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ABSTRACT

The formation and subsequent decomposition of nitrite after
gamma irradiation of so0ils has been studied over a wide dose range,
up to 12 Mrad. According to the dose received, either biological or
chemical (radiolytic) reduction of nitrate can be responsible for
accunulation of nit;;te, and both types. of agtion later lead to |
reduction of nitrite tq qxides of nitrogen. L ~ o

Biological reduction of nitrate to nitrite, nitrous oxide,
nitrogen dioxide and nitric oxide is predominant in calcareous. soils.
treated in the region of 0.75 Mrad at medium levels of moisture; the
formation of nitrite and oxides of nitrogen can be prevented by auto-
claving. 15N03 was used to confirm that reduction to nitrite occurred,
and the extent to which nitrite accumulated was shown to be greatly
influenceé by moisture, teﬁperature, aggregate size and conditions of
storage before use, all factors known to affect microbial activity.
It was concluded that reduction is carried out by enzyme systems of
denitrifying bacteria:which\are merely prevented from proliferating
by 0.75 Mrad. There was good agreement between the'ability of an
irradiated soil to accumulate nitrite at medium moisture, and its
capacity when unirradiated to biologically reduce nitrate under the
ideal conditions of waterlogging and high concentrations of available
carbon and nitrate, which is termed "denitrifying pofential".

Radiolytic reduction of nitrate atumedium s0il moisture becomes
increasingly evident between 4 and 12 Mrad, the yield of nitrite being
restricted by the concentration of nitrate present; reduction is not
prevented by autoclaving. Experiments on recovery of 15NO2 indicated
that a decline in nitrite level during incubation occurs by fixation to
organic matter, and by chemical decomposition leading to volatilisation.

The current use‘;f gamma radiation in various. fields of soil

research has' been reviewed, and some suggestions. made for further

experimental application.
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1 INTRODUCTION
1=1 Progertia-.of gamma radiation
Gamma-rays and x»rdyi‘dri’élédﬁrdmagﬁétié ‘radiations of

identical properties with wavelengths in thu-rangav1q -1 to 10'6ca,

-ihe nipirato torma‘being rctiinbd.to denote their respective origin., .

.Ganma-rays are smitted by nucloi.of atons which are decaying to more

_.rc-ulting from the displacemant of an 1nt0rna1 eloctron in an atomic
orbit by bombardmont with a besm of high. oncrgy electrons,

The radicactive isotope cobalt-60 can be produced for approx-

...............................................

......

. work is usually between 2 and 10 curies per grqnmo. Cobalt~60 has a
half-1ife of 5.2 years, and is a valuable source of pure high~energy
gamma-rays of 1.i and 13 MeV. When a photon of{?his energ# passes

‘ throdgh maftor it ejects orbital glcctions (coupton recoil electrons)

from the conatituent atoms, causing dense formation of positive ions,

...............................................

.....................

ions. p % 4 tho energy tranaferred to the orbitgl electron 13 insuffic.
Lent to causs further ionissticn, thers is exoitation of the molecule
by di-placcnont of electrons from one shell to another of higher energy.
'Finally, thc electron is captured by a molecule to yield a negativc
”1;;; The poéitiyc and negative ion paira, or free éég#ég;‘§9gs, exist

" for less tban'§0'1° seconds after irradiation owing to reaction either
between themselves or with ordinary molecules, The Compton recoil
electrons éan also produce further ionisations, usually close to the
'éité of the initial ionisations X- and gamma~radiations do not react

with the atomic nucleus unless the energy exceeds 1,7 MSV, therefore



the irradiated material is not rendered radiocactive.

The average energy deposited per unit of track length ia
referred to as linear energy transfer (LET); and amounts to O.42 KeV
/'micron path length for cobaltoGO radiation ypassing through wator:
the penetration of these rays is considerable, and it would requirc
11 inches of water to absorb 50% of the energy. The unit of energy
absorption is the rad (r&diatioﬁ'absorbéd dose) which corresponds to
the deposition of 100 ergs / g of irradiated ma@yg;g}; a dose of
2.5 Megareds (Mrad), which is frequently used to steriliae materials,
would deposit 6 calories / g in water, thus increasing the temperature
by 6°C. /

. .Several types of installation have been constructed in the
United Kingdom to enable treatment of materials with cobalt-60
erissione. They range from the very large industrial unit such as
the Package Irradiation Plant at Wantage Laborétory, which contains
approximately 350,000 curiaa. to the small laboratory installation
or "Mark IV Hotapot™ containing up to 5,000 curies of cobalt-60
(Jefferson and Rogers, 1964). The latter type of unit has proved to
ﬁo extremely useful for soil irradiation work, and is capable of delive
ering 0¢6 - 1 Mrad / hr to samples placed in an irradiation chanmber

of 300 cu. cm,

"1;2  General effects of radiation on soil ' o

o An intefeﬁt in the effect of radiation on soil was aroused at
the bveginning of this Century by reports that plant growth could be
atimnlatad when radioactive substances were mixed with soil (Stocklass,
1913&, 1913b), and also from statements that irradiation of seeds and
plants could lead to increased growth (Promsy and Drevon, 1912 Miege



and Coup@; 1914): In fact, the latter effect is controversial to this

daye

Apart from experiments on irradiation of Azotobacter in pure

culture; which led to conflicting claims of stimulation (Kayser, 1921)
and inhibition (Whelden et al. 1941), detailed information on the soil
response to radiation only baecame available after 1959, One,o? the
mein observations was that growth of plants could be gréatly increased
.when the soil-had been previously irradiatedg eiﬁhér at doges towards
the sterilising region of 2.5 - 5 Mrad,; orrat lower levels (Bowen and
Cawse, 19623 Bovard and Graudby, 1963; Cuﬁmina and McCreery, 1964 ;
Jerkinson et al. 1968). These ianveatigations, together with the
majority of the work subsequently described, have been made with acuta
radiation exposures as opposed to chronic (prolonged) treatments which
hove received little attention in so0il research.

In one instance, a significant increase in dry matter'product-
ion was obtained from lettuce (Lactuca sativa) grown in soil treated
with only 0.01 Mrad (Bowen and Cawse, 1964a); and analysis of plant
" tissue from goil treated with 0.02 « 2 Mrad revealed that the total
‘nitrogon. removed had been iﬁcreaaad by a factor of 2 - 4 relative to
the control. Thus it appeared that comsiderable changes in soll nitroe
 gen metabolizm were brought about by radiation, most probably initiated
by death and lysis of the radiation susceptible organisms: rapid
mineralisation of organic¢-N to ammonium- and nitrate-N then provided
highly availlable nitrogen for the plants (Bowen and Cawse, 1964a).

Up to this point, the possibility that increased avallability
of other olements could also contribute to stimulation of growth was
not excluded, and Eno and Fopenoe (1964) had found extra phosphorus

as well as nitrogen after irradiation of a peat soils Measurement of



13 elements present in soil solution after 5 Mrad showed that carbon,
.nitrogen and paosphorus concentrations had risen greatly (Bowen and
Cawse, 1964b), but after 0.02 Mrad, which was known to stiaulate
‘plant growth, there wus.only a ;ignificant increase in nitrate
(Cawse, 19675).. It therefore appeared fhat with low doses at least,
inocreased availlability of nitrogen was the major factor responsible
for increasing the yield of plants, and experiments were d‘nighcd to
fully investigate the rosionao of nitrogen mineralisation to radiutiop.
" Several invastigatoru had detscted accumulation of ammonium
in éoils followiﬁg irradiation, bnt‘iot nitrate KStotzky‘and Mortensen,
19593 Bernard ﬁnd Geller, 1962§ Eno and Popenoe, 1964; Splittstoesser -
and Massesy, 1967)« This led to the conclusion that nitrifying organ-
iems were severely inhibited by 0.1 Mrad (Bernard and Geller, 1962),
whereas'tﬁe results at Wantage Laboratory in@icated that éxidation of
ammonium usually sttained a maximum rate after 0.2 ~ 0,8 Mrad which '
was far in excess of the nitrification rate in the control. When the
dose was raised from 0.8 to 3 Mrad, nitrification became inhibited
with a corresponding rise in ammonium (Cawse, 1968)s perfusion of
irradiated soll with ammonium sulphate showed that although prolif-
eration of nitrifying dacteria céuld be provented by O.2 Mrad, the
organigms'woro still capable of oxidising ammonium to nitrate, and
thiu:bohaviour accounted for the observed increase in nitrate in non-
peifused soil. When 10 soils were treated with 0,25 ~ 2.5 Mrad, the
rise in nitrate was most pronounced in the types which possessed an
Activﬁ nitrifyiqs population before irradiation (Cawse and White, 1969a)j
soils with pH (5.0, knowm to be unfavourable towards Nitrosomonas and -
Nitrobacter, gave little nitrate after irradiation. Any pre-treatment
of soil by air-drying was avoided for these experimerits to preveat
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damage to the normal population of nitrifying bacteria, and samples
were always treated in a fresh condition.

During the nitrification studies it'wns noticed that soils
with pH> 7.0 tanded ‘to accumulate nitrite when treated with 0.6 = 2.5
Mrad, being most prodominant at the lowbr dose region (Cawae and _
Crawford, 967; Cawse and White, 1 969b).' Either.rcduotion of nitrate
or a radiition block to oxidation of ﬂitr;tc-by Ritrobacter could have
been reaﬁonaiblé. and preliminary tests ﬁuggostcéfihat the former
mechanism was taking ﬁlnco. Such bohaviour;had not been iopofted
alseuhero, and A detaile& study of thia\ocogrrance constitutes ﬁ'
major part of the present thcaia.

Measurement of soil reapiration following irradiation has .
resulted in widely different obaervationa. There are sone reports of
insignificant variation from the control rate up to 0.1 Mrad (Stanovick
et al. 1961) or up to 0425 Mrad (stotaky and Morteneon. 1959) , while '
other authors dascrihe large inereases in evolution of carbon dloxide
after 0.2 Mrad (Popenoe and Eno, 1962), and also after 2.5 Mrad
(Coleman and Macfadyen, 1966; Jenkingon and Poﬁlaéi, 1970)« Peterson
(1962a) found that sterilisation of soil by radiation did not prevent
respiration, and suggested that resplratory ensymes can remain active
within non-viable cells; sterilisation only implies the impairment of
cell division, often termed "inactivation",

Two extremely variable factors which could lead to differences
in respiratory activity of irradiated soilé are the initial density of
the respactive picrobial populations, and their survival and re-
colonisation after treatment. The degree of sterility obtained by a
reasonably high dose such as 5 Mrad will dépend on the initial

microbial density because survival is an exponential process:
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N/ = exp (-KD)

where N is the number surviving dose D, and N° is the initial
population. The constant K ig specific forréaéh type4;f organism and
will vary according to its radiosensitivity (HbLgren. 1969): for
example, the K value is definitely influenced by the soil moisture
content at the time of irradiation (Kashkina and Abaturov, 1967;
Jackson et al. 1967). '

Informati;n on the survival of a wide range of soil invertebr-
ates irradiatéd in their natural environﬁent was only ?;#éntly available
when Edwards (1967) reported that 0.2 Mrad was sufficient to lead to
the death of all animals by 42 days after irradiation. The microfauna
is thus the most radiosensitive group of soil organisms, and ia followed
by fungi, bacteria gﬁd enzymeslin general order of susceptibility.
¥While the selective property éf'tadiation nay be useful for agricult-
ural research (asece Apﬁendix), there is at present noupdSsibility of
using it to eliminéte festg and pathogens in the field. However, a
patent fﬁr "Disinfection éf Soils™ was filed in 1968 by Conservatome
Recherches, Paris (Patent no. 1,133,866. The Patent Office, 25,
Southémﬁton Buildings, London W.C.2.) describing a field irradiation
machine, but it is extremely doubtful if the high dose rate and
shielding requirements could ever be met to utilise cobalt-60. Another
section of the patent refers to the use of electronvgeneratora to
produce gamma-rays at ground level, ané this system should certainly
reduce the ueight.bf the radiation shield.

Apart from the reports mentioned in this introduction on the
overall or general response of soil to various levels of radiation,
there has been more than equal effort devoted to the separate response

of fungi, bacteiia, and enzymes, and also to the behaviour of inert



constituents aﬁch as clay and humus. - These findings will now. be
discussed, together with some information on the actual sites

where radiation causes disturbance.

——ry v

=3 Specific effects of radiation on soil co#?titqugg
1=3.1 Inert constituents ’ | |
When clay minerals with their exchange sites saturated with
ammonium were treated with 2 Mrad, the amounts‘or KCl-extracfablo
ammonium remained unaltered (Bowen and Cawue.'196#q). and the cation
,exohnpgc capacity of bentonite and kaolinite cléya ﬁﬁs even unchanged
by such massive doses as 193 - 1000 Mrad (0jina et al{ 196})- '
Estimates of the origina1~radiution dose received by roof
tiles froy-tho Hiroshima atomic bomb Zone h‘vc‘bocn obtain;d by
-measurement of the;r thermoluminescence 19 years later (Kigaahinur;
et al¢ 1963). This encouraged Nifhita end Hamilton (1968) to investig~
ate the thermoluminescence of 9 soils when heated to temperatures
within the range 150 = 375 °C after 0,001 Mrad, with ap.ec:!.al reference
to the use of soil as a radiation dosimeter. The soils showed a
considerable variation in thermoluminescence, but it was most marked
in the qaloareoua types. ﬂhﬁn clay:ﬁinorals and inorganic salts
were irradiated they showed a similar variation, and gave gloﬁ pesaks
which coincided with those obtained from soils; in partioular; irrad-
iated caleium}oxide. calcium carbonate and sodium carbonate gave
extensive thermoluminescence which was relatively greater than that
exhibited by a similar weight of clay min;ral such au.illitc. Soils
do show "natural' thermoluminescence which could be produced by
cosmic radiation and emimaions from radioactive elements, and this.

must be deducted from the artificially induced gamma contribution,
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ALator. Nishita and Hamilton (1969) stated that althquéh lonisation -
in the sample is the moat important effect of gamma éadiation,‘thcro
may also be production of ion vacancigs and intérlfit;al ions as
defacte in fhe erystal 1attice»whioh could affect the trap-depth of
‘an electron,. _ '

_ Hunmus is not seriously degraded by a d&ae of 4 Mrad (Bowen
. and'CaHSC; 195Qb)‘ and Gibson (1959) foﬁnd tha% peat iequired 10 Mrad
before destruction of cellulose and an increase in reducing sugars
was observed. It is known from the work of Smith and Mixer (1959)
that the presence of lignip during treatment of ca;lulose with 7 « 20
Mrad reduced the number of scissions of cellulose chains, and it is
probable that lignin in humus aimilarlylfroteéta other comjonenta
against damngﬂ by radiation.

When radiation pasaes through the soil water, or water in
actively metabolising oélls of soll organlsus, excited and ionised
water molecules will be formed along its path. These ions can react
with another molecule of water.to give free¢ radicals, which are

neutral atoms with an unpaired electron in the outer orbit:

nao* HO _ypu* 4+ om° superacript®
- 50 _ o : = no charge
and B.O 2 >0K + &K E

2 .

If oxygen is dissolved in the water it reacts with these
radicals to form peroxyl radicals, which then combine to yielad
hydrogen peﬁoxide:

o o
H + O2 -—-)HOZ

L] y, O
HOa + . HOa -—753202 + 02

and in the abmence of oxygen the following reactions will
take placet .
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B2 4+ OB e H0. -
I & oA ) 32 :
‘Oﬂo. + QBO ——y H.O

- 22
‘but the net yleld of hydrogen peroxide may be lowered by

reaction with other radicals such as 8% ;.
B 4. Hy0y ey OR® . 4 H0

' . Although these reactions in water are. virtually instantaneous
and the intermediate free radicals exist for oply.abont‘10'; seconds
(Ghormley, 1956), they do attack neighbouring qoieculos: thus the
- offect of radiation is exercised indirectly as well as by a direct
hit to the molecule. B | , |

* The presence of soluble organic matter in the soil water

" would favour the formation. of organic peroxides which have & longer
lifetime than free radicals, and high-yields of such poro;idos have
been obtain‘d.follouing irradiation of amino acid solutionQ uith'
" 0405 Mrad (Okada, 1958). However, when a test was made for the
presence of combined organic and hydrogen peroxides in soil solutions
extracted immediately after 2 Mrad, it indicated that <0401 Depotie Of
peroxides ﬁas present (Cawse, 1967b), even with a highly organic soil
from Icknield series.,

Inorganic dons'in the seil solution could be oxidised by OR®
radicals or reduced by : o radicals, and the oxidation of ferrous iron
* to ferric in pure solution was first observed by Fricke and Morse (1927)}
it is pow.widely used for radiation dosimetry. Reduction of nitrata,
which was reported on irradiation of pure sodium nitrate solutions
(Mahlman and Sohweitszer, 1958), was very much in' evidence in soil
solutions in the present work at doses from & - 12 Mrad. Investigation
of oxidation and reductlion pathways initiated by radiolytic action
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has of necessity been gonfined mainly to pure syastems owing to the
complexity of the reactions, and the vast range of substandes which
are liable to be attacked by free radicals in 1r£adiated 804l has
understandably discouraged any oxamingtion.of the predominant‘bffects.
' Kérteuz_aﬂd”Paisona (1963) Kdyt:ahouﬁ that exposure of air
to 1 Mrad e¢an fiild 18 p.pem. by volume of ozone, and they suggest
that this gas mnj have contributed to microbial lnhibitioh’obsorvod
in irradiatc% foodstufis, particularly as 1= 3 p.p.n; of ozone
hés‘n'atrong gormiéidul lffoct and.is rocdmnendod’tor inproved cold
storage of foﬁda. The fate of oz&ne.producod in the soil air is
not known, but ‘it may well be a contributory factor towards damage

of goll organisms and cnzymc systems by rndiation.

iw3.2 Cellular constituents and microorganisms

Irradiation of pure éarbohydratii. lipids and ffotoiﬁa'tO'
assess changes induced at the molecular level has shown that they
are altered in various ways which ma& be responaibli for radiobiolog-
ical damage, since these compounds form the major part of organisms.

