilarly 

' several. colunns (for the inor¿;anic-N study) were incubatec
wi¡Ìr non-Labelled urea at a rate of 200 Ft N/g soil and scctioncd for
fnorg,anic nitroS,en and nt¡Ísture detcrninations as nenË.ioned before. Tlrc

duration of incubation r¡as ó0 days.

3'3'2 EXPERT|ENT 3: Effect of nrtrste concentratfon-i-_::--__-

Three levels of lt (50, 100 and 200 ¡rg N/g soil
soll colunns (30 cn) were used to study the effecr o

on denftrfffcation. The nfrrog,en uo" 15, l"bcllcd
uas nlxed uniformly ln the 0 to 20 cnr layer of the

1n soll colunns.
on denl t rf f lcat ion

as NaNO., ) in s hc¡rrJ'

f ¡JO3- conccntrat iorr

(52.6 Z).. The tior-

soil colu¡rns. Tlre
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colurns uere prepsred to obtaln an afr poroslty of lo.sz (302 nol6ture
?end l'32 g/cur- bulk denslty). A prevlou6 experfrnent shoued that the up-

per 20 cur of the soll colunn uas aeroblc vhen alr poroslty was lo.sz.
The colurn' Þere rncubated from 12 to 22 days (dependfng on the concen-

tratfon) at 2ooc' To follou the trensforr¡atlon of fnorganfc nftrogen,
sets of soll columns ( 10.52 arr porosfty) uere rncubated ur th non-ra-
belled No, at the 68nre concentråtlons as lncllcated above. The colunns

ulth non-labelled N uere sectloned for fnorganlc nftrogen anrJ srofsture

deterurlnatlons.

3.3.3 Quantftatlve estfnatfon
I Etro6Dnere

The nrethod of Cho end Sakdtnan (197s) r¡as used to calculare the par-

tfal pressure of the gases ln the lncubatfon atnosphere from the nass

sPectronetrfc peak hefght. The gases fn tbe salnpJe contafner uere fn-
troduced lnto the Dass spectror¡eter followlng reuroval of uater anrt CO,

wfth KoH' Îhe peak hel¡ht of argon (a.rr.u. 40) was chosen as a standarcl.

Before each scen' 8.t-'l .u. 40 uas selected end ft6 lntenslty nes edJustec

to a predetermlned peak hefght by varyfng the lnlet pressure. The peak

hefght of a.n.u. 40 wes consldered to be 100 and the other nreesurec peak

hefghts Ltere norn¿r11zed to thls value. An alr saurple wlthout denitrlfl-
cetfon products rras fdentfcally scanned. The contrfbutlon by afr to each

a'm'u' fn the sanple 6can ïas deducted ln calculatfng the peak helght of

Psses produced (Cho and Sakdlnan, 1978). Stendard curves sere developed

to obtafn a relatfonshfp between parttal pressure and peak hefghr by

ecannfng known anounts of different BsEe6 nfxed 1n varylnp proportlons

htlth ef r. Frosr the ealculated partf al pressure of or, À., and ìiro ln the

of O, N, r¡ld NrO ln the fncubatlon_¿__¿__
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fncubatlon eturosphere, the guantl ty of these psses dfssolvec ln çater

rras cslculated usln¡ Henry'B Lar¡ constant6. The u¡elghts of O, li, and

Nro fn the fncubatfon stDosphere and ln the solutlon uere calculeter1 and

totslled as the net Fa6 consunptlon or the net ¡as productfon (Khcyer,

1978; Chrfsrenson, 1978; Nlcholson, 1979).

3.3.4 Quantltatlve G6rfg|atton gI 992 productlon.

The peak helght of CO, uas calculal"¿ fron the dffference ln the pro-

ductlon of a.¡¡.u. 44 betueen gas contelners wfth H2so4 and KOH. To es-

tin¡ate the co, dlssolved fn the soll solutfon at any ter¡pereture, the

effect of tenperature on the equlllbrfum con6tants for the reactfons

CO2 + H20 . H2Cn3,

¿
H,CO, - H'

+HC03 r l'l'

ufth thelr respectfve nass actlon eguations

+ HCO3 , and

+ co
3̂

K, - (Il2Co3)/PCo2,

uere taken lnto account. In the above eguatlons, K, fs Henry-s Lar¡ con-

stsnt'ta6, ls the partfel pre6sure of Co' the parentheses lndlcate the

ectfvlty of each specles, Kt ls the dfssoclatlon constant of Hrco, and

K, ls the dlasoclatfon constant of HCO3 .

(48)

çt,9)



The baslc

tenperature 1s

uhere K* 1s the equlltbrrutr congtant of the reactlon at T, (ox), Kt* i,
the equllfbrluu conttant of the resctfon at 12, R ls the unlversal gas

constant and =llo ls the stendard ælar enthalpy of the reactlon (J/oote )

vhfch fe equal to the sun of the nolar enthslples of foruratfon of prod-

ucts nfrn¡s the eun of nolar enthslpfes of foroatfon of reactants. The

equfllbrfun constants at varlouB teupersture6 uere celculated uslng Eq.

(50). The total diasolved co, uas celculared froo rhe equatlon

relet fonshfp betyeen

tttln (K--/K-) . sHo/R (l/Tt - tlTZ)

the equflfbrfurn

By eolvfng the Da6s actfon equatfon (49) for CO,

eubstlrurfng then lnto Eq. (51) the resulr fs

Total dl ssolved CO2 - aor-' + IICO3 +

49

constanÈ end

3.4 PHYSICAL AIÍD CHEI{ICAL ANALYSES

Total dfssolved CO,

Nltrate-N and NO, -N coneentratlons uere deterurfned by nfxtng thlrty

Srans of uofst eofl wfth 50 url of dfstflled uater and stfrred vlgorously

for I hour. The euspengfon vas ffltered through uhatnan No. 42 fllter

(so¡

Paper and the NO3 -N and NO, -N concentratlons tn the flltrate nere de-

tennfned ln a Technfcon lutoanalyser uslng a oodifled procedure of Kamp-

h¡ke et al. (1967). Nitrfte-N fnftlelty present fn the eanple uas decer-

ufned by a conventfonal dfazotfzatfon-couplfng reectlon. In order to

deternlne the eaount of NO'--N, NO,--N seg retroved froo another portfon

- \ Pcor{l + Kl/(u+) +

H2co3. ( sl )

-t-, HCO3 and H,CO, and

Kl K2l(H*)2) tsz)



5(l

of sample by reactlng 0.3 nl of 3Z suLf anic acld sc¡lut ion r¡f rh I u nl of
sanrple for one half hour. The NOr- ln the sorutfon r¡as quantft;rcivcly
reduced to NOr- ufth hydrazfne sulfate and tlrc No, det.ernined by trrc
sane dfazot.fzatlon-coupJ.ing reaction.

The l{lio+ uas ex¡racred by slrakfng 50 g of the rooi't soll in 5u r,l of
2N Kci solutlon f or I hour. Tlre 2N xcl extract ùras dist iLled f nro 25 tr:
50 nl of 0' ¡N' H2So4 containing ncthyl red f ndicaror and rhe Ìilto+-ii cc.¡n-

tent deternined r¡itl¡ s tandardized 0.lli liaOll.

organic C vas detemined by thc ualkl.ey-Black nethc¡d as described b.y

Allison (1965)' The caco, content uas deternined by tlre nanonecric
r¡ethod of Skinner er al. (1959). The elecrrfcal conducriviry of a l:l
soil:water nixture neasurecj with a RadiorTìeter conductivicy neter. Ljel-
dahl-lJ uas derernined by the nerrrod described by Brenner ( t965). Trre pìr

of a i : I soil :çatcr mixture Ltas deternined using a pll treter and Fisi¡er
g,lass-body conbination electrode.



4.1 EXPERTHENT l: EFFECT oF soIL HorsruRE AND rNcuBATroN
trEF neT¡3 oF oxyc¡¡-cõñFrniFmñi-ñD-cans rTñf iÐ1ffiÐ-pforTltr-_gnNFFST[õSo-lsffi

Oxygen consumptlon of the surface (O-5 cm) sofl sarnples, lncubated at

severel nolsture levels at 35oc, ls shown fn Ftg. 4. The a¡nount of 02

eonsuned was related dlrectly to the tfrne of fncubatfon allowfng calcu-

letlon of the o, consurnprlon rste (ocR) (¡rnrole/e solt/day). At aIl
srolsture levels the smount of o, consumed durfn¡ the fncubatlon perfoc

of 3 days uas releted to the tlrDe of lncubetfon and coulrl be describeC

by zero-order klnetlcs ufth deterrnlnatfon coefflcfent (r2) values ranp-

lng fron 0.96 to 0.99 (Table 2). The OCR fncreased ulth soll mofsrure

content fron 1.30 ¡:nole/g/day at 5Z nof6ture to a naxfnusr value of 9.36

ynole/e/day at 2OZ nofsture. The oCR dld not lncrease any further as

the nofBture content rda6 lncreased frorn 20 to 302 even though thls fn-
crease fn urofsture should have resulted tn lncreesed nlcrobfal ecttvity.
Thus, lt fs posslble that the o, supply becau¡e the nost lfnltlng factor
for nlcrobfal ectlvity at nof6ture content6 greater than 202.

the O, consunptlon rates of the rernafnlng layers as lnflueneed by

sofl r¡ofsture ¡rere also nreasured at 35oC (Ffg 5). The results wfth soil
aaurples frour the l0-15 and l5-20 cur layers uere conblned because they

uere nearly ldentfcal. In the upper three layers the OCR lncreased lfn-
early 88 the sofl nolsture lnereased up to 202. By extrapoletlon lt r¡as

RESULTS AND DISCUSSIO¡i

Chapter IV

TEHPERATURE

PRODUCTIOIi

-51 -
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oxygen consunptton rete_for aurface saurple of lJelluood ¡oll (0-5 crnlayer) at 35oc, as related to Doi6ture conrenr

Hofs ture
cont en t

(z)

ÎABLE 2

5

l0

15

20

25

30

ocR

(poole/g/day )

I .30

4.l l

6.53

9.30

9.18

9.36

53

Coefftclenr
of

det erof nat fon

0.99

0.99

0.99

0.99

0. 99

0. 9ó
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estl¡¡gted that ¿ero OCR vould occur at 2.57, nofsture. The OCR dfd nor

change fn these leyers es nof6ture content rras fncreased from 20 to 3OZ.

The OCR fncreased llnearly fn the lor¡er layers (20-50 cn) as soll ools-

ture lncreesed fron the threshold velue of 5z up to l5Z but did not

change es the soll uolEture content ¡,es further fncreased. The s¡axfmun

ocR occurred at e noisture content of l0l tn the 50-60 cnr layer. The

naxlnum OCR values (f .e., betueen 20 and 302 r¡of sture contents) de-

creased ulth soll depth and uere 9.3r 8.4,3.9, 2.O, 1.5, l.l and t.0

¡rurole/g/day for sauples fron everage depths of 2.5, 7.5, 15, 25, 35, As

and 55 crr, reBpectfvely.

Productlon of ffiz fn the surface layer (0-5 cm) lncubated at 35oc as

f nf luenced by nof 6ture level f s shor.¡n f n Flg. 6. The aoount of co, pro-

duced durfng the ffrst day of lncubatfon tncreased frogr a value of 7,5

pnole/9, at 5l nofsture to 39 ¡rurole/g at 252 nolsture. Although there

rres a llnear relatlonshfp between the amount of CO, produced and fncuba-

tlon tfne, sfnflar to the 0, consunptfon pattern, the lfnear regressfon

analysfs for C0, shoued thet the fnterceptE or the extrapolated values

of CO, produced at zero tfne r¿ere ttrester than zero (Table 3). These ex-

trapolated velues fncreased wfth fncreasfng sofl Dof6ture. Sfnflar re-

sults were obtafned by other workers (Hfller and Johnson 1964; Cho et

al., L979). Hfgh fntercept values could lndicate that there uas a hlgh

C0, Productfon rete fnftfally, before steady value uas achfeved. Sever-

al authors (Stevenson, 1956; Blrch, 1959, 1960; lt111er and Johnson,

1964; Sorenson, 1975) found that the nfcroblal ectfvlty reached a ¡¡axf-

uun fn the early stage of lncubatfon, dropped slfghtly, and then re-

nefned congtent.
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Carbon dfoxlde productlon rete
cn layer) at 35oc,

CO? fntercept
Hofsture -at rero
content t f sre
(Z) (¡rurole/g sot I )

TABLE 3

for eurfece sarrple of
as releted to nolsture

5

l0

15

20

25

30

6.30

7 .83

7 .25

13.0r

24.92

26.28

Productfon rate

(purole/g eofl /ðay¡

lJel luood sol I ( 0-5
content

1.89

5.ll

t0.43

1r.75

13.30

15.84

57

Coefflclent
of

determlnatfon
(r¿ )

0. 98

0.98

0. 99

0.96

0.96

0.92



58

the CO, productfon rstes (X*) of cubsurface hellwood soil san¡rles

Uere meaaured slnllarly. The co, productfon rate fncreased sharply as

thc ¡ofl r¡olsture content fncreased from 5 to ZOi! for the upper thrce
profllc sanples (flg. 7).

thresl¡old nolsture contcnt for thc co, producÈlon fn these sar.rples uas

2'57' Ar¡ fncrease fn soil nolsture content fron 20 to 3ü! resul.ted ln
the co, productlon rate fncreaslng slightry fn the (Þ5 and 5-10 cn lay-
ers ' It did not cltange ln the 10-20 cn layer. llowever, except f or ti¡e
4F50 cn layer the Co, productlon rate lncreased ln the lowcr layers as

tlre soll noisture level. fncreased fron 5 to l5il, but lt did not change

vith further fncreases ln the soil noi6ture.

The o, consunptfon and co, production rate6 of the profile sarlples

were neasured at three additfonal lncubatlon terrperatures (10, 20 ancl

40oc) at 252 nc¡fsture. semÍlog plots of ocR versus the average soiJ.

depth at varlous tenperatures are shown in Fig. 8. The oCR as related to

soil depth uas senÍlog lfnear nfth a negatfvc slope for soils uhfclr were

fncubated at 40, 35 and 20oc. However, for the soir sanples uhic¡ were

lncubated at ¡goC, tl¡ere htas a devlatf on f ron linearity f n tl¡e senilo¿;

plot at depths greater tÌ¡an 25 cn. such a devfation at lOoc could sug-

g,est a diffcrent pattern of OCR versus sofl depth.

rf one considered only the llnear pattern of the semllog plot, the

following functlonal relatlonshlps betueen the oCR and the soll deprlr at

20, 35 and 40oC uere obtalned by regressfon analyses;

By extrapolation it uas found that the

OCR'U - 4.598 EXp (-0.045x)

OCR', - 9.766 EKp (-0.048x)

OCR40 - 12.407 EXp (-0.047x)
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rhere OCR2O, ffiR35 and OCROO are rhe OCR (purol e lglday ) et 20, 35 and

4ooc, rcspectlvely, and x fs the rverage depth (cm¡. The ocR value ex-

trapolated to zero âverage depth (nuoerical value fn front of exponen-

tlal tersr) sss the urexinun OCR. Thls value fncreased es the fncubatfon

tetrperature fncreased.

The sesrllog plots of co, productfon rete (pmole/g/day) versus sofr

depth fndlcete that efrnllar to the OcR, the CO, productlon rares de-

creased e:rponentfally ufth depth at lncubation te¡perature6 of 20, 35

and 40oc (Ffg. 9). The functlonel relstfonshlps are descrtbed by

t*20 r t.091 ExP (-0.053 x)
t*¡S ' 13'915 ExP (-0.054 x)
t

R¿o ' 18'596 ExP (-0.053 x)

-*ttuhere R2O , R35 , R4O 
"tand 

for the CO, productlon rete st 20, 35 and

4ooc, re6Pectlvely. The CO, productfon rate extrapolated to zero ever-

age depth ues the naxfnun C0, productfon rste at each tenperature. Thls

value also fncreased ufth fncreaefng fneubetlon teurpersture. The aver-

a¡¡e values of elopes of the eenllog plots for OCR and R* versus sofl

depth are -0.047 end -0.053, respecrlvely. The stnflarfty ln the slope

valuee lndfcate that the change ln blologlcal actfvfty sfth sofl depth

can be oeasured fron the change fn OCR or fron the change ln CO, produc-

tfon rate. Thus, ft uas concluded that Efcroblal actlvfty rss responsf-

ble for bfologfcal O, desrand and CO, productfon, and that nlcrobfal ac-

tlvlty decreased exponentlally wfth depth.

The ¡rolar retlos of CO, productlon rrte to OCR for varfous incubation

tenperaturee and mlature contents uere tn the range 1.3-1.6 (Teble 4).
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The retfo of C0, productfon
varlous-fncubatlon

fncubetlon
t eDpe ra tu re

(oc)

ÎABLE 4

t
rete (R ) to

t enpe ra t u re6

20

35

40

3s

3s

35

35

llof s ture
content

(z)

oz
ånct

consunptlon rate (OCR) at
oof sture contents

25

25

25

5

10

15

20

*

:__
ocR

63

I .64

1.42

r.32

1.31

I.42

l .39

1.41

Verfance

0.06

0.02

0.03

0.ti

0. 09

0.03

0.05
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Each r¡alue of nt/OCn vag en tvcrage of clght proffle aanples. It is not

kno$n vhy the uolar rttfoa uere greeter thcn the theoretlcal ratio of

one for aerobfc oxldatlon of aoll organfc carbon. stanford et el.
(1975) found that the ¡nolar ratlo of glucose-c consuoed to NOr--N re-

duced uee 12 tfnee the theoretlcal retlo of 1.5 for courplete oxfdatlon

of glucoee to co, utllfzfng the nltrate as a flnel e- acceptor.

The OCR velues of the profile eaurples uere plotted agafnst teurpera-

ture (Flg. l0). If lt lß assumed that a llnear reletfonshfp exfered be-

tueen OCR and tetrPersture at fncubatfon tenperature6 belo¡r 2OoC as r¿as

observed experfæntally by Cho et al. (1979), then the threshold tenper-

ature (extrapolated value to zero ocR) can be calculated. Thus, the

threshold tenPerature for o, deuand was 3oc. the threshold tetrperature

for NOr- reductfon nas reported as 2oc (Brenner and shaw, l95g), z.goc

(cho et al., t979), and 5oc lnettey and Beauchanp, 1973a). However, the

relattonshfp betneen OCR and tenperature at hlgher temperatures (>2ooç)

lndfcates that the OCR fncreesed exponentfally with fnereasfng tenpera-

ture. the natural log of OCR sgafnst the recfprocal of the absolute

tenPereture uas plotted (Ffg. ll). The Arrhenfus plot le a llnear rela-

tfonshfp ln the tenperature range of 20 to 40oc. slnflarly, a nunber of

uorkers (Breruner and shaw, 1958b; stanford et al., I975; Èllsre et al. ,

1974; Focht, 1974; Khdyer, r97E) found thrt rhe rare6 of bfologlcal pro-

cc88es vhfch tre tleaaured by elther N, productfon or NO, reductfon over

the tenperature renge of 15 to 3ooc obeyed the Arrhenfus equatlon.

The actfvatlon energles (EO) whtch vere calculated fron the elopes of

the Arrhenfue plots for OcR (Ffg. ll) are ghown fn Table 5. The average

value of E^ for all proflle ranplee vee 8264 cal/oole slth e standard

devlatfon of 741 cal/oole.
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lhc actlvatiorr energy of O^
dcternlnarlon of Airhenful

Ave rage
de¡.' Ìr

(cn)

2.5

7.5

15.0

25.0

35.0

45.0

55.0

TAIJLE 5

consrrnl)tfon rate and coefficlent ofplot for tJelluood profll" 
"onpt"".

Actfvation encrgy
(E.)

¿t

( cal . /mole )

854 3

86 32

8322

847 9

I 862

ó633

3.'77

Avc ra,ir:

Coef fi ci enr
of deternination

('2 )

67

0.99

0. 99

u.99

0 .99

0.99

u.99

0 .97

8264
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stuller rceultB uere obtafned for the Arrhenfus plots of the coz

productlon rete ln the aane teupereture range (Ftg. 12). Average sctf-

vetfon energy for the clght proffle eanplee uas 6877 cal/nole with a

ltândard devfatlon of 373 cel/uole (Table 6).

there uas â dlfference ln E^ values for o, consunptlon and CO, produc-

tfon rates. Ho.'ever, Beveral other uorkers (Focht, 1974; Khdyer, 1978;

Stanford et al., 1975; Hlsra et al., 1974> also found sone varfatlons ln

EO values for bfologlcal proceBaes.

Khdyer (1978) reported an actlvatfon energy of about 8000 cal/srole and

8570 cal/srole, re6pectlvely, for the dlssinilatory N, productlon process

ln soll. However, ectfvatlon energfes (10376-11431 cal/urole) nere ob-

tafned uslng NO3- dfssppearance rate6 (Stanford et al., 1975; Hlsra et

al. , 1974).

It uas not knoun uhy

For exanple, Focht (1974) and
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ÎABLE ó

The actfvatfon energy as calculated fron co, productfon rate for
I'rellvood sof I prof f le eanpf es.

Ave ra¡e
dept h

(cnr)

7.5

15.0

25.O

35.0

45.0

55.0

Actfvatlon enerpy
(Ee)

(cel. /oole )

617 3

7 zLO

7 018

687 9

7 303

684 5

70

Average

Coefflcfenr
of determfnatfon

(r2)

0.98

0. 98

0.96

0. 98

0.96

0.99

0.98

6877



4.2 COLI.,HN STUDY (EXPERIH¡¡N 2): FFFECT OF AIR POROSITY oN GAsEoUS5ffi lõñ' e¡¡o 5m'imeeî i or¡-ffi r rErf¡¿ffi o¡r'rffi
4.2.1 Oxygen Transport At Varfous Alr porosftfes

, fhe fnfluence of fncubatlon tlne upon soll ¡rolsture content at vary.

lng depths fn lJellwood sofl for lnftfal ¡nolsrure levels of 23, 25 and

302 end bulk densf tf es of I .2, I .32 and I .32 p/"r3, f s shor.n ln Tables

creased sltghtly L'lth tf¡'ìe fn the surface layer (not nore than 52) most

ttkely as a result of evaporetfon. The everage nrolsture levels over the

entLre fncubetfon perlod for all depths were teken to be 22.5, 24.0 and

28.37" fot the three mofsture¿bulk densfty treetÞents. These averape

values were used to calculate the averege volumetrlc water contenr and

afr poroslty values. The respectfve averape alr porosfty vaÌues were

25.6, 16.2 and 10.5'A. A fourth treatnent (8.52 eir poroslty) ¡¡as ob¿

talned by fncreasf ng the bulk densf ty to 1.35 g/""3 fror1 1.32 e/cr.3

(10.52 air porosfty) r¡lthout changfng the rnolsture content.

Oxygen concentratlons at veryfng soll depths during I weeks of fncu.

batlon at afr porosftfes of 16.2, 10.5 and 8.52 are shor¡n fn Tables 23,

24 and 25, respectfvely (see the Appendfx). Although there uere snall

fncreases 1n O, concentratfon rrfth tf.rre, especfally near the surface, O,

concentratfons efter one week were not r¡uch dffferent fror¡ the average

values obtafned after two nonths. thus, a steady rtate wfth respect to

Oo transport throuFh the sofl rras establfshed sfter fncubatJon for one¿

reek. The sllght lncrease ln O, concentratfon between one and elght

reeks nlght have been related to an fncrease fn O, dtffuslon coefficient

due to loes of a ssrall anìount of water from the surface layer. In addÍ^

7t

¡
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tfon, there olght have bcen ¡osre decrease fn the bfologfcal actlvfty

ufth tftre of fncubetlon. Profllce of average O, concentratlons over tuo

Eonthr rt verylng depths ln lJellwood eofl for afr porosltles of 16.2,

10.5 ¡nd 8.51 appesr rE dotted lfnes fn Ftg. 13 vhereas proftles of cal-

culated O, concentretfonr lppear as eolfd lfnes. Oxygen concentratfons

aakfng up the proffle for 25.62 afr porosfty uere averaged for a perlod

of 2 veeks (Ffg. 13). The 25.62 afr porosfty treat!ì€nt uas ternrinated

after 2 ueeks slnce the O, concentratlon dfd not reach zero rt any depth

(no denftrlffcatfon). The nfnlnuur O, concentratfon of 6.5 purole/nl of

sofl alr Bpsce occurred fn the 30-40 cn layer and O, concentratlons uere

very efnflar at depths greater than 40 csr. In contrast to the 25.6/ atr

porosfty treetnentr O, concentratlons approached zero (<0.2 ¡rurole/nl) at

55, 25 and 17.5 csr fn depth for alr porosftleo of L6.2, 10.5 end 8.52,

resPect fvely.

the steady Btste O, transport equatfon ln one-dlnenslonal forn under

leothern¡l condftfons wes solved fn order to predfct the O, concentra-

tlon proffle under the ateady stste condltlon. the steady state equa-

tlon 16

shere, D fa the o, dlffuslon coefffcfent {crzlðay¡, C le the O, concen-

tratlon (¡rraole/nl), P fe the aoll bulk densfty (g/cn3) an¿ OCR(x) fs O,

consunptfon rete as functfon of eofl depth (x) fn puole/e/day. The ex-

pcrfnentally obtalned relatfonshlp betueen OCR and average cofl depth

(x) can be cxprcseed ae follows (eee Ftg. 8);

D d2cldxz - ocR(x)

OCR-AEXP(-bx)

(53)

(sa¡
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Figure l3: Measured (dotted line) and calculated (solÍd lfne) sreadysrare o, concenrrarfon proffres of hrellwo"d 
";ii-á.-;;3;:for varÍous afr poroslties after two nonths of rncubatfon.
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uhere A fs the ¡axfauu OCR value cxtrapolated to rero rverage depth and

b (t/cn) fa the rlope of the rernllog plot of OCR cs functton of sofl

depth. The v¡lue of b vae fndependent of eoll tenperaturc over r renpe

of 20-4OoC (eee Ffg.8). If Eq. (54) fe aubetftuted fnto Eg. (53) and A

tfnes P aasuoìed to cqual Ar or the naxlr¡u¡r OCR value 1n ¡rnole/"r3/d"y,

the followfng equatlon fc obtafned;

o ¿Zclax2 - At ExP 1-ux).