With regard to carbohydrates, an intereating effect ims hhoﬁn'
by hexose sugars: when glucose, fructose and sucrose are treated with
2 Mrad they form glyoxal (CHO)a s (Gottlieb and Markakis, 1968), and
the oytotoxicity of irradiated glucose solutions has been attributed
to this product (Berry et al. 1965). On the ofher hand, Schubert et
al. (1967) have found that hydroxyalkyl peroxides are formed by the
interaction of radiolyiic hydrogen peroxide with carbonyl compounds
produced in the radiolysis of sucrose, and thcj'state that these
peroxides are more toxic to bacteria than glyoxal at a given dose of

radiation applied to sucrose solutions.



16

Irradiation of pure lipide has shown that they undergo direct
bond cleavage at any points in the chain to form alkyl free radicals;
these can thsn re-combine to form members of the alkane meries, up to
nenonane in the case of irradiated methyl- oleate (Horritt,'1966).
Lipid peroxides may also be férmed, and Wills and Wilkinson (1967)
denonstrated thelr occurrence after subcellular fractions, particularly
microsomes, were exposed to 0,002 -~ 0,1 Mrad; it was thought that
phospholipids may have been under attack, and as they are essential
constituents of intra- and extra-cellular membranes, such damége
- would probably account for reports of enzyme leakage from irradiated
cells.

o Proteins subjected to'radiation can show breakage of hydrogen
or disulphide bonds between the'peptide'chains, leading to unfolding
of the molecule and a change in its reactivity by exposure of amino
acid groups (Alexander et ale 1959), 1In addition, amino acids are

prone to attack by 0H® and HO.° radicals resulting in deamination

2
(Kuzin, 1?62).. Recent work with barley root cells indicates that
thé protein nolety of phytochrome 1s particularly eensitive to
radiation, damage being detectable after only 170 rad (Taﬁada, 1969).
Irradiation of nucleic acids and nucleoproteins in excess of
0.01 Mrad results in breakage of astrands in the DNA helix, deamination
and formation of hydroperoxides of thymine and ufacil (Scholes and
Veiss, 1960); the reactivity of the protein fraction of nucleoprotein
with radiation-produced radicals has a protective effect on the DNA
component (Scholes and Veiss, 1962), Rupture and restitution of
chromosomes following irradiation'hag been discussed by Casarett (1968),

and is pronounced after 200 rad.

The activity of enzymes in irradiated soil has been atudied
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by several workers. GSkujina et al. (1962) found. that phosphatase
was considerably radioresistant, and required 19 Mrad to reduce ita
activity to 37% of:the initial level., Roberge and Knowles (1968)
reported that urease in a black spruce humus was almost completely
inastivated by 4 « 5 Mrad, bub on the other hand, MoLaren et al,
(1957) described stimulation of urease activity after 5 Mrad was
applied to a clay loam; this 9ffect was confirmed in a later study
(Skujins and ueiaren, 1969) and was-also- found in five other soils
- after 4 Mrad. ‘The authors attridbuted the extra activity to better
accessibility of subatrate to an intracellular urease component,
following the prevention of po;l\prdliferafion and damage to membranes
by radiation. Only one soil was found in which -4 Mrad severely checked
urease activity, and the majority required 8 Mrad to decrease activity
below that present in unirradiated soil. ' Skujins and MoLaren (1969}
'prdpoéod that fhie Aifferenca in sensitivity of s@il urease to radiat-
ion arises from the existence of extracellular as well as intracellular
enzyme: soils that fail to aﬁow stimulation of urease activity on
irradiation have a predominantly extrasellular ascumulation of enzyme
and the gradual inhibition of it with increasing radiestion dose 1s
not more than compensatod by a rise in activity of intracellular
urease followlng damage to cell membranea.

Fﬁngi in fresh soil were decreased in number by 0,0025 Mrad,
and were aovereiy reduced by 0,25 Mrad (Kashkina and Abaturov, 1967);
Penicillium and”Trichdderma 8pp. proved to be most sensitive gnd
Cladosporium sppe most resistant, in agreement with Johnson and
Osborne (1964). Jackson et al. (1967) eliminated fungi in two clay
soils with 0.8 Mr&d, but detectsd differences in survival curves which
probably indiocated variability in radiosensitivity of the populations,
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The 1avel of radiation at uhich the baoterial flora begins
to be inhibited has been quotcd as 0.001 Mrad (Popenoa and Eno, 1962),
9,90;5 Mrad (Knahkiqa and,gbatnroyg;1967) and 0,25 Mrad. (Stotzky and
Mbrtqpsén! 1959)s Such wide differences in radiosensitivity may
geflqct the influence of aéii proyertiea and variability of bacte;ial
species within a popnlation. For example, Monib and Zayed (1963)

reportod Azotobacter SPDe to be more sensitive to radiation than.

c1ostridium app., in agreement with the generally accepted view. that

organisms which sporulate readily show better survival owing to the
radioreaiétﬁ;ce of theaa structureé; Furthermore, Wood and Casida
(1967) isoleted a rare group of Bacillus spp. surviving in 1rradiatod
soil, and VQla and Wyss (1965) found that soil cultures of égggggggggg
"uere far more r-aistant to gamma rays than 1aboratory reared populutiona.
The reeponse of nitrifying organisms to radiation has already
been diacusscd in connection with plant growth in 1rradiated soil,
apart from the aubject of their rocovery. Perfusion ezperiments ,:
(Cawse, 1968) revealed that 25 30 days after treatment of eoil uith
0.2 Mrad the nitrifying bacteria suddonly proliferated and oxidisod
ammonium rapidly, and pure culture work by Vela (1969) has shown
rapid recovery at 16 days after 0.25 Hrad. Recovery of the total
bacterial flora in glucoae amended soill was notlced at 15 days after
0.8 Mrad (Monid and Zayed, 1963), and although the population did
not exceed that initially prcaent there was a 150-fold incraasa over
the numbers detected immediately after irradiation. These reports of
recovery sugguat that treatment o! soil with radiation doea not produce
any persistent eytotcxic factor, and some successful experiments on
ra-colonisation of gamma—steriliaed soil uith nitrifying bacteria are |

raported in thia thesis. Exceptionally however, some soils may behave
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differently, and Merzari and Broeshart (1968) failed to ontablish
nitrifiers and other orgenisns 1n irradiatad aoil (uco Appondix)-

_ Soil actinomyootes are 1ntcrmediato in radioaenaitivity
betuten fungi and bacteria (Kaahkina and Abaturov, 1967). The do.e
rcqnired to oliminato variona algao axtonda over a very uide rango,
and uhoreas greon algae in aoil wero aoveroly damaged above 0.06 Mrad,

the blue—groon typea aurv;ved 2 Mrad (Popcnoo and Eno, 1962)-

.....

“

14 ngect and dovelogment of this atudx |
The objeot of the preaent uork waz to invoatigato the

meohaniama involved in tho formation and subloqyent removal of
nitrito 1n irradiated soil. wbich was very evident in calcareous .
typaa treated with doag-»;n thc regiog of 0475 Hgnd (Cawse and
White, 1969b)s | | | |

Irradlation tachniquea have frcquontly beun appliod in
' various sphores of noil roaearch (aac Appcndix) and are likely to be
used to a greater extent in the futurc (thler' 1968; MoLaren, 1969)
To facilitata this application, a complete underatanding of soil
responsc to radiation ia nooded: for examplu, tha undotected pre-nnce'
- of nitritc and its losn by certain mechanisns uould present a problem
in some experiments, and is further diacuuald towards the end of the
pféaonf aecfion. Furthernoro' it wua suggcstcd by previoua work that
formation of nitrito after irrndiation with 0.6 « 0.8 Mrad occuzrcd
by the biological reduction of nitrate (Cawse and Crauford, 1967);
this proeasu is pnrticnlarly 1ntcront1ns bccanso 1% represents the
first mador step in the truo donitrificntion pathway to gasmeous
nitrogen. which results in severe loss of nitroganous fartiliaser,

The accumulation of nitrite after irradiation occurred undey oonditions
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of medium moisture, where encouragement of microbial nitrate reduct-
" ion by 'oxygen deficiency was not expected; such behaviour was inter=

' eétiné'bh§ahsb'ﬁhilé reduction of nitrate has often been thought to
' occurhuﬁdér‘apbarenfly aerobic conditions it is aifficqlt to invest-
'figaée}ﬁéiice‘nifrité 1s probably being formed and #ecoﬁpbaed instant-
' aﬁeoﬁsly'in'aéaorébib microzones at the centre of:agérhgates (Hauck,1968)
- " Irradiation of certain soils in the region of 0.75 Mrad thus
éﬁpoﬁidd'to’seiqctifoij encourage formation of nitrite, and to begin
\ ihe tﬁeSi§'i£ was decided to search for more substantial evidence to
'indicate that biologlcal reduction of nitrate was the cause; positive
indications were obtained in three ways. Firstly, by the addition of
15N 1abelled nitrate to soils hefore irradiation, uith subsequent
recovery of tracer in the nitrite pool after incubation (Section 3).
Secondly, by studying to what extent the formation of nitrite after
irradiation could be influenced by soil factors such as moisture,
temperatﬁre, aggregaée aizé, storage conditions befo;e irradiation,
pfesenée of caleiun carbonate and autoclaving, which are all known
to influence microbial activity, reduction of nitrate and stability
'of nitrite in unirradiated soil (Section 4), Thirdly, by demonstrate
ing that there was a good relatlionship between the ability of 15 soils
to prodﬁée nitrite at medium moisture and their capacity to reduce
nitréﬁe by microbial action when waterlogged, the‘latter being termed
"denitrifying potentisl® (Section 5).

~ From the abova'ekperiﬁenta it was concluded that the majority

of nitrite ofiginatad from reduction of nitrate by biological means,
with smaller amounts formed by oxidation of ammonium. A subsidiary
experiment was designed to inveatigata the possibility that irradiate
ion at the 0.75 Mrad region produced nitrite in some soils but not
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others because soil properties somehow rendered nitrifying organisma
mors sensitive. to radiation than denitrifyiﬁg oneaj thus, greater
damage to nitrification could permit nitrate reducfion to become
doninant, ﬁowevar. pure cultur;s of nitrifying‘baoteria established
in sterile soils failed to show diffcrencés in radiosensitivity over
the r#nge'o.os = 1 Mrad (Section 6). |
| The eventual decline in nitrite concentration in soils treated
with 0.75 Mrad was‘atu&ied'by measurement of the oxides of nitrogen
released (Jections 7 and 8), and also by addition of 1“N-labelled
nitrite (Section 9)s’oi1d9tion back to nitrate as well as volatilige
atioﬁ of nitrite Qas detected, and large amounts of nitrous oxide and-
nitric oxide appearaed. Gas chromatography of the soil atmosphers
showed that the further raductionvqf nitrite was taking place at a
oxygen Ievgla 1ittle different from the aimospheric concentration,
and becaﬁéa autoclaving before irradiation prevented thé raeduction,
a biological mechanisu wes indicated in preference to the chemical
decomposition pathway discuceed by Bremner and Nelson (1968).

Although it had been established earlier that accumulation
of nitrite in irradiated soil could be partly inhibited by increasing
the dose to 2,5 Mrad (Cawse and Crawford, 1967), the amount of
radiation which gave complete inhibition was unknown. When experiments
were undertaken to determine this point, it was revealed that nitrite
formation could not be eliminated by extension of the dose to 12 Mradj
in fact, the concentration rose steadlily to.reach approximately 100
Pepenie nltrite-l immediately after 12 Mrad,.both in soils which had
or had not shown biological accumulation of nitrite afier 0,75 Mrade
Further studies were made on irradiation of nitrate solutions, with

reference to reports of radiolytioc reduction of nitrate to nitrite



which have appearad in the :1.i3 of radistion chemistry, Evidence

for radiolytic astion in soil was strong because the nitr;tc increase
was instantaneous, could not be prevented by autoclaving_ieforc irrade
jation (unlike microbial formation of nitrite after 0.75 Mrad), and
depended on the nitrate concentration in soil at the time of -
irradiation (Section 10). _

Examination of the persistence of nitrite formed in soils
treated with 12 Mrad at medium moisture level revealed that the
concentrations had fallen by_approximatelx 75% after 21 days, and
this feature was 1gtoreat1ng in relation to reports of nitrite )
fixation to organic matter by Nelson and Eremner (1969), and nitrite
volatilisation in aut&plaved soils (Broﬁner and Nelson, 1968). By
addition of 1 N-labelled nitrite to a soil previously given 12 Mrad
it was proved that fixation to organic matter and volatilisation
were responsible for nitrite loss with time (Seotion 11)s Under
th;ac conditions, nitrous oxide was not detected as a reduction
rroduct, unlike the situation where nitrite was being further reduced
after 0.75 Mrad. 7

During the course of experimental work, two reports appeared
in the literature which astated that there was loss of nitrate follow=
ing irradiation of Hawaiian soils. In the first paper (Singh et al.
1969) the authors concluded that certain chemical reactions may be
responsible for the loss of nitrate after 3 Mrad, and in the second
one (Singh and Kenehiro, 1970) they stated that increasing the dﬁso
to 5 Mrad intensified the loss. Such observations are very consistent
with the findings in the present thesls on radiolytic reduc?ion of .
nitrate by high gamma doses, with subsequent removal of nitriyc b;

fixation and volatilisation processes,
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The final pattern of nitrite behaviour which emerged after
treatment of soil over a wide dose range up to 12 Mrad is well shown
by the situation at 7 days after irQadiation, and is presented
schematically in Figure 1=, Owing to the distinctly separate effécts
of radiation on the behaviour of soil nitrite according to dose applied,
the level of radiation used in various experiments has been specified
in all main titles of the Experimental Section to avoid confusion.
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Overall nitrite-N / dose response 7 days a;i'ter{
- [ 4

y A

’}ﬁological“ . Non-biological formation S
100 N formation 7 B (instant)
PePelle
nitrite-N
r 7 days
o &fter'x
50. '
v
0 : 2 L 6 8 10. 12
Dose (Mrad))
Figure 1=l Pattern of nitrite behaviour in irradiated soil
at medium moisture level
A = Not present immediately after irradiation, but gradually

rises in calcareous soils to reach a maximum at various times
up to 7 days; rise is prevented by autoclaving. ‘
A to X = Declines aftor 7 days by volatilisation, organic matter fixation
and microbial oxidation back to n.ttraée. Atter 21 days (X),
30 « 70% of nitrite remains, depending on soil,
B - Present immediately after irradiation in all soila; not
~ eliminated by autoclaving. _
Bto Y - Declines immediately aﬂ;or irradiation by volatilisation and

organic matter fixation, and approximately 25% of nitrﬁ.te
remains after 21 days (Y),
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2 MATERTALS AND METHODS
24 Desoription and location of soil types used I

course of the work, and were taken from the top 6" at arable, grassland
‘and woodland sites thrc;nghout Berkshire. Their exact location and
major properties are ahown in Table 2-1. Sampling from the field was
c‘a.rr.ted out at least every 12 montha, and often every 6 months: freshly
dug soils were atored.outside in perforated polythene bowls, but were
not allowed to dry out.: To .avoid severe _’frnzipg and difficulty of:
sampling during the Winter, the containers were removed to an unheated
glasshouse, ‘Echptionally. .2 snall plot of Bro,atji soil measuring 4 n° X
15 om depth was kept entirely outside for 3 yoax;a.to investigate the
influence of fallowing and eropping on formation of nitrite after 0.8 Mrad,
| . For experimental use the.soils were passed in fresh condition

through a 2 mm aiov.,-,eicept'tor‘.ag,grogatc iizo stud:lﬁ .and work_on.
perfusion of sterile eoil inoculated with nitrifying bacteria. For
perfusion, soils were air-dried at 20 - 25°C and the 0.6 = 2 mm
fraction was used,

Distilled water was added to raise the soil moisture to the
~ level demanded by each experiment, and was normally followed Vb;y a
pcriod‘ of equilibration _1a§ting 2 days before éxb’eﬁmental uses I
field samples were excésaivoly wet they were dried in a current of
air; complete air-drying was avoided to minimise damage to the mioroe-
flora which might affact the response obtained from radiationy but inm .
the few experiments where air-drying was essential it ia mentioned
in the text, |
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Table 2-1 Description of soil series takon from arable (A),
assland (G) and deciduous woodland (W) sites

So0il pH in: Total Orgs Carb.~ Moisture Grid

N L+ onate at MWHC reference

No. Series H,0 CaCl, (%) (%) ¢ (%) (%) (a11 5U)
1 Black (A) 7.8 7.0 040 3,3 <0.05 78,0 763762
2 Broad (A) 8.0 74 0,78 6.6 1419 973 765765
3 Broadmoor (G) 8.3 7.5 0.53 5.7 403 110.8 572664
4 Bursledon (@) 6.0 Se1 0.29 3.0 <0.05 71.6 530702
% Charity (W) 6.1 543 0437 3.9 <0405 7646 278833
6 Colthrop (G) 8e1 7.3 0465 6.6 2,90 934 552662
7 Denchworth (W) 5.7 5.1 040 4.1 <0,05 78,4 264965
8 Evesham (W) 6.8 6.6 O 45 <0.05  97.4 323982
9 Fyfield* (A) 7.6 6.9 0.2% 2.2 <0.05 511 297952
10 Gade (@) 8.2 7.6 0.49 . 4.8 1,01  6hh 544709
11 Grove (A) Tult 6.6' 0.39 345 <005 704 388895
12 Hanney (A) S5¢9 5e2 0437 3.2 <0405 73.6 385905
13 Icknield (G) 8.0 74 1.20 16.2 0.70 - 89,0 398847
14 Southampton (W) 3.9 3.1 0,28 6.4 <0.05  73.h 529693
15 Sulbam (@) = 6,3 5.5 0.59 5.7 0.1 105;'“ 6h1742

synonymous with Faringdon series (Cawse, 1968).