It fB requlred to calculate C(x)

ufth unlforn oolsture content under

loulng boundary condf tfons;

C-Corx-0
*C-0r x-r

and dc ldx - 0

the boundary condftfons aeeune that the O, conccntretlon st the surface

fs aluays kept at e constant value, Co or the enblent OZ concentretlon,

8.75 ¡rurole/nl; that there fe a depthr r*, at uhfch the 0, concentratfon

ln the sofl atuosphere fe equal to rero; and that there fs no O, flux
*

¡nd no concentratfon gradient of 0, at the depth x ' x . By aolvfng the

ordfnary dlfferentlal equatfon (55) under the boundary condltlons (Eq.

(5e¡¡, the follonfng relatfonehfps are obtafned;

fn a sofl colusrn of lnffnlte length

lsothernal condftfons under the fol-

*
ftI.

o - tlt/ucol {u-l

and

c.co-(etlo¡2)

(5s)

- "-brt1r* 
+ u-l))

(so¡

t
+ A /Db{x

I
.-bt + b-l 

"-b*1.

(s7¡

(s8)



llrus , by rneasurlng x* ¡ t. €. t he dep tlr of ze rc¡ o, concen t ra t i on u¡rdc r
cerßaf n conditlons, the dlf f usf on coef f f cient can l¡e estirrìa r,ed f r'rr Lq.
(57)' The steady ttate o, concentratfon at any depth can then bc calcu-
lated by using tlre neasured values of Ar and b and tlre estlnatcd value
of tl¡e dlf fr¡slon cocf f f cient. values of ** ,ore use<l to calcul.atc tl¡c
dlffusio¡r coefficlenrs usrng Eq. (57) for g.5, 10.5 and 16.zr: afr poros_

lty treatnents (Table 7). The diffusfon cocfficienr ar an air porosiry

tlon of O, at 35 cn was 6.5 ¡rnolc/nl (l.ig l3). Thus, tl¡e dcter¡.¡ination
of dlffusiôn coefficient uas carrled out by taking into account soir
respfration actlvfry under boundary conditions (Eq. (56)) tl¡at are fre_
quently encountered 1n tÌ¡e field. llowevcr, several uorkers (papendick

and Runkles, 1965; Grable and siener, l96s) deremined tr¡e o, dif f usion
coef ffcie¡¡t fron concentratfon neasurenents using the non steady-statc
o, transport equation (18). rn tl¡efr studies, they had to adjust t¡e
fnitial conditlons experinnentally by renovln¡i all of tl¡e geseous o, fron
tlre systen. Also, tl¡efr r¡ork uas carried out in short tem experincnts
in which respfration activlty uaa assuned to be negrigibre. This as-

sunption may have led to erroneous results especfally for soils lravin¡;

high bfological activlties.

The estlnated diffuslon coefflcfent values vere used to predict o,

concentration proflles wl¡fch appear as solld lines in Fig. 13. Tlrcrc

uas good agreenent betLteen measured and celculated values except for tlrc

lrfgh afr porosf ty (25.6i!,) treattrenr near the surf ace (Þ10 cn).

the ueasured steady state o, concentratfon proflles for an air porcrs-

lty of ro.5'l (nofsture conrent of 3uz ufrh bulk density equal ro 1.32
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the depth of ecro 0, concentretlon and estfnated dfffusfon coefflcfent- a6 releted to efr poroslty.

Depth of zero Estlmated
Afr porosfty O,, concentratfon dlffusfon"coefffcfent

(Z) t (cr) (cn¿ laay)

ÎABLE 7

8.5

10.5

16.2

25.6

17. 5

25.0

55.0

76

62.92

95.96

2l I .07

1380.20



g/cn3¡ at tenperatures of 2O and 35oC appear in Ffg . 14.
uere 25 and 17'5 cm for the solr colunns lncubatea at 20

tpectlvely.

thc cffect of tempcrature on trre diffusion coefficfent
alr can be represented by the equation (Bakker alld tidtiin¡;

Dt - D2l TrlT2 )1.75

coef flcient at Tr ' If 1t ls assuned tl¡at thc ratit¡ of thc dif fusio¡r
cocfficient in sorr to that rn afr fs constant at a particur.ar air ¡ro_
rosfty and tenperature, the above relationshlp can be extended to cal.cu-
late tlre o, diffusion coefficient 1n tl¡e sc¡fl at any !e¡¡perarurc (Bakl:er
and llidding, 1970).

the dept' of zero o, concentratl0n can bc estinaÈed usin5, Eq. (57¡
fron tl¡e values of diffusion coefficient,

The calcuLated values of ** are shown ln Table g. tr-itl¡ this inforr¡ation
and using Eq ' ( 58) tlrc ()" conccntrations uscd in constructing tlre pr.-
files uhich appear as sorfd lfnes in Frg. l4 were carcurated. The car-
culated steady state o, concentrstlon profiles 6uttest tr¡a[ Èr¡e varia-
tlon in x* uas trore pronounced at rou tr¡an at higlr tenperatures.
lncreasing trre tenperaturc fron 20 to 35oc, for exanpre, caused a 7ü!
decrease In tl¡e value of ** rrhereas fncreasr.ng thc tenperature frs' 35
to 40oc caused a l2Z dcrease fn the value of x*.

The open systen¡ fncubation studfes uere performed at ZOoC, a t,enpera_
ture shlch uas higlrer than tl¡e Dean 6ur.mer sofl ter¡perature.. of l2oc a¡
50 cn deptrr fn the sourhcrn hatf of lranftoba (Htlls et ar., Ig77). ,i¡;h
values of x* sould be expected at lou lncubation tetrpcratures. Trrus,

Values of

and 35oc,

77

*
x

re-

of O, in t lrc

, 197())

b and A* at any [enperature.



Q Çonc (pmole O2lml Air)

E(J

530
CIoo
ov,

40
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Flgure 14: Heasured
8t8te 0^
poros t tf )

(dotted lfne)
concentratlon
fncubated at

and cal.culated (solld lfne) 6tead¡r
proffles of sofl colunn (10.52 afr
varfous tetrperetures.
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IABLE 8

the cstlr¡ated dfffuefon coefffctent, volumetrfc o, consurrptfon rate anddepth of rero 0., concentretlon at efr porosfty of ro.5r as relite¿ tot aofl tenperature.

,",illl."r" ottt' coerr' o2 "ol:i:otton ::l::"::"ïïll o,

(D) (A) ("*)

20 95.96

35 104.71

40 107.73

6,46

12.89

16.38

2 5.0

14.7

13. r
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uslng e low lncubatlon tenpereture to repreeent ffeld condftfons uould

requfre t vcty long colunrn, uhfch sould be dffflcult to conrtruct and

¡¡fntatn tt conatent tcnpereture. For thls reaeon rn lncubatfon tenpera-

ture of 2OoC u¡e uaed.

One can deflne the rteady stete flux of O, through the aoll surface
7

Qo (pnole/co-/d¡Y¡ 
".

go - -D{dcldr}r.0.

By fntegrarlng Eq. (55) berueen {dClax}, - O and {dcldx},

puttlng {dc/dx}, _ ,* r rero, go can be expressed as

qo 'e*/b {

Values of go vere calculated frour Eq. (60¡ usfng values of b and AÊ

oeasured at varfous gofl tenperatures and nofsture contents and values
*of x estltrsted frour Eq. (57¡ by Neuton's approxfsratfon Eethod (Table

9). the naxluun flux occurred at hlgher te!ìperetures because of a hfgh-

er bfoloÊlcal O, derrand and at hfgher afr porosftfes shfch allowed a

hf gher O, penetratlon (Table 9). the nexlnun flux of 299 ¡.rnole/cr2lday

occurred at 4OoC and 25.62 afr porosfty. Ìleasured rates of O, consusrp*

tfon reported ln the llterature range fron 2 to 12 ¡rl1ter Or/e/h at 25

to 30oc, ulth the hfgher reter occurrlng soon after fnltfal eettlng

(Htller and Johnson, 1964; Papendfck and Runkles, f966). Assusrfng e

unfform aoll 30 cn deep end an rverage butk densfty of 1.32 g/cn3, the

O, conaunptlon rates of 2 to 12 Vl'tterlglh correspond to go values of

80 to 480 ¡rnole l.r2ld"y. Respfratfon ratee reported by other fnvestlga-

tors rre ucually lower than thoee glven lbove or those ahown fn Table 9

t
I - e-x b).

(se)

*.and¡x

( 60)



TABLE 9

the steady 6tate flux of o, at the sofl surface at vsrlous lncubatlon
ternperatures ancf alr porositle6

,(Z) -------(t¡nole/cst lday)-----
8.5 65.4 t13.5 t3l.l

t0.5 90.2 t32.4 I 55.3

t6.2 116.6 l88.lt 22t.r

25.6 I l8 .2 235.7 299 .6

Afr 
oxygen flux

poros fry 
(eo)

2ooc a5oc 4ooc

81
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Prlnarfly becatrse De8sureDent6 vere nade after 6everel t,ettfn¡ and dry-

lng cycles. Anderson and xernper (1964) found that about 0.3, 0.7 and

1.0 ¡rlfter 0r/g/h uere consuured after lncubatlon of sofl for several

ueeks et teuperatures of 17, 23 end 3ooc, respectfvely. The respectlve

values of O, flux yere 12, 28 and 40 yrnole/cn2 lday.

1..2.2 fnorganfc N Dfstrfbutfon.

.Concentratf ons of WHO+-X at .. varylng depthe f n.-colunns of trlell¡.,oort

sofl (25.62 afr poroslty) tncubared ufrh urea ar e rete of 200 fn ìi/¡

soll are shown fn lable 10. Hydrolysls of urea rrras evfdent durfn¡ the

ffrst ueek of fncubatlon es fndlcated by the recovery of N as NIt4+. In

a 6tudy wlth relatfvely hlgh urea concentratlon (500 Fs N/g sotl), obi

(1981) found thst conplete hydrolysfs of urea occurred r¡lthln 6 days ln

elght Hanftoba sofls wJth pH velues ranglng fron 5.8 to 7.7. The rraxf-

!ìuD eccunìulatfon of NHO+ (179 Fg N/g sofl) occurred afrer 7 days of fn-

cubatlon fn the 50-60 cur layer shere nltrfffcatfon rrss very slor.¡. The

+
auount of NH.'-N decreesed wlth tfrne especlally fn the 0-5 cn layer

uhere ell of the NHO+ dlsappeared after 20 days of fncubatfon. After 42

days appreclable decrease tn t'ttl.+-X occurred even tn the 4f6O cur layer.

It ls evldent that nftrfffcatfon ue6 urore rapfd ln the surface layer

es lndfcated by the hlgh accurrulatfon of Nor- (lable tl). rn the 0-5 cn

layer the anount of NO3- reached 278 Fg N/g sofl after 20 days of fncu-

batfon. there uas e further snall lncrease fn N0r--li between 20 anð 42

days. The sraxfsrurr value exceeded that whfch sould be erpected from corn-

plete nltrlffcatfon of edded urea (200 FF N/g sofl) plus the 25 ys

Nor--N/e soll orlgfnally present. Sor¡e of the NOr- at the eurface nay

have coue fron nfneralfzatlon of eofl nftros€rìr Cessnan and Þfunns



Concentråtfon of NH,* durlno
po106lty)qulth 2Ob

Sot I
depth

7 days

TABLE IO

fncubatfon of soll
pg urea-li / g soll ,

0-5

5-l 0

to-15

I 5-20

2130

30-40

4G-50

50-60

121.6

125.9

163.8

ló2.9

r 59.5

162.1

t79.6

t79.7

20 days

coluqrns (25.67 aIr
8r 2ooc.

0.1

l8 .3

ó.5

36.0

78.0

90.3

123.4

158. r

42 deye

83

5.5

4.0

8.3

30. 6

55.6

82.9

135. 7

I 30.3



Concentratfons
alr

of NOr- and NO.r- durfng tncubatfon ofporosf ty) ulth'200 ¡rg urea-ti/g eoll,

Sof I
depth No3--À' NO2--!i No3 -N NO2 -N NO3 _¡i NOz _ti

(csr) ------(ps le sotf)-------

7 days

ÎABLE 1I

0-5 gg.6

5-10 89 .7

l0-I5 36.3

l5-20 25.r

20-30 9.4

30-40 4.7

40-50 3.7

50-60 3.7

20 days

0.8

I.4

2.0

6.2

3.0

1.0

0.8

0.8

":'åå.::turrns 
( 25 '62

27 8.3

179.3

92.7

53.6

67.2

59.7

26.7

9.1

42 days

84

0.5 288.7

0.5 24r.3

0.5 22t.3

r6.5 133.1

3 .4 128. 8

2.3 155.8

2.2 t26.7

2.4 t t 3.0

0.t

0.t

0.1

0.1

0.t

0.t

0.1

0.1
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(t980) found Èhat the estfrnated relatfve contributron of trre surfacc
laycr to tl¡e toÈal N ¡¡lnerallzed ln a I08-cn sofl colunn uras lriglrer tlran
the contrtbutfon frcn subsurface layer. Tr¡eir data indfcatc that tlre
total N nlneralfzed ln tl¡c llJS-cn sr¡1] colunn r.rcre 60, 25 and r5z f.or
0-36, 36-72 and 72-l0tÌ cn layers, respectivcry, assuning uniforn buil.
densfty t'rougl¡out the soil profrre. sone of the rJor- fn,re 0_5 c¡,

laycr could have also cone fron lover layers via convective frow as r¡a-

ter evaporared fron tr¡e sofr surface. sucr¡ novenent of rio, uas rikely
very stnll slnce onry a small emount of water evaporated fron llre sr¡r-
face (Table 20).