The above series have been described by the following authors:

Noms 1 & 2 by Kay (1936), nos 7 by Avery (1964), no. 8 by Osmond

ot al. (1949), no. 9 by Jarvis (in the press), nos. 11 & 12 by

Kay (1934), and the remainder by Jarvis (1968),
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w2 Irradiation techniques
The nmajority of irradiations were mado on 16 « 50 g samples

of moist soil in a "Mark IV Hctspot“ apparatua which del:l.vorud 046 =
1 Hrad / hx-. During irradiation tht aoil was kept at 2a°c by ciroul-
\ ' gting water .from a rofrigeratcd ba.th #hgough a nm tnbular loop in
~ the :!.r'r.adi‘af:io# 6haqbn§, otherwise the ‘t.;ppox;aturo ﬁou:iduhavo risen
| to 35 « - 409, .Irradia't:l.on and incubatioxi ;t Vs;n‘plu mu-ually
| carriod out :l.n glass, pcrsp-x or polypropylone conta!.utrl having
nds whieh nro not cenpht-ly air-tight, oxcept whcru othnrwin stated.

In oxporinontl concorncd with uocuation o! nitr:l.t;:l.ng organ~
:!.m into ahrilo aou it was nccoua.ry to trcnt 1 kg quantit:lel with
\'-8 Hud. For this purpose thc Irradiation Pond at Harwell was useds
| ypcnt reucto; fuel olmonts are_ utilised as radiation -ourcu. and
are capable .of do'nvo‘x'iug ‘h:l.gh gasza do'se' rates from 3 « 6 Mrad / hr
to aluminiun :lrradiation cuniatu'- uouurins 17 om d:luutcr X 55 cm
. d“p, which are lowered into the watur shield,

Radiation dosimetry at Wantagc Rncarch Laboratory is carried
out by neans of red polynethyl methacrylate sheet ('Red 400" - I.C.I,
perspex) .' Irradiation causes dﬁrkoning of the dye, which is 1-amino
hehydroxy anthraquinone (Lacquer Rn'd ZB),'an& the optical density of
dosimeters measuring 38.1 X 111 X 3.2 mm thick is recorded at 635 xip
(Idhitiaker. 1964), A large number ot'doainnters is iro;p&rad from one
batoh of red porapei, and specimens are calibrated for radiation
darkening by ferrous sulphate dosimetry. |

The soil thickneass during irradiation in the "Hotspot" rarely
exceeded 3 cm, and Z_u.ttﬂlc' attenuation of gamma-rays was expected; it
was known that when the thickness was 6 om the co«-atf;.;i.ont of
variatlon of mean dose received by the soill was within ¥ 10%. This



information was obtained by placing dosimeters sealed in polythene
at.the perimeter and centre of samples (at 50 = 80% MWHC) before
irradiation. ' With the larger volumes of soil sent to the Irradiation
Pond, it was not considered that accurate dosimetry was essential:
the sole objective was adequate sterilisation, and the efficlency

of penetration was sufficient to permi£ thia.

2-3  Methods of chemical analysis
'~ Practically all of the analytical results presented in the

thesis are means of single determinations on duplicate samples, and
in exceptional cases where the number of replicates was increased
it is stated in the text, -
2=3,1 Total nitrogen and‘mireral nitrogen

The total-N analysie reported in tha soil properties Table
2-1 vas performed by the semi-micro method of Bremner (1965&), which
did not include nitrite or nitrate. In the 15N tracer atudies,
mineral-N was extraotéd before determination of organic~N by the
regular macro-method (Bramnar.'1965&)'w1th~;ddit19n of 0.5 g glucose
to the digestion mixture., According to Bremner and Fuhr (1966),
glucoée ensures the reduction of nitro- and nitroso~N, and was used
in their kjeldahl determinations to assess the fixation of nitrite
by organic matter. Although Baker (1955) remarked that many nitro
compounds give correct results without modification of the usual
Kjeldahl.digest. and mentioned that- evidence in the literature indic-
ated quantitative ylelds of ammonia from oximes and nitroso compounds
without glucose, it was thought advisable to include it for acid
digestion of organic mattex in 15N recovery studies.

When separate analysis of ammonium, nitrite and nitrate was

28
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required on the same Aample,,jo = 50 g of moist aoiliwaa,shaken

for 1 hf with 100 ml of N potasaium chloride.. Up to 1 ml of the
filterad extract was talken fér,nitrite analysis by tﬁe colorimetii&
méthod»bf Crosby (196?). vhich utilises the reaction between '
i-naphthylamiﬂe-?-aulpﬁonic acid in the presence of sulphanilic acid,
To‘#he'remaiﬁdér of the filtered extract, usually 50 - 80 ml, 1 ul of
16% w/v sulphanic acid was édded to remo?e nitrite;'and vas folloucd
by distillation first with 4 g of magnesium oxide and then with 2.5 g
of. Davarda‘a alloy to recover ammonium- and nmtrate-N respaotivoly

.(Piper, 1950) .

-

If nitrite waa the only form of mineral-N to bo dotormined,
i10 g of frash 80il was shaken with 100 ml of uatar. followed by
f1ltration and colorimetric assay.. When nitrite and nitrate (but’
not . ammonium) -had to—he aﬁalysﬁdvin a‘sample.'water was again used
as oxtractant; nitrite was found colorimetrically, and nitrate by
double distillation after destruction of nitrite with sulphamic acida
,The small anount of ammonia in' the first dist;llation with magnosium |
oxide was thus rojectad.

_ For determination of nitrate in soil sblutiona and pnrfﬁaaﬁcﬁ
where the volume of sanple wnﬁ very limited, 1t was found that the .
rniost sultable technique was measurement of ultraviolet absorption
at 210 mp (Cawse, 1967c). '

If'mineral-N extracts could not he analysed at once they
wore Eept at 3°C for a maximum of 3 days, but nitrite in then was
always analysed on the day of extraction.



=B Y- 15N‘Tracer determination in orsgggc.nitrogan and mihoral
' nitrogon fractions , . . _

, | Tha tochniques employad to aeparate the orgnnic and mineral—N
!raotiona for isotopc ratio analysis ahownd very . alight variation in
'thc three tracor exp.rimenta, and are th-rotora reportod in the
rcapac@ivolocct;ons. To,sepa;ate_the giporqlfﬂwinto'gmmonigpq,
‘nitfit;- and nitrate-N, O;é ; 2mg N £roﬁ the individuai fractions
was stoam—diatilled in an apparatua similar to that describnd by
Bromncr and Eﬁwarde (1965). An oxc.ption was the use of a aﬂ.vcr -
condenser to reducc chemisorption of 15NB3 by thc cold borosilicato
glass. Newman (1966) reported a tnn-fold incresse 1n retention with
glass, and the auall amounts of trlcer'uhich were retaincd by a
silver condenser could bo moxe oasily removod by ateaming for a tcw
minutes betwaan diatillations. _

if it was not desired to includo nitrite. 1 nl of % u/v
sulphanmic acid was addod to approximately 20 nl of oxtraet before -
 distillation. AmmoniumeN was distilled by heating with 0.4 g of
masniaium oxidey and nitrate-N was reduced to émmoni@ by a adcopd ‘
éistilla%ion with 0.6 g‘of Devarda's a;las'GSOO mesh). Approximately
30 ml of distillate was collected in 10 -15 ml of 0.61 N sulphurie
acid containing Tashiro's indioator, a 1t & mixture of 0.1% w/v
solutions of methylonc blue and methyl rod. The ammonium- and
nitrate-n in the sample was then dotarm@ned by b;ek titration of the
distillate with sodium hydroxide. The titrate was re-acidified with
05 nl of N sulphuric aoid and cvaporated doun to approximatoly 2 ml
at 28 - 30° c for isotope ratio analysie.

To carry out isotope ratio analyais of nitrito-n (Seotion 3-1),
69 nl of water extract was mixed with 2 g of alumina cream to remove

organic substances which otherwise caused extensive foaming when
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sulphamic acid was added to liberate nitrogen gas. The alumina
. cream and adsorbed organic matter was removed by centrifugation,
and the supernatant asolution uas_evaporated to approximately 2 ml
at 28 =« 3o°c with a_currant of warnm air passing. over the surfaces
0.1 ml of N potassium hydroxide was added to the solution to guard
agﬁinat inatability=o£_nitﬁitt at low pH, With theme conditions
of evaporation.it was possible vto obtaii 95% recovery of nitritey
but increasing the temperature to 50°C reduced this to 81%.

. For conversion of the amnoniuﬁ and pitrite in evaporated
-extracts to gaseous«N, pp;cial gas sauple (régctgnt) tubes were
useds The type usually euwployed is of inverted "Y' shape, originally
deacribed by Springon and Rittenberg (19%49) and later used by
Bremner (1965b). In the present work it was found tha& four frcezing.
and thau%ng cycles unré.needed to fhoroughly de~gas the extract,
placéd in one ar;rﬁfréh; tﬁbl;—gnﬁ tﬁ; reactant which was either
- hypobromite or sulphamiec acid, in the opposite arm. Ia the courae
of the de-gassing procedurs there was frequent bieakagt of the gas
eamplé tubea, and even when the golutions weve thawed qitremely
alnuly.thc'melting'ice occasionally jumped into the opposite arm
as entrapped air was suddenly released, causing premature evolution
of nitrogen. In an attempt to avold these problems, "IM tuies were
constructed with a larger bore, up to 3 cm internal diameter, but
although an improvement they were not entir;ly satisfactorys Finally,
' a gas sample tube was designed to c¢ontain the solutions in a thin
layer, jcrm;ttins rapid freezing gnd-thawing without breakage or
severe juuping of melting ice, and the fubo 18 ehown in Figure 2«3.2:%s
The reactants were separated by a oross wall during de-gassing, and
were finally mixed by pivoting the B 19 cone of the tube in the
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socket of the main gas handling apparatus.

Evaporated extracts éontaining ammonium were reacted in the
gas sample tube with 2 ml of sodium hxpob;dmite»aalutioh to .yield
n;trogenx » F ‘

ZNK

3
The hypobromite solution was prepared by adding bromine to

+ NaOBr = Nz + 33 . 3NaBr

" soncentrated sodium hydroxide solution at 5 C, as outlined by Bremne;
(1965b), For use, it was diluted with an equal part of 0.2% w/¥
potaasium'iodide to prevent evolution 6£ tracos»ot oxygen by.decomp;_
osition of hygobromité'uhen the'ammonia.is oxidiaed to n#trogen -_
(Sims'and Cocking, 1958). The diluted ée;gant was stored up to 6 .
months at 3°C in an ur-ught glass bottle. '

' Evaporated extracts containing nitrite (Seotion 3-1) were
reacted with 1 ml of 4ﬁvw/v sulphamic acid:.

| NH,S05H + HNO, ~= ' N, + E,80, + H,0
) ’ and as the
nitrogen released would be derived in equimolar proportions from‘
both reactants, Vthe> measuz;éﬁénts of 15N ratios wére adjusted
accéfdingly. ' .
The'oomple£e apparatus~ﬁsed to prepare ggseoup_nitrogeﬁ

samples is shown diagrammatically in Figure 2=3.2.2. Desgassing
was achieved by freezing the contents of the gas sample tube with
dry ice, pumping down the apparatus to 0,0005 mm mercury, closing
the graaseless'stOPcpck, and gradually thawing the solutions in the
sample tube with a warm air blower. De-gassing twice reduced the
air contamination of nitrogen samples to 1.5 - 2%y which was unsatis-
factory owing to the contribution to the peaks measured at masé 28
(i 14y+ 14N15)+.

and mass 29 (N De-gassing four times produced
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Figure 2~3.2.2 Scheme of epparatus for conversion of armmonium ond nitrite to nitrogen gas.

e



35

nitrogen with <0.1% of air, and no corrections were deemed necessary
for this low level of contamination (Bremner, 1965b). By means of a
Toeppler pump, the nitrogen gas was transferred to a 10 ml breakeseal .
tube to avoid leakage and air contamination before analysis on the
mass spectrometer, an Atlas CH 4 model at Harwells The liquid
nitrogen trap at "A" prevented moisture from reaching the vacuum
punps, and trap “B" femoved moisture, nitrous oxide, amines and
carbon dioxide from the nitrogen sample.

Before the main experiments were started, the reliability of
gas preparation andkhand;ing techniques was examined with solutions
of ammonium chloride and sodium nitrite having 1 atom % excess 15N.
These were peacted with hypobromite and sulphamic acid respectively,
and the mass gpectromgter results for the gaseous nitrogeh released
agreed very closely with the expected percentage of 1?N, as calculated
froA the manufacturers (Prochem Ltd.,) declared enrichment of the

15N compounds.

2-3.3  Nitrous oxide

Nitrous oxide can be determined by infra-red spectroscopy,
or by gas chromatography. An "Infracord' recording spectrophotometer
was available, and enabled a closed system to be set up with periodical
circulation of the atmoéphere in and above the soil through an infra-
red gas cell having a pgth length of 12 cms In Ssome subsidiary exper-
iments, 50 ml break-seal ampoules were attached to the closed systenm
g0 that the atmosphere could be analysed for oxygen and nitrogen by
gas chromatography.

The two most sensitive infra.red absorption bands for nitrous

oxide appear as doublets at wavelengths of 4.5 and 7.8 n (2,224 and



1 respectively). - At 4.5 u the minimum detectabla concent-

14285 om™
ration is 0,003 « 0,01% by volume at S.T.P., while at 7.8 u sensitivity
is reduced by a factor of teni measurements were thorcfore'mndo at the
lower wavelength. The main absorption bands for nitric oxide and
nitrogen dioxide are not sufficiently close to those of nitrous oxide
‘to interfere (Cheng and Bremner, 1965), but with the apparatus
subsequently described, nitric oxide would be slowly oxidised to
nitrogen dioxide which would react with the soda lime ﬁraﬁ used to
remove carbon dioxide., Furthermore, there was the likelihood of
extensive sbsorption of’thuaé two gases by the soil. |

The outlet of an air circﬁlating diephragn pump (Dymax Mk. 14
Ghari;- Austen Pumps Ltd.) wes connected to the bottom inlet tuve of
the s0il container showﬁ in Figure 2-3,3.1: this was specially designed
to permit periodical circulation of air through the soily and to fit
into the "Hotspot" ;réadiation S0urce. Another object of the design
was to mnke'thé vessel suitable for anaerobic studies as well, when
the basal inlet tube could be sealed and air cirgulated through the
top connections without distuéﬁing the waterlogged soil. For work
under aerobics 6onditiona; one of the top connections was sealed offs-
Water vapour and carbon dioxide interfere with nitrous oxide absorption
bands, and the sodium chloride uipdouﬁ of the infra-red cell would be |
damaged by moisture; to avoid these problems, the atmosphere in the
s0il contalner was passed through a U~tube containing magnesium
perchlorate and soda line (4 « 10 mesh pelf-indicating granules)
before reaching the gas cell. Finally, the mocil atmosphere flowed
back to the diaphragm pump, The compiete systen was tested for
leakage after assembly by introduction of,pitpous*oxidq,ﬂapd was
calibrated by injecting 0.2 -« 2 ml of nitrous oxlde (99.9% purity)e






During;calibratioi, 30 2z of dry sand was placed in the semple
container to zimulate the volume normally occupied by the soil.

The atmosphere in the system was circulated for 5 minubtes immediately

before measurement of the infri-red spectrum, and when soil samples

were under investigation the concentration of nitrous oxide was *

usually recorded daily. - L

2-3.b . NWitropen dioxide and nitric oxide

. At temperatures in the region ot.ao°c, mixtures of nitrogen
dioxide and nitric oxide exist in equilibrium with dinitrogen .
trioxide (N 0,), but at 0,001 M concentration of N 05 4t is 99.95% .
dissociated: however, even if undisaocciated, this gas would be -
recovered by the absorbing reagent useds Pure nitrogen diloxide will
be in equilibrium with dinitrogen tetroxide (N,0,), but since both
are recovared as "nitrogen dioxide" by the absorbent they are.‘
referred to in the text as nitrogen dloxide.

Information on the rates of oxidation of nitrlc oxide by
alr at 25°C has been presented by Saltzmann (1965), end the conversion
to nitrogen dioxide becomes extremely slow as the concentration of
nitric oxide decreases. For example, 1.5 DPepem« nitric oxide took
85 minutes for 2% conversion to nitrogen dioxide, and the concentration
of nitric oxide in the soil air which passed through the flow system
could not have exceeded 0,001 pe.peme, judging dy the maximum amount
of nitric oxlde removed from the aiy stfeam in 24 hr at an approximate
flow rate of 120 litres / day.

Nitrogen dioxlide and nitric oxide were determined by the
Saltzmann method (1965), designed for quantitative measurement of

low gtﬁospheric concentrations of these gases. A flow-through system
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'was used to obtain an ldea of the rates of evolution from irradiated
solls, usually over 1% days, but ip some inatances up to 21 daya.
The flow method had the advantage thqt it help;d to praevent re-
absorption of nitrogen dloxide by moist soil agdﬁm&croﬁialﬁoxidation
. to nifrate; which 1s unavoidable with closed sygypﬁs, and the soil

" wag kept well aerated. ‘ . ' . _ -

. The flow apparatus coqéisted of a‘train'ot five gasewashing
bottles connected by 5 mm internal diameter glaaslﬁall and soocket
Jointse. The firat bottle contained 300 ml of waﬁeé to humidify the
incoming ajr which next passed into the basal inle£ of a 250 nml
capaclty bottle containing the soil éamplqt this bottie wag fitted
with a sintered plate on ﬁhich the soil regted, and air thus flowed
upwarda- through the sample ensuring displacement of oxides of nitrogen.
The gases were next drawn into a-sm;ller wagh bottle of 125 ml
capaclity, contaiuing 100 ml of absorbing reagent to :emove and react
colorimetrically with nitrogen dicxide, Nitric oxide in the gas
stroam was oxidimed by passage through a fourth iaott;- (125 ml) which
contained 100 ml of slightly acidified pntaaaium‘pQQmanganate, and
was then removed as nitrogen dioxide by 100 ml,bfyabﬁorbing reagent
in the finel 125 mi;bottlea The'laét three bottles were fitted with
fritted bubblere of 50 » 50 n porositys The finsl stage of the flow
line was a vacuum pump vwhich was adjusted by needle valves to maintain
a slow flow of'# -5 litreav/'hr, anQ such cpnditionn almost certainly
'pef;itted=better absorption of gases than a rate of 2h litres / hr
~mentioned in the original procedure of Saltzmann (1965). |
The reagents were made up es follows: |

(1) Absorhing reagent for nitrogen dioxide
5 g of sulphanilic acid was dissolved in 900 ml of water



containins 140 nl of glacial acetic acid, 20 nl of 0.1% u/%
Nh(1-naphth31)-othylonvdianint dihydrochloride was nddod. and tho
voluma was adjusted to 1 litre with water. The reagent was atored
up to 7 dayu in a tightly utopporod tltsk. The afablc pink colour
uhich dlvclopn on abaorption of nitrogcn dioxide was measured in
2 om spoctrophotometcr 0011- at 550 mpe For calibration, 2 « 10 ng
nitrito-ﬂ'uas plaocﬂ in 100 ml volumetrie tln-kl. nndo to the mnrk
uith absorbing reagent, and nonautcd after 15 minutas with a apcctra~
photomcter. During -xporiuantu with so&l, tho abaorbont uas changed
and measured ovory 13 days, doponding on thc eolour 1ntonaity.
There is considerable variation in the litcraturo on the
yield of nitrite—N uhich is obtaiuad on ablorption ot aitrogon .
dioxid'-N, ranging from 72% conversion (Baltsnann; 1965) to 75 - 100%
conversion rcportcd by Thomas et al. (1956): the incomplete 10007021
arigses from the partial tormation of nitratc 1n the abuorbont by
decomposition ot nitrous acid. Tho ttticioncy of reaction of nitrogcn
dioxide with the ahaorhing reagent was investigated under the condit-
ions of the proacnt !lou system. 1 ml of nitrogen dioxide gas (99.5%
purity) was injected uith R gas ohromntogr;phy syringe through the
rubber seal oap of & fl. ‘os, medicine bottlcn {four rcplicntou)
- containing 50 ml of N sodium hydroxides after ahaking for 30 minutes,
the total nitrite + nitrate-N was determined by distillation with
Devardats salloy, and it appeared to be reasonable to assume an
absorption efficiency of 100% (Burdick, 1922) with en equslly good
recovery by distillation. Aﬁothor set of four bottles gontaining
100 ml of absorbing rcugont received 12 pl of nitrogen dioxide, and
were shaken for 30 minutes. The colour 1ntanaity was neasured and

the nitrogen was calculated from the nitrite-N calibration results,
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the figure obtalned being expressed as a percentage of the N
recovered (per 12 pl of nitrogen dioxide) with the sodiwn hydrozidQ |
procedure. A recovery of 75% was obtained, and all calculations of
gaseous N releassed from the soil as nltrogen dioxide and nitriec
oxide were corfeote& for the deficit.

fii) Acidified permanganate » ~ :

_ 25 g of potassiun perminganate was digsolved in 900 ml of
watery acidified u;th1{3 nl of congentrated sulphuric acidy and nade
to 1 litre with water, ,Frcah reagent was prepared every 2 Queka.

" and the permanganate in the flow system was éhanged after 7 days it
iubh nitric oxidc had been .evolvad, otherwise it remained in

reasonable condition for 2 weeks with the alow flow rate useds

To examine the efficiency of the gasewashing bottles,

. nitrogen dioxide was passed through a series of three bottles each
containing 100 ml of abasorbent. Colorimetric measurements showed .
that 96.0% was removed by the first bottle. The efficiency of
oxidation and absorption of nitgic oxide was tested over 24 hr

using irradiated lcknield soil with added nitrite: two extra gam-
washing bottles were placed on the end of the flow line and contained
.parmanganntc and absorbing reagent respectively to oxidise and
recover any nitric oxide which escaped, but eolorimetric measurements
1ndic§tod that there was 97.7% recovery by the main system, Minor
additions were made to the soil results for nitric oxide to compens-
ate for slightly incomplete abaoiption, and as far as the results for
nitrogen dioxide were concerned, it was taken into account that the |
bt which escaped the first absorber bottle would still be recovered
with the nitric oxide. As the soil expeiimcnts proceeded, it became
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clear that the beat compsrison was 5etween_ni§rous oxide ovolution
and the sum of nitrogen dioxide and nitric oxide releassd; from this
. viewpoint it may seem that the absorption corractionq were hardly
warranted, bnf as the percentages of p;trégen dioxide and nitric oxide [
wﬁ;gh contributed .to their total sum were quoted, it was desirable to ;
Qaka thenm as gcéurake as possibles ‘

o A further impo:tané poiit to resolve was the effisiency with
.which ﬂhé acddified permanganate solution oxidiged nitric oxide.

Very éfficieht oxidation would result in formation of nitrate instead

of nitrogen dioxide, thus giving.iow readings for nitric oxide in the
‘fina; bottle of absorbing reagent. Cheng aand Bremner (1965) have
stressed that widely different efficiqncieg have been roported with

flow systens employing various types of gaa-vaahing bottle, and can
range from 3 -« 100% conversion of nitric oxide to nitrogen dioxides

?he degres of oxldation of nitric oxide to nitrate by the

aciq permapg;nate was examined in two wayse Firstly, the perxmanganate
was rendared alkaline with sodium hydroxide and distilled with Devarda's
alloy to recover absorbed nitrogen at the end (1% days) of actual
experiments with irradiated soil + nitrite, where an extensive release
of nitric oxide took place. The mean of five determinations showed

that the permanganate removed as auchk as 745 of the total nitric

oxide released. This was confirmed by a second procedyre. wheraby

30 nul of nitric oxide (99.95% purity) was injected into the inlet of

a pernanganate gas-washing bottle connected to another vessel containing
100 ml of absorbving reagent to recover nitrogem dioxide passing through
at a flow rate of 5 litres / hr: tpa flow was maintained for 1 hr after
injection., The colour intensity which developed was expressed as a
percentage of that given by injection of the same volume of gas into
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a medicine bottle containing 100 ml of absorbing reagent, and
enbeequently shaien for 1 hr before measurement; a mean recovery
of 28% uas obtained from five determinations, thus indicating that
72% of the nitric oxide had been retained by the permanganate. .
, The results for nitric oxide~N were therefore corrected to -
jéo% recovery on the basis of results from.the-eoil procednre. »
Although there was such a low recovery of nitric oxide in the final
bottle of absorbent; the flow system described still remained attract-
ive becauae the intensity of colouration with the Saltzmann absorb- -
ing reagent prcvided a ccntinuoua visual check on the amounte,of
nitrogen dioxide»and nitric oxide released, it enabled immediate

ompariaons to be made betueen treatments, which was an advantage

~ in preliminary teets to decide what quantity of soil to irradiate.- »

2=3.5 O gggic and inorgggie carbon

Boil organic carben was analyaed by'Bremner and Jenkinaen'a

(1960) modification of the Tineley wet oxidation procedure, ueing

0.1 = O.S)g of air-dried'eeil which had been passed through a 0.6 mm
sieve, The sample was boiled gently under reflux for 2 hr with
acidified potassium dichromate, and the residual dichromate was
finally titrated with ferrous ammonium snlphate using harinm
diphenyiamine sulphonate as indicator.

Soluble organic carbon in irradiated soile-was determined
on 20 nl of water‘extractAoontaining approximately 10 mg of cerbon.:
The analytical procedure was identieal to that employed for soil
samples except that the sodium salt of N-phenylanthranilic acid was
substituted as indicator; this compound was oriéinally recommended
by Syrokomsky and Stiepin (1936) and later used by Mebius (1960) for



organic carbon determination. The indicator was preparbd by dissolv-
ing 0.2 g of N-phenylanthranilic acid (diphqnylamineéz-carboxylic
acid) and 0.2 g of sodium carbonate in 100 ml of water, 5 drops being
suffioient for a titration, The ond-point was marked by a sharp |
change from violet to dright greéh wheﬁ the resiéual‘dichioﬁitc had

. .hean reduced.

Inorganic carbon was determined by tha technique of Allison
.-{1960), From 1«5 g of oven-dry soil, which would release approx-
imately 40 mg of carbon dioxide, was acidified and heated for 7 minutes:

‘!thq_gérbon ddoxide evolved was swept into a proviously weighed Nesbitt

R aﬁsbrption bulb containing soda lime, The fecovery of cérbon dioxide

by the apparatus was tested by anolysis of 0.1 2 "Specpure"” oven-dried
calsium carbonates and the mean recovery from five determinations was
9%,6%. This small deficit was taken into account in caloulations of

inorganic carbon present in soils,

2=346 HMaximum water holding capacity (MWHG) , moisture and pH

The MWHC or saturation value of soils was found by the method
of Ekpete and Cornfield (1965), and the moisture content was determined
by drying for 2& hr at 105°C. Soil acidity wac measured with a calibre
ated glass electrode placed in both 1 1 2.5 soil ; water and soil 3
0.01 ¥ caloium chloride mixtures that haé.been shaken fof 30 minutes.

2l Pure culture of nitrifying bactoria

Nitrosomonas europaea (sewage strain) was obtained in pure

culture from Dr. N. Walker, Rothamsted Experimental Station. The

recommended liquid media had the following composition::
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caclaznao

MgS0,7H,0 -
Fe~EDTA
Phenol Red

0.5 =« 10 g
0.2 g

0.05 g
0.05 g

0.5 mg

4 mg

Dintilled water to 1 litre

45

.15 nl of media in 4 f£1, oz, flat medicine bottles was

sterilised at 15 1bs / sq. in. for 15 minutes, and when cool, sterile

045 M sodium carbonate was added through & rubber seal cap by hypo-

dermic syringe until the phenol red indicator was a rose-red coloﬁr;

this corresponds to a pH of 7.5 « 8,0. After inoculation with

Nitrogomonas, the pH was re-adjusted every 3 days during incubation

at 25°¢c.

Nitrobacter winogradskl was obtained in pure culture from

"Professor H. Engel, Hamburg Botanical Institute. He advised liquid

media composed of:
NaNoa 4

NaCl

M38047H20

KéHPO“

Fe~-EDTA

.(NH4)6M07024 4B,0

GaCO3

2.0 g
0.5 g
0.05 g
0.05 g
0.5 mg
0.05 mg
8 ng

Digtilled water to 1 litre

Adjust pH to 8.6 with
N EOH before sterilisation;
after, it should have
fallen to pH 7.6 « 7,8

15 ml of media in 4 fl, oz. flat medicine bottles was
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| sterilised at 15 1bs / 8q. in. for 15 minutes. After inoculation
with Nitrobacter, incubation was ‘carried out in darkness at 25°C,
iighthia unfavourable to_Nitrobacteg becauge of‘dgmage to oytochrome,
which has maximum absorption at about 420 mp.

Both bacteria showed better growth 4n "medical f£lat" bottles
laid horizontally in the incubator, than iﬁ MeCartney tubes. The
former vessels provided a larger surface area, and Zobell (1943)
reported many observations on the beneficial effect of solid surfaces. }
He belleves thét the surfaces concqntratq nutrients by adsofﬁtién and
retérd the diffuaion of exoenzymes away f¥om the cell,

Sub-cultures of both bacteria were made every 3. weaks, After
tﬁia time growth was visible by the tufbidity of the nmedium, espec«
ially when the bottlep were given a sharp shake to dataqh the organe-

‘isms from the glass. To pravent contamination‘during'sub—cultuping.
it was found best to use rubber capped bottles and carry out thé
‘transf;r with a sterile disposable syringe.

The'puritylof the cultures was tested by inoculation of
nutrient agar in petri dishes and bottles of nutrient broth, followed
by incubation for 4 weeks and 2 weeks respectively at 25°C, With the -

'aub-culturing technique described above, contaminants were not
detected: Pseudoﬁonaa spps often contaminate Nitrobacter cultures and
should show in 24 hr incubébion.

The agar and broth were made up as follows, both solutions
being sterilised at,15 1bs / .8q. in. for 15 minutess

Nutrient Agar '

"Lab~lemco" beef extract 18

Yeast extract ' 2 g

Peptone . - 58
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NaCl 58
Agaxr 158
Distilled water to 1 litre (final pH should be approximately 7.4).
After sterilisation the agar was poured into sterile petri
dishes,
Nutrient Broth No, 2 .

' "Lab~lemco" beef extract = 10 g
Peptone ) 10 g
NaCl 5¢
Distilled water to 1 litre (final pH should be approximately 7¢5)¢
After sterilisation 10 ml aliquots were placed imto 25 ml
McCartney bottles. This broth complies with British Pharmacope
oela retommendations for a sterility test medium to verify the

presence of aerobic organismse.

2=5 Perfusion technigue

For initial experiments on the colonisation of nitrifying
bacteria into radiation sterilised soil, the Sims and Collins (1958)
modification of the Audus perfusion apparatus was used. Soll aggreg-
ates from 0.6 = 2 mm were contained in nylon sachets, as previously
described (Cawse, 1968), because it was impracticable to irradiate
the whole apparatus. In later experiments however,ﬂtha amouant of
colonised soll obtained from each unit (20 g) was insufficient, and
larger units were constructed to hold 100 g'of dry aggregates in a
n&lon sachet measuring 5 X 15 om (250 micron mesh). Both large and
small units circulated 250 ml of perfusate, which was 0,01 M
ammon;um sulphate,

Perfusion units were sterilised by heating for 2 hr at 160°C,



and the perfusate was separately sterilised at 15 lbs / sq. in. for
15 minutes. Transfer §f sterile soll and perfusate to ahd from the
apparatuﬁ was accomplished in a sterile laminar air-flow cabinet.
" To commencé jerfuaion, ub to ten small or six large unlts were placed
in an incubator at 25°G and connected‘between two manifolds; one led
o an air suctios pump and the other, on the incoming side, was
connected to a filter system. The incoming alr was first passed
thfough three gas-washing bottles each containing 250 ml of sterile
water to humidify-it and remove &uat-borné'organisms¢ Secondly, the
air passed through a cotton'wnol filter 15 X 1.5 cm before entering
the manifold leading to separate unite. Finali&, a 6.0 X 1,5 em
cotton wool filter was placed in the air supply to each unit. The
‘manifolda and filtefs were sterilised by irradiation with 2.5 Mrad.
During perfuaiop, the perfusates were prevented from falling
below pH 7.5 by addition of ateiile N potassium hydroxide, and slight
moisture losses (detected by welghing the complete apparatus) were
compensated by édding aterilevwater‘ For each set of experiments,
two non-{noculated un;ta were alwa&a included to confirm that the
indigenous nitrifying bacteria had bpen completely eliminated, and
that contamination of the air supply with pnknown nitrifying aspecies
had not led to re-establishment of nitrification.
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3to 11 . EXPERIMENTAL
3 Reduction of 17N-labelled nitrate to nitrite by soils

treated with 0,5 = 0.8 Mrad

Fet Main 15N tracer experiment
It was deairable to obtain more substantial evidence for the

reduction of nitrate in irradiated Broad and Icknield soila. and
thus confirm the results of leaching teats whioh strongly suggested
that such a mechanism can occur, (Cawae and Crawford. 1967). Two
other series from Broadmoor and Colthrop were also inecluded, because
during an examination of production of nitrite by ten irradiated
solls (apart from Broad and Ioknield), they ahowed the greatest
accumulation (Cawae and White, 1969b). By addition of votassium
nitrate enriched in the stable 15N iaotope before irradiation, it
was hoped to recover some tracer in the nitrite pool as a result of
nitrate reduction over a ahort incubation period. 7

Materials and Methodsi

, Fresh samples of 50 g were taken from Broad, Broadmoor.
Colthrop and Icknield series soils which had been separately analysed
for nitrite and nitrafe. It wag caloulated that addition of 200 ug
?SN tracer would give a concentration of at least 4 atom % N 4n
the nitrate pools of all solls, and a 2 ml aliquot of enrioched
potassium:nitrate solution (96,71 atom % 1y excess), which contained
214.2 pg 15N, was added to each sample with sufficient water to raise
the percentage moisture to the levels shown in Table 3-1«1. An equil-
ibratlion period of 2 days was allowed before irradiation. The radiat-

ion dose and incubatlion time was chosen separately for each soil to
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. give maximum formation of nitrite as soon as possible (Table 3=1+1),
and a control (without tracer or irradiation) was incubated and
analysed for nitrite to ensure that the incubation conditions had’

not encouraged formation of nitrite.