The naxinr'u:r eccunula tf on of lior- vl¡icl¡ occurred 1n tl¡e I5-2o cr.r laye r
r¿as 6.2 and tó.5 pg ri/¿; soil afrer 7 and 2u days of incubation, respec-
tively (Table I l ). such a ror¡ accunuration probably rJid not arr.ow ross
of N by cher:rf cal denl t ri f ica tion r.¡l¡f ch takcs place only slren an appreci-
able anounE of Nor- has accunulated under acldic condftions (christian-
6on et al., 1979; Snith and Cl¡alk, lggO).

Ar¡noniun concentrations at varying depths fn hel.lvood soil colunns
havfng l6'2ia air porosfty fncubated witl¡ 200 pc urea-N/g sofl at 20oc

are sl¡own In Table 12. Apparently nost of tt¡e urea Lras hy<Jrolyzed after
l0 days of fncubatlon. The anount of lilto+ tncreased wfÈh solr deptlr fr<.rrr

a I'ow value of 14 pg r'J/g soir in the 0-5 cn rayer ro ¡76 fB ri/g soir in
tl¡e 50-60 cn layer after l0 days of rncubatlon. The arnount of Nllo+_;i

decreased witl¡ time 1n all layers but the decrease uas l,ess pronounced

fn the 40-50 cn and 50-60 cn layers than near the surface. The persis-
tence of llllo+ berow 40 cn depth courd have been rerated to a lor
centratron (Frg. 13) as ,eu as l<¡w nf trrf f er population. 

- 'r o' con-



ConcentratJon of NHr+ durlng
poros lty ) 'r¡l th 200

Sot I
depth

0-5

5-t0

l0-15

I 5-20

20-30

3G-40

40-50

5Þ60

l0 days

ÎABLE 12

fncubetlon of sofl colusrns (16.21, etr
Fg urea-ti/g sof l, er 20oC.

20 d¡ys

14. 0

1t8 .9

l6g. 5

175.7

r95,5

t72.9

187. t

178. 5

30 days

10. I

19.5

81.6

82.3

147.1

166. I

145.4

178. l

8ó

52 deys

14.0

16.7

64.2

98. 5

129.0

t 70.3

174. I

L77.5

7.0

3.6

35. 6

42.7

t28.0

t47 .2

t45.7

156.4



acct¡mul'atlon of N,r- whlcl¡ reacl¡ed 340 pg N/g soil afrer 20 days of in_
cubatlon a¡td renal¡¡ed essentfally unclrangcd until thc end of lncubation
(Îa hle l3) ' Nl trate accu¡nuJ,¿tlon ln trrc 0-5 cn rayer was rrf gher vi clr
tl¡e 16.27, atr porosfty (25jí nofsture conten[) t]¡an ¡.rith the 25.62 ¿ir
Poro' ity ( 231í nolsture content ) . This courd have been rera ted to a rri¡;rr-
er net ninerarlzatl0n uith l 6.27 atr poroslty. several autl¡ors (Robin_
6.,n' 1957; Re lcr¡nan er al., lgó6; ltllrer and Jol¡ns<¡n, rg64; sranf orri ond
Epstein 

' 1974; cassnan and ltunns' t980) reported that the ¡lineral.izarion
uas greårest ac approxinatery fferd capacity (252 noisture content).
Furthernore 

' ('bssrnan and l'runns ( lggu) f ound a sharp decrease in thc net
ll ¡¡ineralization betpeen 25 and lgli noisture and tÌ¡en a graclual dccrine
bel or.¡ t hi s ranEe. Lou lì0r- accunulatfon ((¡3 pg li/g soil) was observed
below 40 cn (Tabte l3)' This cor¡ld have bcen due to a low biologÍcar
activity and o, availability below 40 cn depth.

There Lras no accunulation of rJor- in trre first r0 days of rncubatio¡r
(Tablc l3) ' Hourever, NO2 appeared by the 20t¡ day rvith naxi¡¡un values
ln the l5-20 cm layer' ¡iitrfte level declined berween 20 and 52 days of
lncubation except in the 0-5 c¡.r and 5_10 cn layers. lio cl¡enical deni_
trlficatl0n Lras detected by nass rpectrometry even thougrr r,Jur- sccunula-
tlon reached 83 pg N/u soll. The pt tn the 15-20 cnr rayer uas ó.g6 (Ta_
ble l). An lnvesti¡¡ation using l5* lub"lt"d NaNO, at a rate of 200 ¡rg
tJ/8 soll der¡onstrated no tendency for cl¡e¡,¡ical denftrffication for sone
Hanitoba solrs r¡hfch had p, values grearer than 6.3 (obi, ¡9gl).

Annonfum becane thc predonrnant tnorganfc 
^ 

specfes r¿hen 
-air porosi_

ty uas decreased to 10.52 (lable r4). the concentratrons of ririo+ in tr¡e
sofl column ranged fron lg6 to 235 pg N/g sofl after l0 days incubarion.

Hftrrfrcatron uas nore rapld 
'n 

the 0-5 cn rayer as indfcated by
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Conccntr¡tfonr of No-- end-NOr- durfng thc fncub¡tfon of ¡ofl columrs(r6.2¡ rrr poloriiir' 
"f .¡-ãöô'ie'"i.1:i7, iåiï,-.,-äôóc.

Sofl
dêÞth l¡o3--N NO2--N

l0 dryr

(cn )

ÎABLE 13

0-5 255.3

5-¡0 75. I

l0-r5 67.2

l5-20 ¿0.8

20-30 30.8

3Þ¿ 0 28.5

40-50 't3.5

5G-60 13.4

20 deyt

No, -li NOA -N No3--N

3 39.6

248.3

63.3

29.7

I ó.7

10.4

9.7

7.0

88

30 deya

r Not drtectGd.

0. 3 344 .0

4.7 t95.¿

65.0 78.6

83.0 79.0

6l .8 62.0

No, -N No3 -N lJo2 -¡i

52 deys

26. ú

77.5

t 3.3

1.8

346.6

233.3

153.7

ll2.l
8t1.6

32.4

9.3

1.7

8.4

3.7

2.4

5.9

10.7

l4.t

25.t

o.2

0.1

0.1

0.t



Concentratfon of NH,* durtnp
porostty){yfth 20õ

Soll
depth

0-5

5-t 0

t 0-15

t 5-20

20-30

l0 days

TABLE 14

fncubetton of sofl
l¡ß urea-¡i/g sot I ,

20 days

186.3

235.0

223.1

l9 s.5

l8ó. 3

30 days

colunns (10.52 atrrr 2ooc.

98.9

122.9

t96.4

199.6

203.3

40 dsys

E9

51.5

165.6

227 .7

220.9

230.5

20.8

98.6

215.4

210.6

t99.1



the XHO+-t*t lcvel renaf ned nore or lees unchanged durf ng

fncubatfon bclor¿ l0 cm depth. Thls fact as vell as the

NOr- concentrattone ln the 15-30 cur layer (Table 15) fndf

duccd nature of soll at these layers. For the O-5 cm layer

hlgh (t86 ¡rg N/g eotl) for the ftr6r l0 days of tncuberfon

creased to 20.8 Ug N/g eofl after 40 days of lncubatfon.

Nltrate concentratfons were 69 and 15 pg N/g soll efter

batfon fn the 0-5 and 5-10 en leyers, respectfvely shen the alr porosity

uas 10.52 (lable l5). Nltrate contf.nued to accumulete after l0 days ln-
c""atfon end reached naxfnum values of 248 and lB4 pg N/g sofl after 40

days of fncubatfon fn these two layere, respectlvely. However, the

tDount of NOr- eccut¡ulatfon at greater depths ua6 very amall even afterJ
40 days lncubatfon. thfs could have resulted prfnarlly from O, defi-

clency. Oxygen concentratfon nes less than 1.3 prnole/nl belor¡ l5 cn

depth fn eofl havrng 10.52 afr porosfry (Ffg. l3). The exrenr of NOr-

accusrulatfon ln the 0-5 cur layer uas snaller fn sofl havlng an afr po-

rosfty of 10.5/ (302 ¡ofsture content) than fn eofl havlng an afr poros-

fty of 16.22 (257 øotsture content) (lable 13 and 15). Net srlneralfze-

tfon decreased as the nofsture content lncreased fron 25 to 337. ar

tenperatures ln the range of 15 to 3OoC (Cassuran and Munns, l98O).

The aurount of Nor--N was very enall throughout the eoll colunn, ex-

cePt ln the O-5 and 5-10 cn layers after 20 days lncubatfon and ln the

5-10 csr layer after 30 days fncubatfon (Table 15). The ¡raxfurun eccu¡nu-

l¡tfon of NOo- uas also ln the 15-20 cnr layer at hlgher alr porosfties
¿

(16.2 and 25,62). thus, the depth of naxlnun nftrlte accuu¡ulatfon was

related to the alr porosfty and occurred cl,ose to the surfece of the

¡oll colunn aB afr poroslty uas decreased.

90

40 days of

lon NO-- and
5

ceted the re-
+the NHO uas

and then de-

l0 days fncu-



conccntr¡tlon. of No3- rnd lror--durln¡ tncubetton of rotl^coluonr (¡0.52rlr porosfty) ufth'200 ¡rB urcr-N/g rofl, rt 2Oog.

Sol I
dcFrh NO3--N Ì¡o2--N

(cn) -l---------(pel¡ ¡otl)------
o-5 69.4 0.9 165.5 l9.o 219.0 1.9 2¿8.1 0.5

5-t0 15.2 0.9 55.? 23.6 50.8 34.0 16¿.5 0.2

lo-15 2.0 0.1 9.4 3.2 9.4 ¿.6 7r.5 0.3

15-20 3.0 0.3 ¿.1 5.0 1.9 2.3 4.6 0.2

20-30 3.3 0.3 2.6 0.2 1.7 2.t 2.5 0.2

l0 dry3

1ÁBLE I5

20 drye

NO3--N N02 -N

9I

30 deyr

Nor--¡ ñ02--N l¡o3--!i NO2--N

ó0 deys



4.2.3 Dfstrfbutlon of Geeeoua

No denltrlflcatlon r¡as observed at an alr poroslty of 25.67 slnce

cnou¡h 0, Penetrated the eofl colur¡n to Dslntafn I concentratlon of ap-

proxl ura tely 6 .5 ¡rrnole Or/nl tn the 3CÞ60 cm layer (Fip . l3 ) . Howeve r,
at 8n air porosfty of 16.22 denltrlfJcetlon occurred as lnctlcated hy ìi,

sccuîrulatJon (Ffg. r5). Althou¡h the deta 8re not prarented tn Fl¡. 15,

e ensll snount of N, rras detected durfng the flrst 3 weeks of Incuba-

tlon. In the fourth ueek there Has e reletfvely large lnerease ln lì,

concentretfon L,fth a maxlmun eccu¡nulatlon of 0.7 pr !i/g soll ln the

4f 50 crn and 50-60 crr layers where o, coneentratf on approachecl zero

(Ffn. l3). A lou N, accuurulatfon could have been related to a lor¡ accu-

srulatlon of NOt- and NOr- belor¡ 40 cn depth (Table 13). The eccurnulateC

N, uould have tllffused fn both dlrectlons due to the concentratlon ßra-

dfent. Dfffuslon downward was prevented because of the fnperu'eable lay-

er. Upward dlffusfon ues notlcesble as the concentratfon of li, de-

creased exponentfally ¡¡fth the dfstance fror¡ the denftrlficatfon zone

(naxfmurn N, aecumulatfon). The nraxtnum accuÞlulatfon of !i, fncreasect fror
1.2 to 2.0 pg N/g sofl after 5 end 6 weeks fncubatfon, respectfvely. It
decrease<ì eltphtly to 1.9 ¡rA N/e sofl after 7 seeks fncubation.

Dfstrlbutlon of Nro fn eofl at lo.5z afr porosfty ls ehown in Fi¡.

16. After 5 ueeks of fncubatfon, there ¡raE e snall NrO accurnulatlon

ulth a ¡rexfnun of about 1.8 pg N/g eotl fn the 15-20 cn layer. The Nro

concentratlon lncreased to 2.3 ¡rg N/g soll at 7 ueeks and then de-

creaaed. After 7 seeke the naxf¡¡un atnount of the NrO occurred 1n the

l0-15 cn layer.