" Table 3—1.1’- Experimental bonditiona for 15N tracer investigation

Molsture at ' "Incubation

Soil series irradiation - Dose time,
() (Mrad) (hr)
Broad 70 0.8 . 6k
Broadmoor . 65 0.5 . ‘ 24
Colthrop , Ly 045 24
Icknield : 70 . 046. . 6h .

After incubation, nitrite and mitrate wereieﬁtracted by
shaking the sample three t;mea with 60, 20,.and 20 nl of water
respe;tively; centrifuging down the susﬁended pafticlea for 10
minutés'at 1000 G after each shaking period, and pouring off the
supernatant. Clay partiéles remaining in the superﬁatant fraé%ion
were then removed by high speed centrifugation at 30,060 G for 40
minutes. This technique was preferred to a shaking and filtration
procedure because it allowed aiightly better recovery of nitrite
and nitrate and thus reduced the amount of soil and tracer required.,
The nitrogen present in the nitrite and nitrate pools was determined
by Quantitative analysis of the extracts, followed by procedures to
assess the relative enrichment of the pools with 5y (Seétion 2=342)4
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Results:

The analytical results appear in Table 3-1.2.° The atom %
15N excess in the nitrate pool before irradiation (Go) was calcul=-
_ated by the relationship described by Jansson (1958):

o, = 22X

!1-1 + na

wheré n, = pg N in fhg initial nitrate pool without 15N excess.

14
3 + ‘ N03.

and éa = atom % PN excess in n, (964715%).

n, = pg N added as 15NO

Following incubation of soil for time t after irradiation,
the analyses showed4the‘grosa inoréanic nitrate'and‘nitrite pools>
- yeprasented aE.NA and Nb ng nitr;gen respectiéely. with a 15N'exoesa
’of C, and C, atonm %e ’Tha recovery of Py in these pools was then’
calculated.as:

(cal X Na) + (cb X Nb)

' 100 and was expressed as
a éercentage of the trace¥'initially added (Table 3~-1¢2)s The
recoveries were éatisfactory. and indic;fed that 1little nitrite was
' éecomposed bj_chemical-or microbinl action during the incubation periocd.
To be strictly correct, the atom % fiéu;es should be trang-
formed to weight pércehtagé for the above oé1§ulations because:

1500 X atomd 15N

Weight % 1o =
1400 + atom% °N but as Jansson (1958)

poiéts out, samples contalning 1 = 5 atom % Yy only show a deviation
between atom % and weight % of 6.8 and 7.1 relative % and can be
considered constant; therefore no tranaformationa were made. Furtﬁgr-
mores the normal atomic welght of nitrogen was used to calculate
titration results, but at levels of 1.5 = 3 atom % VN the error in

nitrogen weight would only be 0,1 = 0.2% low. In the calculation of



Table 3-1.2 The isotopic composition of nitrate and nitrite produced after irradiation of soils containing 15N03 tracer +

Total pg mineral-N in sample ~ Total pg "N excess* in sample
Soil nitrate pool nitrite pool nitrate pool mgg{" |
series ; ; - : ;. - -
(1)  (81) (a11) (1) (1a1) (41i) 1 (1) (i1) lm::a% (1) . % ‘
expec ecovery *
: : ) N added af ter . 15y
- dilution
Broad 4851 7572 4956 7.7 1429 €8.9 2142 186.6 - 23,0 979
- (50)  (2.46)  (2.31) . -(1.61) ;
Broadmoor 5340 6507 5424 14,0 A7T47 7.2 244.2 196.2 28.7 105.0
‘ . (3.99)  (3.02) (2.52) (1.64)
éolthrop 4783 5890 4677 35.6 1643 7.9 214.2 193.8 27.0 103.1
) ._ . (.46)  (3.29)  (2.75)  (1.64) }
Tcknield 2648  L492 2542 6.5 1381 22.8 2142 169, 75.% - 4143
- - (8.06) (3.77 (3.50) (5.46)
where (i) = before irradiation, with contribution from h:'acer-NO3 added,
(i1) = after irradiation and incubation with tracer. :
(111) =

after incubation only, without tracer.

figures in parentheses denote atom per cent 15N excess,
* natural sbundance of Oy = 0.366 atom per cent.,
Co-efficient of veriation of 2N analysis = O.77%.

2s
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15N added and recovered, atom % was used, and there would be neglig-
ible difference from the use of welght percentage figures (Jansson,
1958). ]

Oonly Icknield series showed a higher perceotage of 15N in
~ the nitrite as compared with the nitrate pool after incubation. The
other soils had a lower 15N oontent in the nitrite pool, and this
might have been oauaed by microbial nitrate assimilation, oxidation
of ammonium (unlabelled) to nitrite, and isotopic disorimination.
these processea operating either separately or in combination.
Overrein (1967) raportaed conaiderable immobiliaation (assimilation)‘
of nitrate in 15N experimenta, but such a mechanism is not favoured
in the present study owing to the high reooveries of tracer in the
inorganic pools.’
‘ Rapid nitrification of ammonium to nitrate was in evidence
g after irradiation of all soila, and would certainly lead to dilution
of tracer in the nitrate pool. Assuming that all nitrite originatod
fron nitrate reduction, the lowest expected dilutioo of‘15N tracer -
was calculated (Table_3-1.é); even so, the nitrite pools of Broad, |
'Broadmoor and Colthrop soils still had 0.7 = 1.1 atom % '°N excess
under these values, which sugﬁeated a direct contribution of
ammonium oxidation to nitrite pools. ;

1“N and 15N has been reported in

1“N was

Diacrimination between
pure culture experiments with denitrifying bacteria, and
utilised 2% faster (Wellman et al, 1968). Bowen (1960) remarked
that the best conditlions for fractionation require a small percent-.
age uptake of the lighter isotope from the medium, and owing to.the
exlstence of a large moil nitrate pool after incubation (Table 3-1.2),
it is possible that discrimination in favour of ''N played a small



part in lowering the expected atom % 15N'in the nitrite pool. In

the Icknield soil there was a greater percentage reduction of nitrate
to nitrite, and discrimination would be expected to be less prominentj
vthie series certainly gave a high 15N percentage in the nitrite pool.
| ' Finally, it wae thought that faster reduction of the nitrate
pool before it became diluted by nitrification could partly account
for the higher percentage of 15N in the nitrite pool of Icknield ‘
soil compared with the Broad series. To investigate this posaibility,
the two eeils were irradlated and analysed for nitrite after incubat-
ien for 3, 6, 12 and 2k hr. The results (Table 3-1.3) showed little

difference 1n rates of nitrite accumulation between soils:

Table 3-1.3 Rapidity of nitrite accumulation in irradiated
_ Broad and Icknield soils .

mean p.p.m, nitrite-N.
Time of ~ Broad Icknield

incubation (hr) " 0.8 Mrad - 0e6 Mrad
.3 | 18.3 ‘ 14.3
6 ' 1843 16.4
12 - 22,2 19.0

24 26.7 o 23.6

The main conclusion to be drawn from the tracer experiment
was that large amounts of nitrate were7fapidly reduced to nitrite
at medium soil moisture levels eften treatment in the range 0.5 -
0«8 Mrad. The observation tuily supported previous indications
from leaching tests (Cawse and Crawford, 1967; Cawse and White,
1969b), where soil was leached immediafely after irradiation with

ammonium or nitrate ilons: large increases in nitrite only appeared
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during incubation of samples leached with nitrate. With regard to
the actual mechanism of nitrite formation, it was thought that
qicrobial action could be responsible for two reasons: firstly,
because nitrite readily accumulated after leaching with nitrate
(which would remove any nitrite formed during irradiation), and
secondly, because increasing the radiation dose to 2,5 Mrad caused
a gradual decline in nitrite formation (Cawse and Crawford, 1967;
Cawse and VWhite, 1969b)., Nitrate reduction might be carried out
by radioresistant enzyme systems of denitrifylng bacteria that
.cannot proliferate after radiation treatment, in a similar manner
to the-rapid nitrification which occurs after mony soils have
received 0.2 Mrad, apparently by continued oxidation processes
within non-proliferating cells of nitrifying bacteria (Cawse, 1968).
If oxidation of ammonium did contribute directly to the
nitrite pool in some irradiated soil, it'éhould at least be possible
to.dempnatrate an increase in nitrite following ammonium addition
together with radiation treatment, provided that the oxidation was-
not already proceediﬁg at its maximum rate. Use of 15N-1abelled
ammonium was not practicable because some would also be completely
could arise from nitrate

2
reduction as well as ammonium oxidation.

nitrified to 15N'03 s and therefore 15N0

3-2 Effect of ammonium addition on accumulation of nitrite

As a supplementary experiment to the main Yy tracer ‘study,
it was decided to coﬁpare the extent of nitrite accﬁmulation after
treatment of soils with (i) ammonium alone, in case toxicity towards
Nitrobacter blocked nitrite oxidation (Stojanovie and Alexander, 1958),

(1) irradiation, and (iii) ammonium + irradiation.
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Materlals and Methods:

Broad and Icknield soils wefe taken from the same batch
used to supply samples for the 15N tests which had been made 6 months
previously. Foxr Broadmoor and Colthrop types, further samples had
to be obtained from the field. The minéral-N and moisture was
determined, and sufficlent water and ammonjum sulphate solution
(1000 pe.pem. ammonium-N) was added to samples of 30 g to cbtain
100 p.p.m. ammonium-N on a soil dr& welght basis, and final molsture
levels equivalent to those in the 15N experiment. To avoid nitrif-
ication during an equilibration period, the ammonium and water had
to. be added immediafely‘before irradiation, The radiation dose and.
incubation time for each soil was identical to that employed in the
tracer test (Table 3-1.1). After incubation the soile were analysed
for ammonium a#d nitrate as well as nitrite, in ord;r to follow
changes in mineral~N composition between treatments.
Results: ‘

The results in Table 3-2 clearly show that in all irradiated
- Boils the presence of extra ammonium increased the accumulation of
nitrite, and it seemed very probable that some nitrite had been
produced by oxidation of ammonium in the tracer tests. It was
impossible to obtain an exact quantitative indication of the contribe-
ution to the nitrite pool from this pathway relative to the nitrate
reduction mechanism, because there were two main features which
complicated the situation.

The first problem was that nitrite accumulated in unirradiated
soil from Broadmoor and Colthrop series following ammonium addition
only, and such behaviour almost certainly represents damage to

Nitrobacter. However, it was not to be expected that so'much nitrite
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Effact of ammonium addition on nitrite accumulation .~
PePelle mineral-N
. after incubation
 Soil . Form of -  before ‘KHy ' irradiated ‘ +.
serles . mineral-N . treatment added , irradiation
. Broad NH,, 246 32 . 6e3. he,1
S ¥o,, I N 48.6 6945
N, 15543 258.8 - 183.5. 16048
Broadmoor -  NH, 3.0 ‘, '32.8 15.2 103-8
' o, 0.3 ' 2246 29,3 34.8
L 41.0 99.6  65.4 61.0°
Colthrop nag St . k0.5 7.0 90.0
No, 0.5 24,2 2644 R
NOB 43.5 75.9 T 93,2 K 624
Icknield NE, b2 142 1e3 7449
Ko, 0.6 2.8 h1.2 5241
1\703 169.5 267¢5 2338 2296
LeSaDe. NH,, No,  .Nog
p 0.05 L,2 3.0 4.0
p 0.01 9.6




would originate from ammonium after irradiation alone, because the |
501l ammonium concentration was lower. In addition, the sum of
nitrite present in the separate "ammonium added" + "irradiated"
treatments gxceeded the nitrite found after "ammonium + irradiation",
and this observation could be exﬁlained_by a limited inhibitory
offect of 0.5 Mrad on ammonium oxidation to nitrite; the results do
show that large amounts of ammoniuﬁ'femained unoxidised after
;ndubation. |

The second complication refers to the behaviour of Broad .
and Icknield séries, Although they did not accumulate nitrite
following addition of ammoﬁiuﬁ. unliké the other two soils, it waé
still impossiile to a&curatel& assess the amount of nitrite which.
had bean produced by ammonium oxidation as opposed to radiation.
For example, if the nitrite concentration after irradiation was
deducted frgm that found after "ammonium.+ irradiation", the A
minimum inérease from ammontum oxidation in Broad seil would be
69,5 = 48,6 = 20,9 pepems nitrite-N, or 30% of the nitrite pool:
the assumption is méde that 2ll nitrite in the "irradiated" treatment
originates from nitrat; reduction. This percentage would be too '
nigh if addition of ammonmiun to ‘the pool of radlation-released
a@mqn;um had accentuated accumulation of nitrite by inhibition of
Nitrobacter. The smallgr amoun@ of ammonium produced bﬁ :adiation
aloné would be less likely to cause an equivalent check to nitrite
oxidation. '

It was thought that nitrification imhibitors might be used
to eliminate the contribution of ammonium oxidation to the nitrite
pool, but the idea was not pursued because addition of 4 « 25 p.pem.

(soil dry weight basis) of "N-Serve" (2-chloro-6-(trichloromethyl)
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pyridinej only gave 75% reduction in nitrification (Cawse, 1967b),
and there is no detalled knowledge on the response of denitrifying
organisms to this compound,

Alternatively, since reduction of nitrate had been confirmed
as the major pathway leading to accumulation of nitrite in irradiated
soils, further effort was d;reéted towards a study of the way in
which various soil factors influenced the extent of nitrite formation, -
perhaps by affecting the proliferation and metabolism of nitrate

reducing bacteria.
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L Factors affecting the formation of nitrite in soils after
;gradiation in theAgegion’of 0,75 Mrad

baq Moisture ‘

Experiments on irradiation of dry, med;um and wet Broad
soil up to 88% MWHC have shown that increasing molsture favours
production of nitrite (Cawse and Crawford, 1967), but the effect
of a complete range of moisture from air-dry to waterldgging has
not been previously examined, More detailed information was requiréd,
especially under very wet conditions that would encourage denitrific--
ation, and the behaviour of.Broad and Icknield soils was examined,
Materials and Methods: )

(1) Preliminary tests were carried out to ensure that ;n
incubation period of 64 hr at 25°c following irradiation would give
maximun nitrite sccumulation in Icknield soil which, unlike Broad
series, had not been analysed at different times after irradiation
in the course of earlier studies. | ‘

Samples of 10 g were raised to 60% moisturo, and treated
with 0,6 Mrad, Nitrite was determined after periods of incubation
‘from 16 = 168 hr, and the results showed that 64 hr would also be
a\suitable.length of time for the occurrence of maximum nitrite

concentration in irradiated Icknield series:

incubation time (hr) mean pePele
after irradiation nitrite-N
16 ., 213
32 2841
64 333
128 29.4

168 28.8
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(11) For the main experiment, samples of 30 g were taken.

Soils were air-dried at 20°C for the treatments at 10, 20 and 30%
moisture, and water was added to obtain moistures from 40% - 120%,

in increments of 10%. It was decided to include heavily waterlogged
soiis because studies by Cady and Bartholomew (1960), Greenwood (1962),
and Mahendrappa and Smith (1967) have found an increase in denitrific-
ation rate from addition of water above the saturation point.

Water was added only 1 hr before irradiation to reduce the
danger of denitrification in some treatments, as this would complicate
thg experiment if it occurred prematurely; the main disadvantage
would be removal of nitrate which is, of course, the substrate for
formation of nitrite.  Unirradiated control samples were also
prepared at all moisture levels.

Radiation doses of 0.6 and 0.8 Mrad were applied to Icknield
and Broad sexrles réspectively, because these amounts gave maximum
aﬁcumulation of nitrite in relation to dbae at medium molsture
(Cawse and Crawford, 1967). Samples were incubated at 25°C in 40 ml
polypropylene tubes, and after 64 hr the ammonium, nitrite and
nitrate was extracted.

Results:

' The analytical results are presented in Figures 4=1.1 (Broad)
and 4-1.2 (Icknield). Both soils gave a similar response to radiation
over the entire range of molsture. Irradiation of samples from alr
dry to near 75% MWHC gave increasing stimulation of ﬁitrite and
nitrate production. Above 75% MWHC there was a severe fall, first
in nitrate and then nitrite present after incubétion. with a rise in
ammonium encouraged by waterlogging. Control treatments did not sﬁoﬁ

such severe losses of nitrate, and ammonium failed to increase under
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waterlogzing; nitrite-N did -not appear above 1.2 PeDP.m. at any
moisture'levei¢ . '

It can therefore be said that as well as stimulating
nit#ification under aerobic conditions, radiation increases the’
rate of hitraté'réduction undeyr anaerobiosis iﬁ'reiatioh to unirrade
iated control soil. The latter. effact might result ffoﬁ'radiation— a
féleaaéd carbon coﬁpounds acting as highly available subﬁtrdte for
deniirifying organisms, | |

| ' There hava'béén réports of increases in ammonium in soil
during denitrification (Bremner and Shaw, 1958a; Ekpete and Cornfield,
1966), but the origin has not been clearly established. It appeaia
that the ﬁajofity of investigators have been more concerned with
measurement of oxides Gf nitrogen, and ammonium receives no mention |
(Allison et ai. 1960; McGarity, 1961; Cooper and Smith, 1963;
Mahendrappa and Smith, 1967; Jordan et al. 1967).

‘ Firstly, the ammonium could arise from a block to nitrifice
ation under waterlogging FWhring and Bremﬁer, 19643 Blasco and
Cornfield, 1967), and this suggestion allows a cohvéniént explanation
of ammonium occurrende only in lrradiated soil, because lysis and
minefaliaation of damaged organisms would be expected to be greater
than the control. In both soils the increasé in ammonium is less
than the decrease in nitrite and nitrate, aﬁd nc doubt nitrite is
further reduced to nitrous oxide and nitrogen. .

Seéondly, a mechaﬁism of diasimiiatory nltrate reduction
could be responsible for ammonium increases. Verhoeven (1956)
reported production of ammonia by Bacillus spp. when grown under
anaerobic conditions with nitrate as the sole nitrogen source, and
the highef concentration of nitrate ayailable‘as an electron acceptor

in irradiated soil would intensify this mechanism.



65

Thirdly, it might be proposed that nitrate is assimilated
by microorganisms and ammonia 1is subsequently released. by death and

mineralisation of organic-N; Overrein (1967) added 19NO, tracer to

>
forest humus (50% MWHC) and reported such a pathway after 10 days'
incubation at 2o°c, but it is considered unlikely to occur during
only 6% hr incubation .of irradiated soil, and the control sample
should have behaved in a similar manner,

Fourthly, ammonium can be produced from reduction of nitrate

and nitrite by Azotobacter spp. during nitrogen fixation, as shown

in Azotobacter vinelandii by Azim and Saraf (1956). Ammonia was

formed in the culture medium at almost the same rate that nitrite
was taken up by these bacteriaj in addition, nitrite and then

ammonia appeared as nitrate was removed, The presence of ammonia
in waterlogged irradiated soil would, according to this behaviour,

result from stimulation of Azotobacter by radiation-released carbon.

. The present experiment makes it clear that extensive reducte
ion of nitrate under anaerobic waterlogged conditions dges'not
encourage accumulation of nitrite in irradiated soil, rather the
reverse. The possibility that radiation blocks nitrite reduction
and thus causes nitrite to accumulate under aerobic conditions is
hardly likely, because there is definitely a very raplid loss of
nitrite in irradiated soil at saturation. The speed of ﬁitrate
reduction observed is.supported by the work of Turner and Patrick
(1968) with waterlogged soils, where little nitrate remained after
60 hr incubation,
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b2 Temperature

4—2;1 Effect of teggeratures up to 60°¢
‘ The reduction of nitrate to nitrite in irradiated soils was

examined up to 60°C to see if inhibition would occur at temperatures
known to exert a harmful effect on denitrifying bacteria and soil

| mmmms.'
* Materials and Mbthods: |

Samples of Broad and Tcknield soils were raised to 55% and
70% mo;sture respectively. After equilibration for 2 dgys, samples
'of 10 g were treated with 0.8 Mrad for Broad series and 0.6 Mrad for
Zcknield séries. The soils were then incubated for 64 hr at 0, 10,
20, 30, 40, 50 and 60°C. Nitrite was analyaed before irradiation, -
immediately after irradiation (within 5 minutea), and after the
period of incubation. '

Preliminary tests with irradiated samples from both soils
gave very erratic nitrife éhalyaea at temperaéures'of 30 and 4o°c;
and iﬁ some cases the readings differed by épproximntely 30 PePelle
_nitrite-N. This was a similar observation to that reported in
" subsequent work on freezing‘and thawing (Section h.ly), where. the ‘
problen was eliminafed by using containers which allowed air diffusionm,
and a build-up of carbon dioxide was auepectea. It was found that
use of theae_con%ainers for the temperature work also improved the
replication, The occurrence of nitrite in irradiated soil under a
high concentration of carbon dioxide is reported later (Section 4-6).
Results: _ ‘ _ |

The coﬁcentration of nitrite found in the irradiated soils

is shown in Table 4-2.1. As the temperature was increased to 30 = 4006
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n nitrite accumulation in

irradiated Broad and Icknield solls

PeDPems nitrite-

N after 64 hr.incubatibn

Incubation .
tempgrature ' Broad Icknield
°c) " (0e8 Mrad) (0.6 Mrad)
Immédiately
before irradiation 0.2 0.4
Tumediately
after irradiation 8.7 3.0
0 ) 9.1 5.2
10 . 14.9 18.7
20 S 22,k 32.3
30 k2,0 48.2
ko - 49,5 2345
50 0.4 0.7
60 ' 0.3 . 0.6

L.S.D. P 0.05 = 1.0. P 0.01 = 2‘2
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there was a definite rise in the amount of nitrite formed, but a
further increase of 10°C resulted in a very sharp decrease in
nitrite, almost to the trace levels present in normal soil.

The denitrification studies of Bremmer and Shaw (1958b)
have indicated the stimulatory effect of lncreasing temperature up
to 35°c, but there was an abrupt cessation of nitrate loss at 70°G.
Nommik (1956) found that the optimum temperature for denitrification
‘was in the region of 65°C.  Aloxander (1961) states that mesophyllic
bacteria, which are prédominanf in aoil, have optima at 25 = 35°O
and cannot grow above 45°C: therefore it appears that thermophyllic
denitrifying organisms are reaponsible for the reports of nitrate
loss at high temperature. In fact, enrichment cultures for thermo-
phyllic bacteria incubated at 55 = 65°C frequently yield Bacillus sppe.
which are well recognised as important denitrificrs (Alexander, 1961).

. The. above info:métion from the literaturc broadly lends itself
to interpretation of the present results with irradiated soils 1f
nitrate is being reduced to nitrite biologically. Thermophyllic
bacterig are presumably absgnt. and meeophyllic organisms are being
checked by heat, i.e, their proliferation is inhibited as well as
their reducing enzyme component. With regard to soll enzymes ;n
general, Porter (1965) reported that many are denatured at

temperatures in excess of 60°C. -

he2,2 Effect of autoclaving
Materials and Methods:

Solls from Broad, Broadmoor and Icknield series, which
had been found to form nmost nitrite after treatment of fifteen

series with 0.75 Mrad, were selected to examine the effect of



€9

autoclaving, Samples at 60% MWHEC were autoclaved for 1 hr at 15 lbs /
8q« in., and then exposed to 0,75 Mrad. Nitrite was analysed immed-
iately after irradiation and after 7 days' incubation at 25°c; it

was also determlined immediately after autoclaving the aoila, without
further treatment with radiation.

Results: ‘

I_The results in Table.4-2i2 show that small amounts of nitrite
were produced ﬁy irradiating autoclaved soils (before incubation
Segan), but autoclaving alone failed to produce such a rises
Analyais after 7 days proved that the inordasqd which ocour in
irradiated soils, reaching a mﬁzimum nitrite concentration after
3 daya of incubation (Table 4-2.2), had not taken place; it was
therefore concluded that blological pathways of nitrate reduction
had been eliminated, The apparent formation of nitrite, by 0.75 Mrad
even afterx autoclavins.>enggeated that non-biological éathways may
be reducing nitrate during irradiation, and this feature was borne
in mind for detailed invoatigation at a later stage (Section 10).

Table 4=-2,2 Effect of autoclaving on nitrite incresses iﬁ

solls treated with 0.75 Mrad

séil | C Pepams nitrite-N
serles
- 3 days immediately after 7 days
Control after ' . after
: 0.75 autoclaving autoclaving autoslaving
Mrad- + 0475 Mrad ¥ O Myad.
Broad 0-6 “|‘106 OJ& 906 902
Broadmoor 0.5 53.2 0.7 - 10,0 8.7
Icknield 0.8 . 44,6 0.4 VAR . 6.0

-:LtSnDo p 0005 - 0.6. p 0.01 = 1.5




L3 Aggregate size
The slze of soil aggregates has often been studied in

ralation to nitrification and nitrate reduction proceasses, and

some .positive effecta have been reported. In view of these
findings, it was thought that the accumulation of nibrite in irrade
iated aggrogates oould well be influenced by their diameter, and

experiments were designed to investigate this point.

. Materials and Mhthods:

Broad and Icknield soils were taken at 35% and 51% moisture
lrespectively, and then sieved to obtain aggregates of <0.5, 0.5 = 1,
1«2y2>-3and 3 - 4 um. 10 g samples of each size were adjusted
to 55% and 70% mois£urq_£or each soll serles, and allowed to equil-
1brgte for 2 days before irradiation. Broad series was treated with
0.8 Mrad and the Icknield type with 0.6 Mrad, and after 64 hr of
incubation at 25°C the accumulated nitrite was analysed.

Results: _

Table 43 shows the results of all nitrite analyses. At
55% moisture,there were slightly significant variations from the
nitrite formed in aggregates <0.5 mm diameter as aggregate size
increased. However, a more defiﬁite pattern was evident at 79%
molsture, where there was a significant decrease in the amoﬁnt of
nitrite detected in both soils as the aggregétq Qiamater increased
to 3 mms This was followed ﬁy an increase in nitrite again in the
3 - 4 mm range, almost certainly by reduction of nitrate.

These findings are in closge agreement with the work of
Nommik (1956), who measured the evolution of nitrous oxide and
nitrogen in waternsaturated aggregates which varied in size from

€0.3 =24 mm, He found that the denitrification rate fell as
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Table 4-3 Effect of aggregate size on nitrite accumulation
in irradiated Broad and Icknield soils

o ‘ DePeiis nitrite-N after 64 nr incubation

Diameter of Broad (0.8 Mrad)  _ Icknield (0.6 Mrad)

aﬁws.mw m%o5m§ 70% H,0
<05 26,0 40.9 25.2 42,9
0.5 - 1 28,8 11,3 23.6 42,9
142 29,3  3h.0 22,5 37.5°
2.3 29.5 - 35.3 21,6 . 348

3.4 32.5 43,6 2649 . 41,5

L.S.D- p 0'05 = 2‘9’ p 0.01 = 6‘8
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aggregate size increased to the 2 « 4 mm group, but then it showed

a sharp rise in the >4 mm group. To explain this behaviour, Nommik
. (1956) proposed that ailr pores are so small in the poorly aggregated
fraction that the& become filled with water agd interrupt oxygen
diffusion, whereas in a ﬁail.aggfegated sodl ai the same moisture
therelare lafger poresland thinner water films'whicﬁ-do'not_impade
oxygen diffusion so greatly. The sudden increase in denitrification
in‘vefy large aggregates was thougﬁt {o result from the_éiatance
that oxygen must travel to the centre, o "

Currie (1961} has preaented a detailed paper on the kinetica
of gaaeous diffusion in aggregated solls, and it was suggested that
an'aggregate has a critical radius at which it is just wholly aerobic,
and any further increase in size would lead to the exiatenqé of anaer-
obic zones.

Greenwood (19625‘has shéwn that very low oxygen concentrations,

in the region of 5 X 'IO'6 M, are needed to encourage rapid nitrate

dissimilation. However, even an oxygen concentratioh of 2 -5X 10'6 M
could still support nitrification at 50% of its normal level, probably

because the cytochromes present in litrosomonas and Nitrobacter have

such a great affinity for oxygen. Greenwood and Goodman (1964) later

" reported that the respiration rate of a soil suspension determined
[

in the presence of excess oxygen was halved when oxygen concentration

was reduced to 2 = 6 X 'Io"6

M in the aqueous phase,

In a discussion of the oxygen supply to soil mlicroorganismsg
Greonwood (1968) gave a ‘diffusion equation to define thevv°1ume of
the spherical aggrogate where anaercbic pfoceasea occur. Oxygen
must reach the organism by diffusion through gas and liquid phases,

and evidence to support the equation was obtained by measurement of
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oxygén concentration at different depths withiﬁ-spherical aggregates
(Greenwood, 1967). For a Wellesbourne soil which is water-saturated,
the equation indicates that any zone éreater than 2 mm from a gas /
water interface would be anaerobic (Greenwood, 1968).

The effect of a wide réhge of soil moisture on nitrate )
concentration has been studied by Ekpete and Cornfield (1966), using
aégrégétea'<2 mm diameter. When ﬁoisture exqeoded 50% of MWHC the
nitrate concentration decreééed rapidly, denitrification being
. mainly respdnsibie; "Reference to Table 43 of the present work
does show thaﬁ theré was stimulation of nitrite formation in both .
soils when their moisture was inoreased from 55% to 70%,whatever
the aggregate size. 'Thig is in good agreément with the above
experiments on nitrate loss in unirradiated soils.A
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by freezing and

Broad soil taken from Reading Univeraity Farm at Sonning

in January 1967 was placed in a small 1 mg X 15 cm deep plot at

Wantage, and kept permanently under fallow conditions., It was

notiéed'that the rise in nitrite after troatmenk'uith«d.8 Mrad waas

coneiderably less after 73 months of fallowing, butfshowéd some

recov&:& after a.fﬁrthor 3% months had elapsed. The nitrate present.

before irradiation was determined in case it had limited nitrite

forhafionz
Irradiation  Fallowing - NO,N 64 hr after
date period NO5=N pre Y -~ © 08 Mrad
- 29/3/67 2 months b2 ‘ 299
12/2/67 ) 7% months 166.5 . o .. beS
2/1/68 : 11 months

39,0 _ 16,8

When a freah sample was obtainad from the field in the same

uonth (Sept. 1967), the accumulation of nitrite on irradiation was

high. and approached the level observed in the Iirst aample (March,

1967)« The nitrogen nmineralisation rates for "high" and ‘"low"

nitrite solls did not differ greatly, and showed 14«7 and 11¢5 Depalle

nineral-N increase respectively in 7 da&s.

Several possibilities might account for the detection of

only small amounts of nitrite,

For example, there could have been

differences in nitrite accumulation in relation to dose or incubat-

ion time, causing a shift in the "peak" previously found at 64 hr

after 0.8 Mrad; other factors could be an increasé in numbers of
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nitrifying bacteria leading to the presence of more survivors after
iifadiation‘(capabie of oxidising nitrite), or a decrease in the
initial population of nitratenreducing organiams. Some experiments

'wero undertakan to olarify these aspacta.