Nf t rogen

92



o.o

t2 Cæcntrotiqr (læfi/g ¡oir)

o.5

E(.,
-t
.o 30o

E

t.o

93

r-€ 4 llcaks
H 5 tlceks
+.-+ 6 tleeks
H 7 lleeks

Flgure 15: Concentratlon proff les
sofl çolumn (16.27. etr
et 2ooc

of nftrogen gas durfng lncubatlon of
porosfty) wfth 200 ¡rg urea-N/g sofl,
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of nftrous oxfcle durlng lncubatfon ofporosfty) wfth 200 pg rrrea_N/g sofl,
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the sraxfnun sccunulatlon of N, (0.2 l¡g l,¡/s soil ) f n sof I colunns ar
¡o'52 alr poroslty occurred fn tl¡e 20-30 crn layer efter 4 yccku incul¡a-
tltrn (!'lg' l7)' Îl¡e naxlnunt accunulatlon of N, lncreased furil¡er until
the 8th ueek vl¡cn iß reacl¡ed ¡.7 pt r,¡/¡.i soil and then decrcased. îl¡e
ra¡rld lncrease fn N, concentratfon observed at tl¡e 7tl¡ uech of lncuba-
tlon r¿as cofncrdentar Hith the accunulation of Nro observed at tlre 5rh
and 7tl¡ ueeks of lncubation (Flg. l6). As uas sl¡own earlicr, therc uas
a sharp decrease 1n N()r- and l.,r- r¿fth soll dcpth near and beror_ tlre
zone of naxinun lJrO accur¡ulatlon (Table l5). It is possiblc tl¡ar ¡J20

beca¡¡e the najor e acceptor at greater depth. Thls could suË,gest tl¡at
sone lJ"O was dif fused dt¡vnuard f ron Íts zonc of
to IJ^.

¿

rncreasint the bulk density to I.35 g/"o3 fron I.32 g/cn3 wirlr'ur
clranging the nolsture content caused a decrease fn air porosfty fron
l0'5 to 8'52' rt also caused a shift fn the denÍtrification zone rowarci

the surface. Tr¡e depth of zero o, concentratlon at g.5z air porosity was

17.5 cn as conpared to 25 cn at 10.5i air porosity (Fig. l3). llirr¡¡us
oxide uas not detected rn tl¡e sorr corunn at g.57" ab porosity even af_
ter 9 ueel:s of incubation. Nitrogen ¡ras tlle onry gas produced via dcni-
trif ication (Flg' l8). ìlaxfrnun accunulatlon of lì, af ter 4 ueeks of in-
cubatlon was 0-ó fg/g soil and occurred ln the t0-20 cm layer. At this
depth ll, continucd to accunulate and by the end of tl¡e 9th u¡ecl: r¡ad

reached l'2 Pg H/g soil. By tl¡e 4th veek of tncubationr lJ, distribution
r'ras cl¡aracterlzed by a decrease tovard the surface and towarci the in-
perneable layer at óo cn (Ftg lg). rn tr¡e ratter Etage of_ fncubation
Ereater a'ounta of N, were found below 20 cn. r¡r fact, after 9 wecks of

prodrrction and reduced
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fncubatfon there vas nearly â6 nuch N, ln the 50-60 csr layer as fn the

t0-20 cur layer. Thus, the gradual accunulatlon of N, belor¡ the 20 cur

depth could have been related to the contrfbutlon of N, vle dfffusfon

frær the depth of uaxloun accuuuletlon (denftrfflcatfon zone). The

Itrount of tlne requfred to accunulate N, below 20 cn was the greatest

for the 8.5f afr poroslty trestnent. thfs nay have been releted to the

dfffusfon coefffclent of gases ln the aoll. As uas prevlously 6hown,

the louest gaseous dfffusfon coefffcfent cas obtalned ln soll colunns

havfng an afr porosfty of 8.52 (Teble 7).

The nethod suggested by Cho and Sakdlnan (1978) uas used Èo dlfferen-

tfate betueen nftrogen (NrO and/or Nr) forned via a randosr conblnerlon

of labelled fons (btological denftrfffcatfon) and that formed via an as-

aoclatfon of one soll nftrogen ston and one NO2--N atom (chenicel denf-

trfffcatfon ln vhfch onll N, 1s produced). HacGregor (1972) suggested

that bfologfcal denltrlficatfon has occurred uhen the N-I5 content ln

NrO and N, fs the sane. In thfs study, the Zl5N enrfchnent values of

NrO and N2 at t0.52 afr porosfty nere rl¡noet ldentfcal (Teble 16). The

averege values over all depths vere 37.3 cnd 36.2 for NrO and N2, re-

tpectively. Thus, lt could be concluded thet N, uas derlved solely from

*Zo. The 15, 
"orla "na of the N2 was less then that of the ur"" -15ìi

(52.62) orlgfnally added. This fndfcates thst there Lra6 sone f6otoplc

dflutfon by nltrogen fron other Gources. Tuo posslble aources of unla-

belled N could have contrfbuted to thfs lsotoplc dflutfon of 15x.

Ffrstly, the NOr- orfgfnally present fn the sofl (25.8 pg N/g sofl near

the eurface decreaslng to 0.5 ¡re N/e soll ln the 50-60 cn layer) could

have dlluted Zl5u of NOr- derfved frosr urea (Table 16). Secondly, nin-

eralfzetfon of organfc-N could heve dfluted l5N of ut"" derfved NO3



Inftfal concentratfon of NO.-, percentage of N-]5 ln N,, and N.o durlng
fncubetfon of sofl columns (three levelÀ of afr porosfÉy) ultÉ 2oo p¡"

urea-N/g sofl, at zOoC.

Sol t NO^--N
J

t
depth conc.

(Nz ) (Nzo) (Nz ) (Nz )--ã; --õ;t;-; ;;;;-:::-:--::-:- -;;;::-::--:-:-:-:::- 
---

TABLE 16

8.52
Alr poroslty

o- 5 25,6

5-10 t9.7

r0-r5 12.5

l5-20 9.5

20-30 6.6

3140 3 .3

4150 1.0

50-60 0.5

N-l 5

t0.52
Alr poroslty

22.8

22.t

2r,7

2t.5

21.5

21.2

2L.2

N-1 5

t6.22
Af r poros fty

99

34.7

35.3

36. 9

42.L

N-l 5

Ave ra ge

34.3

34. 3

37 .2

39.1

r Orlgf nal Concentratfon

1.I.2

38 .7

39.2

2L.7 37 ,3 36.2 39.7
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In elther cese, naxlmurn fsotoplc dllutfon of lnor¡anlc N <Jerfvecl frorr

urea should have occurred near the surface. Therefore, one nould expect

that Zl5to of li, dertved f ror¡ the deni trf f lcarlon zone of lO-20 crn (ar an

afr porosfty of 8.52) have been louer rhen zl5x of N, derlved fror rhe

40-50 cn layer at 16.22 alr poroslty. The averape values uere, fn fact,

21.7 and 39.77,, respect fvely.

4.3 CoLtrHN STUDY (EXPERIHENT 3): EFFECT
DETiITRIFICATIOft* Ili S0IL COLLTMNS.

4.3.1 Inorganfe-N Dletrfbutlon

At the end of fncubatlon perlod fn the 0-5 cn layer ll3 and 190 pp

NOr--N/g soll r,ere recovered 1n the 50 and 100 pg NOr--N/e sotl trear-

nents, respectlvely (Table l7). These values exceeded that r¡hfch was

expected fro¡¡ 50 and 100 Ìrp lì/g sotl edrled as NaNO, plus rhe 25 pe t;/f

sofl of NO, ortFlnally present fn thls layer. The accunulatlon of liOr-

fn amounts fn excess of that added fndfcetes that nfneralfzation of or-

panlc-N took place fn the 0-5 cm layer. A snall anount of ìiOr- couLd

have also rnoved fnto the 0-5 cn layer fron e greater depth as r.rster eva-

porated. In the 15-20 cm layer 25.4 ¡rS N/e sofl uas recovered as liOr-

fn the l0O pg li/g sotl treatment. However, the addecl NO, almost cor-

pletely dfsappeared (3.3 pg N/p sofl remalned) ln the 50 pg N/p sofl

treetnent fn the l5-20 cn layer. In both treatn€nt6 NO2 accunuletion

ttas 6'Èill and at the en<l of lncubatlon the lù0.l concentratfon dici not

exceed 2.0 ye N/g sotl.

Inorganfc-N dlstrlbutfon where ìü0, at the rate of 2OO pg N/¿ so1l

uas unlfornly nfxed fn the 0-20 cn layer of soil colusrns at 10.5i air

porosfty and shere columns uere lncubated for perfods rangfn¡ from 3 to

OF I.II]TATE CONCENIR.ATTON OIç



Concentrstfonr of
trested vlth 50 ¡re

no3

NO" _and N0,
_Nó" -t-r/g eôt I
-N/¡ sofl (16

Sol I depth

TABLE I7

(cn)

0-5

5-r 0

lo-l 5

t5-20

20-30

fn aof I colusns ( 10.52 af r poros fty )(12 days of lncuberton) and l0O pr
days of fncubsrfon).

50 pe/e sofl 100 yele eofl
treBttrent

It3.6

93.2

44.1

3.3

1.2

treatElent

0.8

o.7

1.0

0.9
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190.8

139 .4

89.6

25.4

-li

0.5 3.8

0.5

0.6

t.2

t.2

0.7
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9 days is shown fn Table 18. Thc revel of NOr- near rlre surface (24H pi\

N/g sof I a f ter 9 days ) exceeded the amount on ll0, added . Tl¡is cr.¡ulcl

have becn due both to ninerallza¡1on of organic li and to convecrive flc¡r-,

of soil u¡ater resultin¿ fron surface evaporation. In the ZO-30 crr 1ayer

thcre were l6 ¡:g I'J/g so1l af ter 3 days incuÌ.¡ation and the ar,ount re-
rrained unchanged drrrin¡,9 days of fncubation. ln thc 200 Fu ti/¡i soll

treatnent as fn the 50 and 100 ¡rg N/g soll treat.nents, naxinun disap_

Pearancp of lJt)3- was obscrved ln thc l5-20 cnr layer u¡lrer c tlrc lio, con-

centration dropped t<¡ 96 lrt ll/g soil after 9 days of incubarion.

Hore |iOr- accumuÌaÈcd in tlre so11 colrrnìn containÍnB 200 pg ÌiO, -ill¡;
soil (Table ls) tl¡an i¡¡ tlre colunns conraining 50 and l0u ¡r¡; lJO, -lllt;
soil (Table 17). The NOr- r¡l¡iclr was f ound in the 15-20 cn layer disa¡r-

peared gradually. The anounrs of lio, in tlre 15-20 cn laycr were 2g.6,

2l.l and t3'l pt N/¡i soil after 3,5 and 9 days incubarion, respeccive-

ly. In the 20-25 crr layer (anaerobic conditions) the n'0, was prese¡r

after 3 days but l¡ad alnost conpletely disappeared by the gtlr day. Tlre

pll values of the soil below l5 cn deprh were grearer than 6.g (Tabre l).
Tlre disapperance of lior- in Ëhe anaerobic solls at a neucral ancj alka-

line plt was relared to biorogical acriviry (Reuss and snrir.h, 1965; tsol-

lag et al., L973>. Houever, at sharrower nore aerobic layer (0-15 crr)

N0, accutnulated slowly Èltroughout the 9 days of incubation. The accu-

r¡uÌation of sr.¡all allounts of llOr- in 0-15 crn layer (aerobic conditiou)
was not knovn, but nay have been due to diffusion fron the zone of naxi-
nun productÍon (15-20 cn layer).
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TABLE I8

Concentrstfons of NO"- and NOr- durln¡ lncubetlon of sofl cglumns (tO-:52
atr porosfti) rrtrh 2óo ys N/e sofl as NaNOr, !r ZOoc.

Sofl
depth

(Cn) - -;;:;;:r.;J:::_:,::--_(pg/p. Sôff )___-;ì:-___-_

0-5 219.6 0.¿ 238.9 3.1 218.7 5.9

5-10 222.6 4.2 231.3 17.8 242.6 19.23

lrl5 209.5 9.5 2ll.t 9.5 2r7.9 14.0

15-20 t75.8 28.6 1ss.7 2l.l 96.3 13.1

20-25 16.0 t9.2 16.0 lt.o 15.5 2.2

25-30 0.5 5.3 2.r 0.1 0,7 0.1

N03 -N

3 days

N02 -N NO3 -N

5 days

NO2 -N N03 -¡i

9 days

N02 -lì



1041.3.2 Oxygen ¡nd Carbon Dloxfde Dtstrlbutlon.
the concentratlon proffles of O, and Co, obtalned wl¡en 50 ps N/¡; sr.rilas NaNo, ¡rere unlfornly s¡rxcd 

'n 
thc 0-20 cnr rayer are shosn ln F1g. lg.

Oxy¡;en concentratio¡r data r¡ere averaged over 7 days of lncubatfon (dot_
ted lf ¡¡e). The calcula tcd ¡;tcady state 0, concentration profile (solic.j
lf ne) uas obtaf ncd by usf ng Eq. (5a¡ ,r an air poroslty of ro.y(. 

'l¡eO, concentratlon decreased ufth sofl deptlr fron 7.5 pr.role/nl ln tlrc 0_5
cn layer to ress than r pnore/nr in the rs-20 cn layór. Hâxinun accunu_
la¡lon of C0, aftcr 1.5 days lncubatfon rras 4.5 ¡rnole/u¡l and was <.¡b_
served fn the 15-20 cn layer. Tl¡e naxlnun accunu]ation of Co
uith tncubarion durarion and reached a vatue 20.1 ¡rnol"r"r::.":";".";.
inc'¡batfon rereinfnli at thar level for 7 days. Carbon dioxide concer¡_
tratfon after 3 days of lncubation decreased slrarply toward r,l¡c soil
surf ace and tor¡ard the inperncable layer. I¡ ls obvious f ror"r Fi¡;. l9that tl¡e concent¡.at ion ,.tI C,, in tl¡e, ?._31¡ crr l'¡,er never excecdeC tl¡at
in tl¡e i5-20 cn rayer. Ì'<.rr exar:r¡rre, tlre c0, accurruraÈion af cer 3 days
incubation was 7.0 ¡rnole/nl in tl¡e 2o_30 cn layer. This was Lowcr Èlran
naxfnunr accunuration of 20.r ynore/nr tn tl¡e l5-20 cn layer. ,ouevcr,
after 7 days of rncubatlon the co, accunulation 

'n 
tr¡e 20_30 crr rayer

had nearry doubred (13 pnole /nr). Therefore, tt rs possible rhat co.,
accumulation ln the anaerobfc laycr resulted prlrnrlly fron diffusion 

'fC0, frcr the zone of maxinurr accurrulatlon.
cerbon dfoxrde productron rn the anaerobic zone courd have rcsurrcd

fron lJ,r- or the lntermedlates of denltrrffcatfon, sucrr as, Ìro, or Nr,,
replaclng the 0, es a ternlnal electron acceptor rn tl¡e oxr¡Jatfon of or-
ganf c Datter to C0, (lllJler and Delwiche, 1954). Hovever, 

'tl¡e 
race of
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column (lO.52 afr porosfty), at áOoC, wfth 50 pg Nor--N/e
aoll.



CO, productlon vfa thls nechanfsu nould have been

of C0, productfon under aeroblc condltfons (Cho,

been at least pertlally responslble for the louer

the anaerobfc layer (20-30 cur) than ln the aerobl

(15-20 cn) fn thlr trearDenr.

No attenpt uas ¡ade to predict CO2 dfstrlbutfon as a functfon of sofl

depth. The C0, concentratfon proffle uould have been hsrd to predfct

u¡thernatlcally stnce et the depth of rero O, concentratfon fn r¡hich the

flux of 0, uould have been practfcally zero, the CO, flux nould not have

been zero and there uould have alvays been a drfving force (concentra-

tlon gradfent) causfng co2 to dfffuse belor¿ thfs zone .

The oeasured 0, concentrstfon proffle for the eoll colusrn treated

rrtth lo0 ¡rg NOr--N/g sofl (10.52 afr porosfry and 2ooc¡ shown fn Fig. 20

uas con6tructed fron O, concentratlons whlch had been averaged over the

perfod of 3-8 days. The proflle of calculated Btesdy state O, concen-

tratfon uhfch also appears ln Ffg. 20 uas slfghtly less then the sreas-

ured proflle. For example, the calculated zero O, concentratfon occur-

red at 25 cD for 20oC and 10.57 etr porosity (Teble 8). However, the

neasured 0, concentratlon ¡ras 0.5 ¡rurole /nl tn the 20-30 cn layer. such

a slfght varfatlon could heve been related to the fnftfal 0, dfstrfbu-

tfon (efter 3 or 4 days) nbfch possfbly had not reeched steady 6tere.

HaxLnun accunulatfon of CO2 tn the t5-20 cur layer tlas fncreesed wlth ln-

cubatlon duratfon. An fncrease ln CO, concentrstfon of I ¡rurole/srl was

observed ln the 20-30 cn layer durfng the ffrst 3 days of lncubarfon.

the C0, concentratfon fn the 20-30 cn layer lncreased to a value elmosr

ldentfcal to the uraxlnulì lccuuulatlon ln the l5-20 cur layer. There r¿as

106
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soDe lccuEulstfon of c0, below the 20 crn layer, lfkely resurtfng frorn e

dounuerd dfffusfve flux of Co, fron the aerobfc-anaeroblc fnterfece.

Sooe CO, also oay heve been produced by anaerobfc resptratfon wlth NO,

¡nd/or NrO utfllzed as the O, Bource.

The concentratfon proflles of O, and CO2 tn colunns recelvlng 200 ¡:e

N/g sofl as NaNO3 unfforurly nfxed fn the 0-20 cn layer are shou¡n fn Ftg.

21. The alr porosfty of 10.52 ues the esne as fn the 50 end l0o ¡re N/e

toll trcåttDentÉ. The neasured values of o, concentråtfon uere averaged

over the perfod of 3-7 days. As ufth the 100 ¡rg N/g eofl rrearnenr,

there Has I slfght dlscrepancy betr¿een the neaeured O, proftle and the

calculated proflle. The trend of C0, dfstrfbutfon for dffferent fncuba-

tfon tfne6 ues slfghtly dffferent wfth thl6 treåtnent (200 pg li/g sofl)

than for the 50 or 100 pS N/g soll treâtment after 3 days of fncubarfon.

the naxfmum accunuletfon of Co, fn the 200 ps N/g sotl treatuìent uas

slfghtly lower (17 ¡rnole/srl after 3 days fn the 15-20 crn layer) than tn

colunns recefvtng less Nor-. Thls value dld not change nuch after 5

days of lncubatfon for the 200 pg N/g eoll treatment. After 7 days of

lncubatfon oaxlurutr sccuoìulatfon of CO, shtfted to I greater depth. Car-

bon dloxfde concentratfon lncreased approxfDately 10 ¡rurole/ml between 5

and 7 days fncubatfon, wtth the Co, accunuletlon reachfng 28 purole/ml ln
the 20-30 esr layer. Thts ehfft the nexlnun eccur¡ulatlon of CO, ro s

Sreater depth could have resulted fron soure C0, productfon oeeurrfng et

the greater depth due to the presence of NOr- and Nro uhlch uere trans-

ported deeper due to a hfgh concentratfon gredfent ln the 200 pe N/e

roll treatnent" A efgnfffcant enount of NOr- (f6 pg N/g sotl) sas ob-

aerved only ufth the 200 pg N/S eoll treatlìent ln the 20-25 cn layer
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(labte l8). thus,

lop the 20 co depth

¡ofl trertDent6.

4.3.3 fltrc¡¡ gllde _t¡l N,6a¡ Dfstrlbutlon.-- -u
The nexltruur acculrulatlon of N2O fn the 50 pg NOr--N/g eofl trearnenr

efter 3 days fncubetfon vas 10.2 pe N/g sotl and occurred fn the 15-20

cu layer (Flg.22)' At four days of fncubatfon the naxlnuo accumularlon

of NrO uas stfll ln the 15-20 csr layer end lncreased further to 20.0 pg

N/g sofl. Hcrsvs¡, locetfon of uaxlousr accusuletton noved toward the

coll surface after 4 days. At 7 and 9 days of lncubatfon the uaxinurn

accuurulatfon occurred ln the 10-15 cur layer ulth peak values of 9.1 and

2.3 P8 N/g aofl, respectfvely. By 12 days of fncubatfon all the N2O hed

dlsappeared. The shfft fn the locatfon of aaxluun accuuruletfon touard

the soll aurfece durfng dfsappeårance of Nro could have resulted from

the lor¿ level of NOr- near the depth of fnltlel ¡exfou¡ì eccurrulatfon of

N¿O (15-20 cn layer). the lov level of NOr- near the ¿one of denfrrlff-
catfon uould cau6e N2o to be a naJor e- acceptor. Cho and Sakdfnan

(1978) and xhdyer (1978) found thar a hfgh rate of Nro reducrfon and

productlon of Nn fn tvo ìlenitobe solls fn closed ByEtenE vas related to¿

lon NOr- concentratlon. Thus, N2o near and belos the zone of denftrfff-
catlon ues lfkely reduced to N, shlle that ebove the ¿one uas rtable due

to the prerence of Or. Such a non-8),trnetrfc consunptlon of NrO from the

center of lts productfon vould have caused a shfftfng fn the peak touard

the aoll eurface.

r greâter contrlbutf

ur6 cxpected fn the

ll0

on of NO3- to CO, productlon be-

200 than ln the 50 or 100 pg N/g
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llaxfmurr N, accunulatlon uas observcd at the sarre depth as naxftrun iJru

eccunulation at 3 and 4 days of lncr¡batfon (l.l¡l . Z3). îhis Inclicares
that the N, uas produced locally due to r{ro reductfon. The conversion
of lJro to N2 uas found to be of blologlcal cause (cady and ljarthr.rronew,

1960; ìlcGarity, l96l; Bollag et a1.., t973). As was 6l¡or.,n earlfer, rlre
naxinun co, levcl vas also observed at tlrc deptlr of maxinun llro accunu-
latlon. Tlrus, a very snarl contributron via nro reduction to co, pro_
duction at Sreater deptlrs p<¡uld have been expecred rrirh this Ercatncnt,
50 FS l.,r--ìi/s soil (ri¡¡. t9). There lras no shift 1n rhe locarion of
naxirnun N, accunulation ¡tfth titre. The naxinun concentration of li, re-
nained in tl¡e r5-2o cn layer, rncreasing fro¡¡ 15.5 p¡; ri/g soil ar 4

days to 35'2 l¡8 N/g soil at 7 days of lncubation. This fncrease occurred
during the sane stag,e of incubat,ion as the rapld decre¿¡sc in ilro. uur-
lng this period the rJro naxinun decreased f r<¡¡.¡ 20.0 r¿, ì,J/E, soil at 4

days of fncubation to 9.1 ps N/g soir at 7 days of fncubatÍon. The naxi-
nun concentrarron of N, lncreased only srtghtry to 37 pglg soil ar g

days of fncubatio¡¡.

The liro prof1]es in rl¡e sofl corr¡nns recerving r00 p8 lio3 -t/g sr¡il
at' 3' 4' 9 and lO days Íncubatfon are shou¡n in Fig. 24. The lJro distri-
butlon at 3 and 4 days were alnost fdenÈlcal to that ln soil. receivin¡;
50 Pg NOr--lJ/s soll. Tl¡e maxinun accumulatlon of ìriro occurred in tl¡e

15-20 cn layer and was 8.9 and 21.9 Fg N/g sofr for 3 and 4 days of in-
cubatlon' respectivery, armost rdentfcar to the var.ues in the 50 pg ri/g
soil treatment durrng tl¡e sane period of tine (see Flgs. 22 and 24).
Thus, lJro distrrbutlon ln the soll colunn uas lndcpendant of..the initial
concentratlo¡¡ of No, as rong as conplete depletfon of Nor- did not oc-
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cur. Honever, durfng later stages of lncubatfon NrO dfstrfbutfon fn the

coluon rccelvlng 100 pg NO3--N/8 eofl dfffercd frosr that ln eoll recelv-

fttg 50 ¡re N/s soll. In the f00 ps N/g aofl trertn€nt the nexlnun eccuuru-

latton fn the 15-20 cn layer persfsted after the 4th day of tncubatlon,

decreaslng only elfghtly fron 21.9 pg N/g soll at the 4th dey to 19 pF

N/g aofl et the 9th day. the uaxlnun accunulatlons of Nro uere 16.6 and

9.7 Pa N/g aotl for lncubatlon perfods of lO and 12 days, respectively

(results of l2th day uere not drawn fn Ffg. 24), there ua6 no shfft 1n

the ¡axfuun peak touard the sofl eurface fn the 100 pg N/g eofl treer-

Eent even efter there uas t decrease fn NrO concentratlon. It was not

untfl 16 days of fncubetfon that all of the N2o had dfsappeared.

Haxfurun N, accuurulatton wfth the 50 pg NOr--N/e eofl treatnent occur-

red at the eane depth as naxfsrun NrO accunulatlon (15-20 cn). However,

ln the cofl colunn recefvlng lO0 ¡rg NOr--N/e sofl the locatfon of the

naxlurusr concentretfon of N, renelned fn the 20-30 cn layer throughout

the fncubatfon (Flg. 25). the naxfnun lccutrulatlon of N, uas very low

(2.6 pg N/S gofl) at the 3rd day of fncubatfon but ft fncreased rrfth

tfrte. The lncrease fn N, accuurulatlon after the thfrd day of lncubatfon

ln the 20-30 cn layer could have been related to the NrO accuouletfon

whfch uas observed durfng the eane perfod of tlne fn the 15-20 cu layer.