Goalbe1e1 Nitrite accumulation in relation to dose and incubation .
: - time

‘Haferiala and Mbthodé:

Samples of 10 g Broad soil which had been fallowed for
11 months were treaéed with six doses in the range 0,25 « 1,5 Mrad
after adjustment of the moisture level to 55% The irradiated
soil was incubated for various times ranging from 0.5 = 168 hr at
25° C, and the patterns of nitrite accumulation were comparad with
earlier data obtalned from soil fallowed for not more than 2
monthe (Cawse, 1967b). i
Results:

The differences in nitrite accumulation between aampies
are compafed in Figurea U-l,1.,1 (dose relationship) énd bl 1,2
(time relationship)j nitrite concentrations at doses and times
of incubation other than those shown in the Figureﬁ were-lower,
and this data is not ﬁrasented. The observation that both ahort-
fallowed and long-fallowad soils gave good agreement in thelr peak
of maximum nitrite production ;n relation to dose (0.8 Mrad) and
time of incubation (64 hi), if not in the maximum conceniration
reached, proved that there was no alteration in the influenﬁe of
these faétors which ¢ould be held responsible for the decreased

formation of nitrite in one of then,
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holi 1,2 Nitrite aécumulafion'in'reléfion:to fallowing andlcrogging

The plot of Broad ébii originéliy samﬁlcd‘froh Sonning Bn:
31/1/67 wan dividod.and aubjectad to either continuod fallowing or
oropping ‘for 2 years: The object was to compare nitrite incrcaaaa
when s0il was irradlated after cropping with that in the fallowed
sample, becausc the prescnce of plant roots may encourage a micro-
'flqra capable of reducing nitrate to nitrite. Such behaviour
could‘expiain.the variation in'nitrite level foﬁnd’in Bfoad soii

irradiated after different periods of fallowing. N

The positive influence of the rhizosphere on denitrification
has been established (Wbldgndorp..1962), and oxygen tension near ‘%o
and on the root surface was mich raduced by rodt -uptake and rhizo=
sphere organiamé. When Baéillus iicheﬁiroémié was addoﬁ to sterile -
cultures of pea plants, large amounts of nitrite appeared (Woldendorp,
1963)« In addition, Rovira and MoDougall (1967) have discussed-
saveral reports concerning high populations of denitrifying organisms
in the rhizosphere. —
Materials and Methods:

‘For the cropped treatment, barley variaty “Maxis Baﬁgeé"
was sown in late March and cut in late August for 2 years, 1968 and
1969, leaving the roots in the soil. Broad soil had aupported‘
continuous barley since 1960, and it was inadvisable to alter the
c¢rop for the present type of study in view of Wbldéndorp's (1963)
finding that greater loss of nitrogen occurred under pe&s than
ryegrasgaJ

Samples were taken from cropped and fallowed soils at 1
month after harvesting, and water was added to-obtain 55% moisture,

Irradiations (0.8 Mrad) were made in triplicate, followed by
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ingubation for 64 hr ‘to investigate the nitrite formed, and for 7
days to assess the extent of ﬁitrifiéati&n.‘ Nitrite and nitrate
were ‘also analysed before irradiation, and after incﬁbation'of
uﬁifradiateé'aamplea.j Other samples were taken immediately before
sowing and examined for nitrite formation after irradiation, under
the sane conditions as those sampled in the Autumn, |

It was desirable to know the effect of cropping on nitrate
increases after irradiation as well as nitrite bahawiour, because
' nztrification can gometimes be suppressed by plants (Theron. 1951).
Results: o | o
" The results of nitrite and nitrate determinations are given
in m'au.\h.un.a, Both fallowing and cropping for 6 months or more
caused extra nitrite to be formed after 1rr§diation compared with
~ the figure of 11.3 pepems nitrite-N obtained on 20/3/68, but cropped
s0il still gave more nitrite than the fallowed. To summarise the
' response given by the fallowed soil over 2% years:

Y o PeDPalle nitrite-N
Irradiation date 6l hr after 0,8 Mrad

29/3/57 R 2949
12/9/67 . R LN ‘
2/1/68 o 1648
' . 20/3/68 pre-sowing - " M3
i ' . 1/10/68 : 195 -
26/3/69 pre-mowing - 17.1
1/40/69 25.9
' 31/3/70 . ‘ ' ' 2605

The above differences almost certalnly f£ind éxplanation in

. variation of microbial numbers: The most interesting bbaervation
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Table 4-l.1.2 = Effect of fallowing and cropping over 2 years
on nitrite formation in irradinted Broad soil

'P/optﬂn 'ziitratel-ﬂ :

. " PePele nitritesl
Treatment before 7 days after irradn, 64 hr after ilrradn.
‘3rradn, eontrol 0.8 Mrad control 0.8 Mrad

1968

f£alloved 3747 47.1 96,2 O T 1948
‘ (+9.4)  (+58.5)

cropped  28.0 32,3 - 85.7 Oudt. 2641
' © (+he3) {+57.7)

;1262 | : S .
fallowed -~ . 33.6 . 38.5 83.5 O 25.9
_ ‘ - - (+e9)  (+49.9)
cropped . 20.6 26.8 75,0 Ot 70,8

(+602) (+5t"-‘§)

L.S.D, nitrate-N p 0.05 = 3,1, p 0.01 = 7.2
LieS¢De nitrite~N P 04001 = 309

' was thét tﬁe nitrite thoh accumulated in the cropped soil in 1968
(Table holty1,2) fell 1ittle short of the original reaponaa of 29.9
PeDella on 29/3/67 and was virtually identlcal to 1% in 1969, inplying
restoration of the microflora to the original numbers, or balances
‘The increapq in nitrate over the amount present immediately
. bofore irradiation (shown in parentheses) ﬁa; éimilar in fallowed
and cropped samples, although the latter possessed a lower nitrate
content, no ﬁouht owing to plant uptake, In an attempt to relate
differences in nitrite accumulation after 1rradiation to microbial
populationslin soil, it was decided to examine the effects of

prolonged freezing and storage of soil in an airedry condition,
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heli,2 Storage of frozen soil

Storage of soils ﬁy freééihg has bean investigated by
soveral workers iﬁ relation te nitiogén mineralisation rates on
thawing, and in most experiments, significant changes in mineralise-
ation have been reported, although Gasser (1958) stored fresh soil
at -10°C for %2 days without effect on the ammonium- and nitrattoﬂ‘.

p£oduced on subséquent incubations Allen and Grimshaw (1962) Touna
.thqt fresh soils kept at .15°c showed increases in amm;nium immed-
lately on thawing, but nitrate remmsined feirly constant. Munro and
MaoKay (1964) kept a fiﬁe s;nﬁy loam in'mbist condition at -20°C
and ~5 ¢ up to 15 waeeksy subseqnent inonbation ravealed conatant
nitrate production viith increasing storage timo, but ~20°%C atoraga
caused 2 - 3 pePaMs more nitrate~N production (approximately 10%) .
¥icrobiclogical studies by Grossbard and Hall (1964) - on the offect
of storing soils up to 60 weeks at =15°¢C demonatrated consiaerablc
differences in microbial numbers upon thawing; while the npmbe:s of
actinomycetes and bacferia tended to fall with increased storage
time, a similar response vae rot detected for fungl.

MeGarity (1962) studled the effects of freezing on denitrifa
ication down to «78°C; he concluded that the increase in nitrate
reduction rate on subsequent thawing and incubation indicates that
the organisms are mors able to use oxidisable substrete., This
ability could arise from tho removal of competition from other
organisma, or an increase in avallability of organic matter owing
to lysis of the damaged biomasa. '

Materlals and Methods: o ' .

An experiment was undertaken to examine the effects of

freezing Broad soil, at a moisture content of 39.2%¢ on the nitrite
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rise in 64 hr of 1ncubation at 25 C aftex 0, 8 Mrad. On 2&/10/67,
samples of 10 g were placed 1n 25 ml Mbcartney bottles for freazing
at -15 Cs and every month for a year, two bottles were removed for
thawing (1 hr at ao°c). irradiation and incubation for 6k hre At
the besinning of the oxperiment the soil containod 92.9 p-p.ma nitrat.-ﬂk
Reaulta: .

The amounts of nitritu that formed ere shown in Table 4-4.2.
After 6 months of freezing, a sudden fall in nitrite aaoumulation
was noticed. and appearnd again on the aubgequent month. It.uga
tﬁought'ﬁhat carbon dioxidé iﬁy hﬁve iﬁcraaséé'to such.a high :
concontration on thawing, as obeerved by SQulides and Allison (1961).

”that it 1nduoed the reductian of nitritc by denitrifying bactoria.

When four 1 mm diamcter holes were drilled in the caps of
the Hccartnay bottles to allow gaseous diffuaion after thawing, and
inoubation was oarried out under these conditiona, it was found that
'nitrite formed in the usual high concentration of 28.2 p.p.m. compared
with only 3.t pepoma nitrite-N in the sealed tubes.

It was conoluded that providod frozen aamples were exposed
to the atmosphere after thawing, then froezing for 12 months would |
not inhibit the formation of nitrite after,irrad;ation, and it’
appeéred phat re&ucing enzymes remained uﬁdamaged. In fact, a
slightly significant increase in nitrite was indicated during the

intermediate monthea,

beli,3 Storage of air-dry soil
Stofaga of air-dried Broad soil over 12 months at room

't?ﬁpératuro {atarting date 29/5/68) was compared with a second sample
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Table 4-4,2 Effect of freozing on nitrite formation in thaved
and irradiated (0.6 Mrad) Eroad soil

" PePele nitrite«N after 64 hr incubation

Storage time
(monthg)
at «15° ¢ tubes alr-tight tubes not air-tight
] 21.0
1 26.,7*
2 29.4*
3 28.6*
4 26.7*
5 16.0*
6. _3'9““
7 3'){,*: 28,2+
& 25.8%
9 29,3*
10 25,8+
11 2349
12 21.2

Tie8.De P 0405® = 4,3, p 0,01** = 9;9, excluding results for
6 and 7 months storage
in ajr-tight tubes,
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kept at 30% moisture, nitrite being measured after the same‘dose and
incubation time as in the freezing experiment, It was reasonable to
expect that there would be some differences in accumulation of
nitrite from the wﬁrk of seyerél'aﬁthofs. For example, Soulides énd
Allison (1961) found that drying was more destructive to bacteria |
than freezing, and iesulted in increased nitrification on re-
moistening. When the alr-dried soil in the present experiment was
re~-watted before irradiation, a roieaae of carbon dioxidé‘would
probably occur, and alr-tight containers were avoided: according to
Birch (1958), the burst of respiration is caused by surviving cells
which enter a log phase with a high metabolic rate. |
Materials and Methods:

Samples of 10 g alr-dried soil (6.5% moisture) and soil at
30% moisture were raised to 55% moisturé 4 hr before irrédiation;
they were treated with 0.8 Mrad, in tubes with perforated caps, and
nitrite was determined after 64 hr of incubation at 25°C.
Results: | |

Table 44,3 shows that both storage conditions resulted in
‘a significant change in accumulation of nitrite, which islmore marked
than that obtained by freezing. Air-drying for 12 months produced a
gradual decline in nitrite formed, an opposite response to the soil
stored in moist condit;on. These effaects are probably best explained
by an inhibitory, slightly destructive and stimulatory action of soll
moisture content during storage on microorganisms which contain
enzyme systems capable of reducing nitrate. It 1s not possible to
make a direct comparison of the absolute nitrite concentrations in
freezing and air-drying experiments because they were started at
different times, requiring separate aamplés from the field.
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Table H4=4,3 Effect of storage at different moisture on nitrite
accumilation in irradiated 20.3 Mrad) Broad soll

Storage time at PeDelie nitrite-N after 64 hr incubation
room temperature )
(months) stored air-dryt stored at 30% moisture*
0 34,3 | 34,2
1 30.5* 3243
2 31.0* 3644
3 31.7* 34,5
4 30.6* T 2
5 28.6* o 39.9*
6 2Ly 3+ 41,8+
7 b 4o, 2
8 - 23.6** 43,89
9 2l lyne 45,8
10 20,3+ b, 9r+ ‘
1" 19.1%* bl bos
12 16,5+ , 45,10
L.S.D. P 0.05* 5 3.3 S 347
D 0.01** = 7.6 . 8.6

t all samples adjusted to 55% moisture before irradiation
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There are some interesting reports in the literature dealing
with lethal effects of air-drying on the biomass. Stevenson (1956)
found that air-drying four soils for only 48 hr at room témperature
reduced bacterial numbers to 26 = 73% of .the initial fopulation.
Keeney and Bremner (1968) used alredried soils stored up to 48 weeks
for assessment of various soil nitrogen availability tests; there
were marked effects of storage on the total mineral nitrﬁgen produced
over an incubat?on period of - 14 dgys under aerobic conditions at 3000,
and average mineralisable nitrogen'valuea cbuld be up.to 33} times
"gréatep than moist éoil. The major‘contributory factor is élmost
cortainly rapid mineralisation of the damaged microflora, and this
contention is supported by the work of Jenkinson €1966) on partial

4C-labelled ryegrasa had been allowed

sterilisation of soil in which '
to decompose, Air-drying and incubation gave an increase in the
percentage of 1"’002 . and it was boncluded that the heavily labelled
soll biomass was decomposed to a greater extent than the. non-biomass
fraction of the organic matter. In addition, Harada and Hayashi (1968)
reported ‘that nitrogqn recently immobilised by microorganisms was
particularly affected by air-gryiné.(mainly amino acid and amino sugar

nitrogen), and was more decomposable than other soil organic nitrogen

fractions on re-wetting,
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o Prosence of soluble carbon

"In the £irst instance, the eoffect of soluble carbon on: :
fbrmaﬁibn of nitrita in Broad soil was studied under conditions»ofv
medium: moisture, because radiation-roieased carbon compounds may
encourage the~accumuiatibn of nitrite by their.availabilit§ as én~
enaréy‘source for microorganisms capabie of.reduping nitrate. .
Secondly, it had been established that nitrito‘éid.not accumulate . .
(over 64 hr) if Broad moil was irradiated above 110% MWEC (SecfionA4-1L
and it -was thought that the presence of carbon compounds had eﬁcouraged
very rapid reduction of both nitrate and nitrite by the surviving
orgaﬁisms under anaerobic conditions. Initiallyy it was decided to
dnvestigate the effect of adding éarhon to s0il under aerobic condite
lons, before introducing radiation té the system, and the behaviour

under waterlogging was examined later.

k5.1 Addition of glucose=-carbon under serobisc conditions

Materials and Methods:

Broad soil was taken at 38.3% ;bistura. and found to contain

" 104e1 pepems nitrate-N; samples of 20 g fresh weight were placed in

40 ml polypropylene tubes together with sufficient carbon and nitrate-N
to obtain a f£inal G : N ratio of 3 1 1, which Bremner and Shaw (1958a)
found to be optimal for nitrogen loss in some waterlogged soils.

Carbon was added from a glucose solution containing 15 mg ¢ / ml
(3.75 g glucose '/ 100 ml), and nitrate from a solution containing

3 mg nitrate-N / ml (2.1666 g potassium nitrate / 100 ml), Finally,
water was added to adjust the moisture content to 70%, Two levels of
nitrate were investigated by addition of 200 and 400 pe.p.m. of

nitrate~N to the amount elready present, so that there was an ample
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conéentratipn avallable for reduction, Samples were incubated in
the stoppered tubes (notwairftight) at 25°c, and analysis for nitrite
and nitrate was made after 1, 2 and 3 days of incubation.
Results:

The results presented in Table 4~5.1 show that nitrite failed
to accumlate above 0.7 pep.am. nitripe-u, gnﬂ althpugh some nitrate
disappeared during the first 2% hr of incubation, the loss was not
sustained; howafer, this was to be eipec§e§ under the aerobic conditions
of the experiment. Quite clearly, the presence of highly available |
qarﬁon does‘not cause nitrite to appear in Broad soill under ae?ohic

conditions, without radiatioﬁ treatment,

4.5,2  Addition of glucose~carbon to irradiated soil under aerobic

. and anaeroblc conditions

Secondlys the effect of carpon addition on acoumulation of‘
nitrite in irrédiafeﬁ soil ﬁas investigated. If was necessary to add
the gluc§s§ after 1rr§diation in view of reports on the to;icity of
irradiated glucose. In particular, Molin and Ehrénherg (1964) stated
that irradiated 1% glucose solutlon has a stfong antibacterial‘action
on Pgeudomonas, but at present there is no general agreement on the
radiolysis product/e responsible for this effect (see Section 1-3.2);
Similar observationg were médeﬂsome time ago on the inhibitory effects .
of heat-sterilised glucose solutions applied to cultures of Cytophaga
8PPey which are responsible for anaeroblc decomposition of cellulose
(Stanier, 1942), and also to mixed cultures of nitrifying bacteria
(Meilklejohn, 1951), | |
Materials and Methods:

Samples were taken according to the previous experiment, and



Table 45,1 Effect of plucose carbon (C : NOx-N ratio of 3 : 1)
- / on nltrite accumulation in Broad soll under .
aaerobic conditlions .

!

p.p.m.i" ‘ DPepille nitrate-N Pevems nitrite-N

nitrate-N present after: .- present after:
initially :
present U dgy 2days 3 days -1day 2days 3 days‘
3113 . . 280.0 .291.5 . 295.5 . 0.6 0.3 . . 0.2
518.% . 451,9 452.2 k2.9 0.7 | 0.3 0.3
"L.SYDe P 0.05 = 25,9 - LuS.Du P 0,05 = 043 -

Table h«5.,2 Effect of glucose carbon (C : NO-N ratio of 3 3 1)
' on nltrite accumulation in irradiated Broad soil
under aerobic and anaerobic conditions

nineral-N present after 64 hr incubation*

Treatment

70% moisture ' ’126% moisture
nitrate nitrite nitrats nitrite
0.8 Mrad “171.2 T 312 12:3 2.9
Q.8 Mrad 138«8 : 11.5 808 2.6
+ carbon

Li.S:D. nitrate-N p 0,05 = 10,1
L.S.D, nitrite-N p 0,05 = 2.6

b in:l.tially present: 120-9 DeDelle nitrate-N, 0.5 DeDells nitrite-N



after treatment with 0.8 Mrad at 60% moisture, sufficlent glucose
was added to achieve a C : N03-N ratio of 3 ¢ 1 with the nitrate
naturally present, and moisture levels were raised to 70% and 120%
(73% and 124% MUEC). Inoubation was carried out for 64 hr at 25°c;
a period known to give maximum accumulation of nitrite in irradiated
soil without carbon addition (Cawse Qnd Crawford. 1967), then nitrite
and nitrate were determined,

 Results: . ‘ o ' . |

Table 4~5.2 shows that under aerobic conditions, irradia£ion
gave the expected increase in nitrate over the amount initially
present (in agreement with the moisture experiments in Section 4e1)j
addlition of avallable carbon.cheqked this increase, most probably by
stimulation of organisms that carry out nitrate reduction, Complete
denitrification of nitrate is sﬁggéated rather than just reduction
to nitrite, because the nitrite level in irradiated soil was lowered
by 65% in the presence of added carbon. This implies that soils
rossessing a large amount of soluble carbon following irradiation
under aerobic conditions are 1ike1y to show more rapld reduction of
nitrite that is formed, and possibly no nitrite would remain afiex
incubation for 64 hr. '

Under anaerobic conditions, denitrification was virtually
completé in both treatm;nta, and the suggestion that a radiation
blo;k:tg the mechanism of nitrite removal is responsible for its
accumulation under aerobic soil conditlons seems very unlikely, in
agreement with the conclusion from the moisture studies (section. 4=1),
Further experimenté were undertaken under anaerobic conditions to
examine the extent of nitrite fprmation and denitrification in

irradiated and non-lrradiated soil which had levels of carbon known
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to be oﬁtimal and sub-optimal for denitrification, For a.start,
three C NO5~N ratios were tested on waterlogged soil (without
irradiation) to prove if the 3 : 1 optimal ratio for denitrification

found by Bremner and Shaw (H958a) also applied to Broad soil.

4=5,3 Effeot of different glucose-C : nitrate-N ratios on nitrate

' peduction under anaerobic conditions

Materials and Methods: ' ‘

" 400 pepemes of nitrate-N was added to 20 g samples of molst
soil, together with sufficient glucose to obtain C : NO5-N ratios of
3, 6 and 10 3 1, and the moisture ‘content was finally adjﬁsted to
120%. Analysis of nitrite and nitrate was made after 1, 2 and 3 days
of incubation. ' ‘ '
‘Results:

The results presented in Table 4-5.3 indicate that a 3 : 4
ratio was not optimal for nitrate raduction; but all levels of carbon
caused nitrite to accunmulate, It is interesting to note that Bremner
and Shaw (1958a) alao found about 150 Pepelts nitrite-N 2 daye after
addition of glucose to waterlogged soils, whereas experiments under
waterlogging but without added ¢arbon have not induced nitrite formation
(Ekpete and Cornfield, 1965; Mahendrappa and Smith, 1967)« No doubt
this is because nitrite removal is the rate-limiting step in denitrif-
lcation in alkaline soils, as suggested by Cooper and Smith (1963),
and the rate of nitrate reduction té nitrite is so much faster when
soluble carbon and nitrate are abundant that it exceeds fhe rate of
nitrite removal. In agreement with this acheme, radiation alone
(without glucose or nitrate being added) fails to produce extensive

nitrite formation in waterlogged soil (see moisture experiment in
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Section 4-1, and experiment 4-5,2) because removal of nitrite is not
rendered rate-limiting.
Nitrite accumulated to almost 100 p.p.m. after inoubation for

2 days at a C ¢ N ratio of 3 : 1, therefore there seems little chance
that chemical decomposition limits the concentration; Jones (1951)

did not find any reaction between ammonium and nitrite in waterlogged
soll at pH 4 - 6, and although Wahzab and Uddin (1954) reported
significant losses from interaction at alkaline pH, this only occurred
in desiccated soils.

l It was thought that if radiatibn was applied to a waterlogged
s8oil system, where nitrite was already being formed after a&dition
of carbon and nitrate, then the presence of extra radiation-released
carbon may perhaps stimulate nitrate reduction to nitrite even more.
. Experiments were made at a C : NOB-N ratio of 3 31 1 because while it
encourages the formation of nitrite, it does not provide optimal
carbon for denitrification, and any stimulatory effect from the
~additionel radiation-released carbon coméounds is more likely to be
observed fhan at higher C ¢ N ratios.

" Table 4«5.,3 Effect of C : N ratio on denitrification in
waterlogrsed Broad soil - _ ~

glucose-C Pepemt, nitrate-N present® - pe.p.m. nitrite-I¥ present*
¢ nitrate~N afters after:
ratio -
1day 2 days 3 days 1day 2 days 3 days
3:1 363.4 140.3 50.6 4o b 98.0 151
6 t 1 358.4 63.1 ?'1 l’9q6 6500 240
10 : 1 : 353.0 45.4 11-9 52.0 6508 2-3
L.S.De p 0,05 = 16.6 L.SeDe p 0,05 = 10,1

* initlally present: 518.5 p.pe.m. nitrate-N, 0.9 p.pem. nitriteN
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ho5.%4 Effects of glucose~carbon and radiation on nitrite accumilation

at a C NOB-N ratio of 3 : 1, under anaeroblc conditions

Materials and Methods:

KOO pepems of nitrate-N was added to 20 g samples of Broad
goll which were then waterlogged, and the followiﬁg treatments éppliedz
(1) untreated control | |
(14). 0.8 Mrad:
(411) . glucose added to obtain a G ::NO,-N ratio of 3 : 1.

3
(iv). 0.8 Mrad + treatment (iii)«after'irradiat;on

All treatments were incubated at 120% moisture, and analysis
of nitrite and nitrate was made after 1, 2, 3 and 4 days.
Results: . , | »

The results are presented in Figures 4-5.4.1 (nitrate) and
4-5.4.2 (nitrite), Comparison of treatments (1) and (44) shows that
radiation alonme .could encouréée nitrate reduction and inorease nitrite
without addition'of carbonj stimulation from radiation-released carbon
compounds was strongly suggested, and comparison of treatments (iii
and‘(ié) shows that the effect could be intensified by addition of
carbon in.the form of glucose to irradiated soil.

| Comparing treatments (1ii) and (iv), wﬁere carbon was added

to both, radiation slowed down the loss of nitrate and nitrite in
relation to incubation time and indicates that carbon (radiation-
released as well as added) was optimal for nitrate reduction. This
situation can be compared with the response of nitrification to gamma
treatment (Cawse, 1968): when carbon (or ammonium) is abundant, the
'depressing effect of radiation on microbial processes is obaefved,
but when carbon (or ammonium) is in short supply the stimulatory

effect of radiation-released compounds becomes evident, The rapidity
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_of denitrification agrees with the results of Cooper and Smith (1963),
where it was found that several soils could completely reduce 300 pepame
‘nitrate-N to nitrogen over 28 - 96 hr at 30°C.

It was declded to investigate the extent to which radiation
delayed denitrification at a C .2 NOB-N ratio of 10 :: 1, where it was
certain that carbon would not be limiting to reduction, and stimmlation

from radiation-reléased carbon would be most unlikely to'ocours

5.5 Effect of radiation on nitrite accumulation at a C s NO_-N

ratio of 10 3§ 1 under anaerobic conditions

Materials and Methods:

The experiment was set up and analysed under identical
conditions to the previous tests, and the treatments were:

\ (1) glucose added to obtain a C : NOB—N‘ratio of 10 : 1
. (11) 0.8 Mrad + treatment (1) after irradiation
Resulis: '

Table 4-5.5 shows that radiation checked the removal of
nitrite and nitrate, but there was not a complete block, and both
were almost completely removed by the fourth day of incubation. At
such a high C: N03-N ratio, a temporary radiation check to organisms
responsible for nitrate and nitrite reduction seems the most probable
explanation, Although such inhibition could be expected to occur
un@er aerobic conditions as well, the stimulatory effect of radiation-

released carbon compoundé (in the absence of added carbon) on surviving

organisms would probably be predominant,
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Table 4-5.5 Effect of radiation on nitrite accumulation at a
L G : NO,~N ratio of 10 2 1 under anserobic conditions

3.
‘Pepems nitrate-N present* Pepemte nitrite-N present*
o , afterx - : -after:
Treatment — — — :
1 2 3 ) .1 - k| P

day @ deys | days days day . days. days .days

%_ogrbon- 3714 0305 945 ¢9.§ (57.9. 63.0 0.3 0.k
0.8 Mrad  392,2 232.,3 62,0 6.7  69.4 86,5 135.6 1.6

+ carbon

'LoS.Do p0.05 = 2005 L,S.D. P 0‘05 = 12.8

» initially present: 527.1 p.p.m; nitrate<lN,; 0¢3 pepem. nitrite-N

45,6 Formation of nitrous oxide aiter irradiation under anaerobic
eonditiona

v According to the results on nitrite levels in watorlogged
soil afrer 0.8 Mrad (treatmont (11) in Figure #—5.#-2)..thare was a
gradual decline in nitrite commencing 24 hr after irradiation. .
Reduction of nitrite to nitrous oxide and nitrogen was suspected, but .
to obtain more.defioito evidence for this pathway of denitrification,
the evolution of nitrous oxide from irradiated and unirradiated soil
was compared. o
Materials and Methods |
, Samples of 30 g dry weight wera treated with 0.8 Mrad at 60%
moisture. Immediately afterwards, the irradiated soil and two
unirradiated samples were placed in specially designed vessels (Figure
2-3.3.1) and were waterlogged to 120% moisture; sufficient nitrate was
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included to adjust the soil concentration to 500 p.p.m. nitrate-N.
The vessels were connected to a closed ayatem incorperating an infra-
red gas cell (Seetion 2-3.3), and the release of nitrous oxide waa
recorded at 2000,_usually every daye« Such large quantifies‘of the -
gas were produced,from the irradiated samples over # days that the .
inoubation pericd.was extended to determine the .maximun concentration -
which formed. S ’ o el e e e
Regults: |

PTable 4=5.6 shows that the release of nitrous oxide from - -
irradiated soil greatly exceeded the evolution from the control,
which is in accordance with the relative rates of nitrate reduction
and occurrence of nitrite previously observed (Figures 4-5.k.1 and
haS.4.2), The irradiated soil rapidly produced nitrous oxide, and
67% of the maximum concentration observed was detected after the
first # days of incubation. The loss of nitrous oxide-N at 4 days
exceeded the nitrite-N deficit by 78.5 - 23.8 = 44,7 PePelle N, and
suggests that nitrite undergoea such rapid reduction that its aocumul-
ation is limited. The experiment indicated that the decline in nitrite
observed in irradiated soll under anaerobic conditions involvea further
reduction, probahly of a microbial nature, which is stimulated by

radiation-released oarbon compounds.

Experimental summary to carbon studies
The main findings from all the carbon studies at 0.3 Mrad were:
(1) A severe block ro.nitrite'reeoVal aid not oceur following
irradiation under aerobic or anaerobic conditions, elthough in
" the latter there was a slight delay in demitrification.
(11) Addition of carbon to irradiated aerobic soil lowered the nitrite



. concentration, therefore a large amount;of radiation-released
. carbon is moré likely to reduce the perasistence of nitrite
. rather than increase it.

(i11) °'If soluble carbon was abundant in waterlogged soil, the
introduction of radiation depressed the denitrification ratej
in soil to which carbon was not added , rad;af;on inoreased
reduction of nitrate to nitrite and nitrous oxide, most

_.probably by stimulation of surviving microorganisms with

released carbon compounds.

- Table 4=5.,6 Formation of nitrous oxide by waterlogged soil
after irradiation '

Days of ng NéO-N released from 30 .g
incubation dry “aoil after 0,8 Mrad

273
831
1185
1587
1987
2096
2207
2281
2356
2252
1% 2220

O O3 O FUVU NV &

-
S O

Control soil produced a maximum of 157 pg NZO-N at day 8
S.E, of mean % 19,4 ‘ |

99
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4.6  Effect of saturation with carbon dioxide

Sone investigafors have reported that irradiation of soil can
increase the evolution of carbon dioxides For example, Goleman‘aﬁd
Macfadyen (19665 found a very high evolution rate (approximately four
times greater fhén control) over 24 hr after ?reatmént with 2.5 Mrad,
although»this foll to slightly less than the control after 2 days.
In addition, Cawse (1967a). reported that five soil series (including
‘the Broad type) pioduced more carbon dioxide than unirradiated
controls ovéerne week after treatﬁeut with a subesterilising dose
of 0.2 Mrad. :

A It was thought deéirable to eiamine the effect of replacing
the séiliatmosphere»with carbon dioxide onm the formation of nitrite
(after 0.8 Mrad at medium soil moisture), to confirm suggestions
made following experiments on temperature and freezing effects that
a high conceﬁtration of carbon dioxide in air-tight vessels caused ’
less nitrite to accﬁmnlate.

Materials and Methods:

Broad and Teknield soils were ralsed to a moisture content
corresponding to 60% MWHC., After 2 days of equilibration, 10 g
sanmples were weighed into 25 ml McCartney bottles having:screw caps
with rubbef ingerts., Through each cap was inserted two hypodernmic
neodles to act as gas inlet and outlet. The inlet needle was 12,8 mm
long,land,reached to the bottom of the bottle. The outlet needle was
2.5 mm long, and just projected into the aiw space gbofe the soil
sample., Carbon dioxide was passed through the soil for 24 hr at a
flow rate of 0.3 litres / hr, the needles were removed and the cap
was sealed with hot paraffin wax. Immediately after sealing, the
samples were irradiated with 0,8 Mrad for Broad series and a slightly
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lower dose of 0.6 Mrad for the Ickpieid soil: a set of gassed
samples of each goil was left unirradiated. '

After an incubation period of 64-hr, the soils were analysed
for nitrite and nitrate and the amounts deiected were compared with
the lavels precent in aerobic samples wﬁich had been irradiated and .
incubated. The amount of nitrate in aerobic control soils was also
determined before incubation to assess the extent of nitrification
over 64 hr. .

Resulta:

The results appear in Table L4=6. The atmosphere of carbon
dioxide reduced the extent of nitrification during incubation of
control samples, and in the irradiated treatments it considerably
lowered the amounts of nitrite and nitrate present. The latter
behavioqr strpngly suggested'that denitrification was increased by
irradiating soil saturated with carbon dioxide, and this agrees with
the response obtained from argon-saturation tests reported later in
Section 7-1.

It was concluded that ahlarge inerease in the concentration
of carbon dioxide in irradiated soil is ﬁn%ikely to encourage the
formation of nitrite, rather the reverse, It séeméd almost certaln
that accumulation of carbon dioxide was responsiﬁle for the bad
replication and sudden f£all in nitrite observed during the temperature

response experiments (Section 4=2.1) and freezing tests (Section Lw4.2),



Table 4.6 Effect of carbon dioxide saturation on soil nitrite
o increase after irradiation
Pepeme mineral-N after 64 hr incubation
Soll Treatment Aerodbic 002 gaturated
- geries ’ -
niﬁrite nitratg’ nitrite nitrate

Broad Control 0.3 21140 14 158.5

0.8 Mrad 370 2h3,.2 76 89.1
Teknield  Control 0.3.  163.0 1.4 96.9

0.6 Mrad 33.9 219.0 1.1 36.3
LIS.D.‘ nitrite-“ P 0.05 = 5.7’ P 0101 = 13.1
* LeS.D, nitrate-N = 24,8, " = 57,3

N

* increase in nitrate-N during

. incubation of control

Broad = 4,9 p.p.m.
Icknield = 3.

102
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L7 Effect of calcium carbonate

Owing to the instability of nitrous acid at pE values below
5¢5 = 640 (Allison, 1963), there was little point in examining the
effect of acidifying Brﬁad and Icknield soils on the accumulation of
nitrite after irradiation in the region of 0.8 Mrad. Of greater
interest was the effect of raising the pH on nitrite accumulation, .
particularly in the case of some neutral and acid soils which are
known to give very little nitrite after irradiation compared with
more alkaline series (Cawse and Hhite, 1969b)‘

Ralsing the pH of an acid or neutral soil may result in the
accumulation of nitrite in two ways: , 7

(a) by improving the stability'of any nitrite that does form

after irradiation,- ‘ h

or (b) by an inhibitory effect on Nitrobacter. Aleem and
Alexander (1960) report that inhibition results from the action of
free ammonia, and the phenomenon is kﬁown to occur in alkaline soils
after addition of ammonium fertilisers (Chapman and Liebig, 1952;
Justice and Smith; 1962; Meek and Macxbnzie,‘1965). In addition, Lees
(1963) found that nitrite can inhibit its own oxidation if the concent—
ration exceeds 140 p.pems nitrite-N in a soil perfusate. Experiments
on perfusion of soil from Grove series (Cawse, 1967b) showed that
140 p.pem. nitrite-N caused only a slight delay in oxidation to
nitrate, but 280 p.p.m. nitrite~N produced severe inhibition., Since

the latter concentration in the perfusate represents as much as 3,500

(280 x 250 ml per
20 g soll

nitrite ascumulation is unlikely to affect Nitrobacter in the present

PePelle nitrite-N on a soil dry weight basis

experiment, where the concentration was not expected to exceed 50 p.p.m.

nitrite~N in any soll series after irradiation,
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If there was a contribution to the formation of nitrite by
mechanism (b), it could be detected by incubatlion of unirradiated.
solls to which caioium carbonate héd been added. If thq contribution
was inesignificant, then 'irradiation' and ‘calcium carbonate + .
irradiation! treatments could.be compared,

A single radiation dose of 0.75 Mrad was chosen because a
study by Cawse and White (1969b) over the.range 0.5 « 1.5 