Dlffusfon of NrO downsard fron the depth of uaxl¡luo accunulatfon uould

have led to N, accunuletfon as NrO rould have been further reduced to

N2. Nltrate rnd NrO are known to cotrpete aa electron acceptors. The re-

ductlon of Nro to N2 fn the prcsence of NOr- fs governed by a nunber of

f¡ctors, luch as NOr- conccntratfon and pH (Cho and Sakdlnan, f978).

theae euthoro concludcd that there eas I delayed and eloner rate of N,
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reductfon vtth ¡n lncrease fn Nor- concentratfon. Thus, e relatlvely

hfeh Nor- conc?ntretfon tn the 15-20 c¡n layer vlth I00 pe N/g sofl as

conpared to 50 pg N/g sofl treatoent rt cnd of lncubatlon (aee Table 17)

¡¡lves lndfrect ct¡ldence that N2O ue6 not lsrnediately reduced at the 61te

of for¡retfon. Dounward dfffuefon of NrO uould have also led to a high

C0, aceuoulatfon rt I Breater depth es NrO uas further reduced (see F1g.

20).

Concentrstfon of NrO at varylng depths ln eoil coluun recefvlng 200

¡rg NOr--N/g soil after 31 4, 6, 13 and 14 days lncubatfon are shoun fn

Ffg. 26. At 3 days of fncubetfon the naxfnun concentratlon of Nro ras

9.8 pP N/g sofl and occurred ln the t5-20 cn layer. Thfs oaxfnun value

lncreased to 15.4 pg N/g sofl by the next day but dropped slowly to

11.0, 10.0 and 7.7 Vg N/g soll at 6, 13 and 14 days of lncubatlon, re-

sPectlvely. The rate of further NrO dfsappearance ua6 elow and ft was

not untfl 22 days that NrO conpletely dfsappeared. Although NrO per-

sfsted for a longer perlod of ttne (22 days fn the 200 pg N/g eotl

treat¡nent aE courpared to 16 days fn the 100 pe N/g sofl treatnent), the

naxfout¡ NrO accunulatfon was lor¿er et the earlfer Btsges fn sofl recefv-

fng 200 ps No3--N/g aofl. The loner accu¡ulatfon of Nro fn the eofl re-

cefvlng 200 pg N/g sofl aay have been releted to the eccuurulatfon of

NOr- tn the denttrlflcatfon zone (lable 18). No auch accuoulatfon of

NOr- took place fn the 50 end fOO pg N/g sofl treatnente (lable l7).

Thfs obeervatlon fs consfstent nfth the report of Cho and Mflls (1979),

rho found that the lnftfel rate of NrO foruatlon, es descrlbed by co!ìpe-

tltlve Hlchaella-Henton type Gnz)'De kfnetlc6, wes slower uhen NOr- accu-

aulated. Thus, tt could be ruggested that the fomatlon rste of N2O
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frour one etep reductlon (No3---->N2o) rrlthout N0, accumuletlon should

b€ hlgher than the foruatlon rate of NrO frosr teo Bteps reductfon

(NOg----)NO2---->NrO) vf th NO2- accuu,ularf on.

Bafley and Beauchaurp ( 19734 ) concluded that fn Bysteurs cont af nf ng

both NOr- and NOr-, provlded there ls no NO2--fnduced fnhfbfrfon of den-

ftrfftcatfon, NO3 t s preferred to NOr- "" e- scceptor. Furthernore,

Cho end Sakdfnan (1978) reported that a hfah concenrrarfon of NO, and/

or NOr- caused a decrease fn the rate of Nro reductfon. In other words,

NOt- and NOr- uere preferred to Nro 
"" .- acceptors. thus, the accunu-

latfon of NOr- and Nor- ln the 15-20 co layer (Table lB) wourd have

caused I snaller rate of Nro reductfon. The for¡ed N2o, thus, had a

longer helf ltfe fn the presence of hlgh concentratfon of NOr- and NOr-

and ft could dfffuse dounuerd end be reduced further to N2 as fndlcated

by the naxlnun accu¡rulatfon of N, at I greeter depths fn the soll colur¡n

recefvlng 200 pg NO3--N/g sotl (Ffe. 27). The naxloun eccutrularion of

N, fncreased r¡1th tfure of fncubatlon. The lnftlal Daxftrusr N, accunula-

tfon (ffret 4 days) fn the 200 ¡re N/e eoll treartrenr occurred fn the

20-30 cn layer and uas the hfghest of the 3 treettrents (30 pg N/g sotl

ln the 200 Fg N/g soll conpared to Il and f5 pg N/g sofl fn the 100 and

50 pg N/g eotl treatnents, re6pectfvely).

Eent6, the value of N, accuuulatlon fn the 20-30 cn layer rrfth 200 pS

N/g eofl treatsrent ues double the naxlnu¡o value of NrO accunulation ln

the 15-20 csr layer fn the early stages of fncubatlon. Therefore, there

fc a posstbtlfty that N2 vas also produced fron the reductlon of NO,

and/or NOr- uhfch had accuurulated fn the anaerobfc zone. Also, there

sere relatlvely hfgh accunulatfons of NOr- and NO2- 1n the 20-25 cn

Unlfke the lou¡ NOâ treet-
5
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layer aÈ 4 days of lncubatfon fn tl¡e 200 Fg N/g sofl trearnrenc (Table
l8). sucl¡ observatfon6 provfde evfrrence that NO3-, HO2- or Ìr2o diffused
decp lnto the anaerobic zone to produce N, uhen the addftron of li(t,
lnto the aeroblc layer (0 to 20 cn) was hlgtr (200 ¡rS N/g sofl).

Thc fsoroplc composftron of Nro-rJ ancJ N, evorved durfng f¡rcubation of
N03--lJ is sl¡<¡r"n in Tabre 19. The average varues of ,rl5n in r,rro for l0
dffferent lncubatft¡n tlnes and over the sofl depths, were 45.g, 49.0 anri

48.5u for the sofr colunns incubatcd u¡ltl¡ 50, 100 and 2uu ys Nor_lil I
soll, respectivery. conparabre varues for the N, ue re 46.6, 47.7 and

48.92 for t'e 50, r00 and 200 pg rJ/g solr trear'ent', respecrivcry.
Since tl¡e values of Zl5x for ¡t ,0 and N, nere alnost lde¡tÈical and uere
close co zl5l, of trrc added rJO, (52.67.), ft uas concludcd that rirLr was

solely derived fron Nor--N and rio2 -¡¡ and uas mainry due to ttre bioro¡;i-
cal' rcductlon of Nu3 . values of tlre ll-15 content of ìiro evorved f ror:r

the 100 and 200 Pg Ìi/g soil treatnenc uere sllghtry hlgher tl¡an r,hose

from Êl¡e 50 l¡g ìü/s soil treatnent especially aE g,reater depths. Àrr.

values are slightly ress than tl¡e 52.62 N-r5 content of trre nitro¡,en
orlglnally added. Thls dlfference lra6 attributed to isotopic dilutÍon
bf NOr- orlginally presenr fn rhe eoll.



The N-I5 Ieontent: 
. of NrO and N, evolved from sof I colum¡rs fncubat.ed¡¡f rh varlt ng arpünrs of addea l;ór._¡.

ÎABLE I9

Sof I
depth Added

(cn ) No---ti
Qs/í' aoll )

5-t 0
l0-15
I 5-20
2Þ25

t*
N-t 5
(z)

Nzo

Ave rage

50 47 .l 47 .Z Z.O t.t150 45.3 A(j.3 l.O t.550 45.0 47.1 2.3 r.0

5-r 0
l0-15
t 5-20
20-25

722

50

S tsnda rd
devfatfon

Nzo NeNz

Ave rage

t00 47.7
100
100
100

5-l 0
l0-15
I 5-20

45.8 46,6

*t

Avera¡e velue of N-t5r, for ro dffferent days of rncubarion.
Percent N-I5 of added NOr- uas SZ.6Z,.

20-25 200

45,6

49.4 47.t 0.6 1.949.9 49.7 0.3 1.5

Ave rage

200
200
200

44 .O 2.5 0.2

49.O 47.7

46.3 49.00 4.9 1.048.8 45.8 t.5 2.649.8 49.6 1.3 2.648.9 5t.o 1.7 t.3

49.8

2.O

48. 5 48.9

0.4



the uafn obJectlve of thls fnvesttgatfon eas to deternlne the loca-

tfon ¡nd oagnftude of denftrfffcatfon wfthfn I reconstltuted column of

l'lelluood sofl as affected by aofl nofsture and nftrogeneour Deterlals

added. The stabllfty of both nJtrfffcatfon products and added Nor- ln
the aeroblc layer and also the transport of NO, fnto the aneerobfc lay-
er wfth the forsratlon of gs6eous denltrlffcatlon products uere followed.

Tr¡o klnds of lnvestlgstfon6 rrere underteken. Firstly, eofl sanrples

taken fron varyfng depths up to 60 cur fn e l{ellwood eofl uere fncubated

fn closed contsfners wfth afr atnospheres for varfous perlods of tfme

slth varlous nolÊture contents and tenpersture6. Oxygen con6unptlon and

CO, Productlon r¡ere folloved as a functfon of tfne. thls provfded fn-
fonratlon regarding the rate of O, consunptfon as related to soil depth

and ¡lofBture content. Thfs lnfor¡ratfon uas used to predfct the stesdy-

ttate O, concentratlon proffle at different afr porosftfes, snd to estl-
Dste the apparent thfckness of the eurface aerobfc layer es related to

afr porosfty and tenperature. Secondly, ctudfeÊ uere conducted vlth
colunns of tlellwood eoll to deternfne the effect of the O, concentrarion

proflles on the zone of denltrfffcatfon. the sofl earrples were packed

to reconsftftute the orlgfnal eofl ss lt occurred tn the fleld. Butk

dcnslty and trofsture content of the aoll colutrns Here varled to provfde

dffferent afr porosfrfeE (f.e. 2s.6,16.2, lo.5 and g.5z). The N-t5 en-

SI.'H}IÂRY AIÍD CONCLUSIONS

Chapter V
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rlched urea uas nÍxed unfforurly throughout the sofl colutrns at I rste of

200 pg N/e sofl. Addftfonal studie6 nere conducted ufth sofl colunns ln

order to deterofne the effect of NO^- concentratlon on the vertlcal dfs-
5

trfbutfon of varlous Bases resultlng, frorn NOo- reductlon. An afr poros-
J

Ity of 10.52 uss chosen resultfng fn an apparent surface eerobic layer

20 cn fn thfckness. The N-15 enrlched NOo- (et retes of 50, l0O and 200
J

pg N/g eofl) ees trlxed uniforurly ln the aerobfc layer of so1l colurnn

(0-20 cn).

The results obtafned fron the closed systerr fndlcated thst the 0,

consumptfon rate (OCR) lncreased lfnearly wfth an fncrease fn solI srofs-

ture content fron 2.5 to 202. For nost sofl saurples the DaxftruÐ OCR r¿as

observed at a 202 Lrater content end dld not change as the noisture con-

tent Lras fncreased to 302. Carbon dloxlde productlon rate follor¡ed a

efurller pattern for the sene srolsture range. The rn¡xlnun OCR and C0,

productfon rate (at 252 nof6ture) plotted as functfons of sofl depth fn-

dfcated that these rate6 decreased exponentfaly wfth sofl depth at tenp-

eratures range betr¡een 20 and 4OoC.

The tenperature dependency of respfratlon a6 ueasured by the OCR and

the CO, productfon rate fndlceted that the threshold teoperature for

resplratfon L'as approxfrrately 3oC. the respfratfon over the tenperature

range froo 20 to 40oC obeyed the Arrhenlus equatfon wlth actfvatlon en-

ergles of 8264 + 741 cal/nole for the 0, consumptfon rete and 6877 + 373

cal/nole for the CO, productfon rete.

A ateady ttete O, concentratfon proffle ¡ras establfshed after 7 days

of fncubatfon fn the colunn etudies. At an afr poroslty of 25.67 02

penetrated to the botton of the sofl colunn (60 cn). Thls was not the
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ceEe et lor¡er efr porosftles vhere there was always a depth at whicl¡ t¡c
0, concentratlon approached zero (**). The oCR as related to soll deptlr
(closed lncubation study) and xt (colunn study) r¡ere used to estlr¡,arc

tlte dlfft¡sforr coefflcrent of o, at speciflc afr porosltles end fncuba-
tfon ßenperaturcE. the val.ues of x* and o" dlffusion coefffcient in-¿

creased ulth fncrcasin¡¡ afr porosfty. The estlnated dlffusfon coeffi-
clent rras used to predlct tl¡e 0, concentratfon profire. The parar,eter,
tx r¡hlch was essuned to be governed by the capacfty of soil profile for

o, consunptfon uas used to calcurate the flux of a, throu¡;h the s.ir
surface (9o)' Tl¡1s flux (go) fncreased with lncreasrng, fncubatron tenp-
erature and lncreasfng air porosity. Increasing the tenperature causecj

a hlgher biological o, denand and fncreasing air porosfty caused a

Sreater 02 penetration into the soil profile.
Inorganfc- li dÍstribution ln the soil colun¡l fn ul¡icl¡ urea haci been

unifornly nfxcd throughout tl¡e soll colunn lndiceted that hydrolysis of
urea took place L¡iÈhln tl¡e ffrst ueek, lndicatlng that. urease accivity
uas probably independent of o, concentratlon. Tl¡e nitrogerr uas recov-
ered as amnonlun both above and belou tl¡e zone of **. persistence of

Nll4' uas observed at Hrea[er depths cspecially at higlr bulk dcnsity.
Accumulatl0n of NO, vas nor apprcclabre ar hlgh (25.6,;) and row (10.5;1)

air porositie6. However, st 16.z'; air porosity there ua5, a larger accu-

nulatlon of l'lor- and 1t persfsted for a ronger tfsrc. lÞspire tl¡is accu-

nulatlon of llor-, loss of nltrogen by chenical denfrrfffcation did nor

occur' There HaE a large accumulatfon of lrì0, near the soiÌ surface at

16.22 atr porosity (251 mofsture contenÈ). on tl¡e otl¡cr -hand, onr1,

snall anounts of No, and No, vere found near tl¡e **. This to¡;ctlrer
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vlth tl¡e persistence of ar.uronfun near thc anaeroblc layer indicated tl¡ar
.+the lùll. uaa not oxldlzcd to N0, near the reduced zone.

there ¡¡as no evfdence of N, or Nro fomatlon 1n tlre sofl cc¡lunn Ìrav-

fng, an air poroslty of 25.62. llowever, denl¡rtfication of ti()3 dcriverj

fron urea-N vas evldent at lor¿er afr porosltle6 as lndicated Uy NZ accu-

nulatlon. Tlrc depth of naxfnun accurruLatfon of lJ, (zone of denitrlfica-
tlon) uas related to alr porosity and r.ras observed at shallover deprhs

as air porosf ty decreased. Tl¡c maxinur¡ accunulaÈion of ll2 did t¡ut cx-

ceed 2.Ú Pg li/g so1l for any of tl¡e poroslty trea[nenLs. Ttris cou]d

have been rclated to lov nitriffcatlon activlty near tl¡e x* (low ho,

accunulation). Nitrous oxide uas detected only ln the colun¡¡ lraving an

air porosity of 10.5i: and even l¡ere jt dld not appear until 5 uceks of

fncubation.

Inorganic-¡; distrlbution in soll colunns ln uhich llO, was uniforrrly

nixed fn tl¡e 0-20 cnr layer indicated that very llttle liOr--N accu¡rul.ared

wl¡en the co¡lcentrations of ap¡rli, d NOJ--ll r",erc 5(r antl 100 ¡t ì./il soil.
llouever, witlr 200 pl; li03 -Ì:/B soil , a lri¡,lrcr accurrulation of ltor- occrrr-

red in tl¡c l5-25 crr layer. Unl.fke tl¡e 50 and ¡00 l.rt ll/g soil rrearrìenLs

a signlficant anount of Ìlo, fron the 200 1rg N/s soil. nixed in tl¡e 0-20

cr.r layer uras recovered et greater depths ( 20-25 cn) .

Both Nro and N, nere produced fn the llo, treated soil columns. Thc

fsotope contents of tl¡ese g,ases fndicated tl¡at they uere derived fron

li0^ . ìl,axinun---3 , NrO productlon uas obscrved ln the depth at uhich 02 was

depleted (near the x*). The lnftlal NrO distributfon ln the soll colunn

was unaffected by the lnitlal concentratlon of li0r--N vl¡en there uas no

r'raJor ll0, accumulatfon. There ves a slrfft fn the deptlr of ¡naxinun lJru

accunulation toward the soll ¡urface for the lonest ll0r- treaÈne¡¡t.



Thf s ahf ft ua6 probebl y related

productlon of NrO due to coBpetftlon

ua6 not unfforur n"", r*.

ìlaxlsru¡n accuuulatlons of NrO and N, f or the 50 ¡re N0, -N/f sof I

trestnent vere observed fn the 6ane zone lnear x*¡ nhfch lndfcetes that

the N, uas produced locally by NrO reductlon. Houever, when 100 end 200

ye NOr--N/g eoll Ltere epplfed the naxfnun N, accunulatlon occurred at

prester depths, fndfcetfng that only a enall arnount of NrO r.las reduced

et the zone of productlon, and nost of the N2O dfffused dor¿nward and re-

duced further to N2. Another possfble ceu6e for accusrulatfon of N, at

grester depths could have been the reductfon of NOr- and NOr- uhich ec-

cunulated below the aerobic layer fn the hfsh NOr- treatment. As wlth

N2, naxfnun accunuletfon of C0, occurred near the aeroblc-anaerobfc 1n-

terface (zone of naxfoun accunulatfon of NrO) ln the lor¿est NO3 treat-

Dent. Hor¿ever, ln hfgh NOr- treatnents the zone of naxlsrun CO, accumu-

letfon r¡as observed at grester depths (20-30 cn), lndfcatfng that the

contrfbutlon of NrO and fnorganfc nftrogen (NOg and NOr-) to CO, Pro-

ductfon r¡as hfgher fn hfsh NOr- treattrents.

The followlng concluslons can be drau¡ frosr the lnvestlgatlon;

L27

to an esynnet rf c reduct f on and

bf NOr-, the concentrstfon of uhlch

l. llaxfrouut resplratfon actfvfty occurred uhen the nofsture content

of the Llellwood eoll ueed ln these lnvestfgatfons nes near ffeld

eapaclty. the respfratfon ectfvlty decreased lfnearly wlth de-

creasfng nofEture content belov fleld capasfty.

Threshold teuperature for respfratfon sctfvlty uas approxlurately

3oC and ft obeyed the Arrhenfus equatlon over a tenPeratures

range frour 20 to 4Ooc.

2.
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3. Af r porosf ty and respf ratJ.''ì sctf vlty were the rrost f rnPortant

factors controllfng, the depth of the oxldlzed zone and 0t flux

lnto toll colunns.

11. The 0^ dlffusfon coefffcfent fn eoll colunns could be deternlned
¿

frosr ßhe depth of the apPsrent aerobfc layer for e stea<ìy-6tete

02 proffle.

5. Plecenent of NH,+-yleldfng fertflfzer belor., the zone of aeroblc-
4

anseroblc fnterfgce decreased the rate of lts oxidatlon to liOr-

and NO^- and hence the danger of loss by denltrfffcetfon. The
¿

depth of s¡sxl.rlum accumulaÈfon of N, (denftrfflcatfon zone) occur-

red near the aerobfc-enaerobfc fnterface. Thfs zone occurred et a

greater depth as afr porosfty nas fncreased and as fncubatfon

tenpersture uas decreased.

6. tJhen NO,--N uas unfformly nlxed ln the eurface aerobfc layer, the

everage posltlon of NOr- reductfon and N^O fornatlon was near the3¿
aeroblc-anaerobic fnterfece. However' because NO' and Nn0 lfke-5¿
ly courpeted es e acceptors, reductfon of NrO to N2 uas probaL'ly

governed by the local concentrstfon of NOr-. lJhen there ues a
5

low NOo- concentratfon, the Positfon of N.O reductfon uas near- -3 ¿

the aerobfc-eneerobic fnterfsce. On the other hand, when the

concentratfon of added NOr- was hfgh, NrO reductfon occurred at a

greater depth. Thfs change fn the posftfon of NrO reductlon due

to a chan¿e fn NOr- concentratfon affected the probable N.O flux-3 ', ¿

fron the eofl eurface, sfnce the naJorfty of NrO present above

the zone of reductlon uas stable and tended to dtffuse tor¡erd the

aofl aurface.
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In the ]owest NOz treatuent the rraxlnurn CO^ accunulation occur-J - --2 -'
red ln the aame rone as Nro or N, accusrulatlon. As the concen-

trstfon of added NOr- ues fncreased, nore N^O end NO^- ,"r"t 2- -"- "-3
transported deep to the anaerobfc zone for further reductfon.

Thfs contrfbuted to Co,' accuuulatlon causfng a shlft ln the rraxf-¿

nuo CO. accunulatfon to I greater depth.
z.
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Sofl mof6ture contentÊ
fnltial nofEture

Sof I

depth (co)

ÎABLE 20

durfng lncubatlon of
content of 237. end

0-5

5-l 0

t0-15

I 5-20

20-30

30-40

40-50

50-60

l0 days

sofl columns
afr poroslty

22.5

22.4

22.5

22.5

22.6

22.6

22.7

22.9

Mofsture (Z)

20 days

st 2OoC ulrh an
of 25.67.

140

22.3

22.2

22,7

22.6

22.6

22.7

22.7

22.7

30 days

22.2

22.4

22.4

22.5

22.5

22.4

22.3

22.4



Sofl oofsture contentr
lnltlal nolsture

Sof I
depth
( cs')

TABLE 2I

durfng fncubatfon
content of 252 and

u-5

5-10

I0-l 5

l5-20

20-30

30-40

40-50

50-60

20 days

24.1

24.5

24.3

24.3

24.t

24.11

24.1

24.5

of soi I co] u¡Dns at 2ooc wf th an
alr porosfty of to 16.27.

30 days

Hof sture (Z)

23.3

23.9

23.8

24.1

24.3

24.3

24.2

24.t

42 days

t¿t

22.9

23.6

24.t

24.2

24.1

24.2

24,2

24.2

52 days

22.8

23.6

2t .0

24.0

24.r

24.t

24.6

24.2



Sof I ¡rolsture contents
fnftfal nofBture

Sot I
dept h
(c¡t)

durl ng
cont ent

l112

TABLE 22

fncubatlon of sol1 columns at 20oC ufth an
of 302 and afr porosfty of to 10.52.

0-5

5 -10

l0-l 5

I 5-20

20-30

20 days

28.2

28,9

29.r

29.2

29.0

30 days

Hofsture (Z)

28.0

28. l

28.7

28.6

29.0

42 days

27.8

28 .0

28.3

28.2

28.2

52 days

27 .8

28.1

28. r

28.3

28.6



113

ÎABLE 23

Conccntr.tfon of O- rr rclltcd to ¡ofl dcpth durfng the lncubrtton of¡otl colu¡ns (8.5f rtr porortty) d;; róô ¡rg urea_N/¡ rotl, et 2OoC.

lfoe of fncubatfon (veek)

Sot I Average St¡nderddepth I 2 3 4 j 6 7 g devtarton(co)

0-5 5.03 3.26 ¿.8ó 3.89 6.02 6.55 6.45 7.s2 5.50 1.53

5-t0 0.95 ¡.07 0.60 0.55 0.69 l.o3 1.43 1.68 r.oo 0.39
10-15 0.41 0.39 0.45 o. l4 0.2¡ O.4O 0.68 O.5l o.4o o. 16

15-20 0.4t 0.32 0.25 0.34 0.28 0.3¿ 0.38 o.t7 o.3l o.o8

O, conccntretton
' (¡roole /ol )



Conccntrrtfon of Oâ.r rcl.tcd to tofl dcpth durln¡ the lncubetlon of
¡ofl coluans (lO.5f rtr pororfty) vfth 2Ob p¡ rrt."lN/g rotl, ¡t 20oC.

Sol I
dcpt h
(c¡)

IABLE 24

0-5 5.86 6.29

5-l 0 2.89 4.33

l0-r5 2.56 4.03

l5-20 1.50 2.ot,

20-30 0.37 0.13

Oâ conccnt rrt I on
' (poole/ol )

1l¡re of fncubatlon (scek)

6.57 7.58

4 ,9t1 5. l2

3.04 I .81

I .0ó | .25

0.07 0. t3

1t,t1

6.59 7.t9

4.40 5.44

2.9r 2.À8

t .50 I .13

0.1 8 0. 18

6.80 6.95

5.01 5.3r

2.32 2.72

I .31 I .71

0.20 0.13

Averâpe Standard
devl at lon

6.73 0.53

4.68 0.82

2.61 0.88

l.3t 0.56

0.17 0.08



Conccntrrtlon of 0, re
¡ofl coluuns (16.21 ¡tr

Sol I
dept h

(cu)

r¿l¡ted to roll depth durln¡ the lncubstlon of
pororfty) sfth 20ô ¡rg ut.":N/g toll, at 2Ooc.

1^BLE 25

0-5 5.99

5-r0 5.29

l0-15 3.57

l5-20 2.83

20-30 2.34

30-¿0 1.35

40-50 0.27

50-60 0. l8

Oâ conccntrrtlon
' (ynole/ol)

7.81 6.35

5.82 4 .93

3.61 4.19

2.t13 3.42

1.83 3.0ó

0.83 2.r0

0.2 r 0.40

0.rl 0.3¿

lfoe of lncubatlon (ueek)

7.59 7.08

5.80 6.27

4.85 4.63

3.16 3.01

2.25 2 .08

1.30 1.03

0.09 0.27

0.0¿ 0.04

t45

7.50 7.69

6.74 5.52

¿.83 t.Az

3.87 2.90

2.03 2 .03

0.95 1.00

0.20 0.3t

0.05 0. I I

Avcrrpe Standard
dcvl et I on

7.71 7.32

6.10 5.75

4.91 4.38

3.60 3. l5

2.3r 2.11

I .30 1.23

0.15 0.20

0. l0 0.12

0. ó0

0.65

0.5¿

0.46

0.17

0.¿0

0.08

0.t0


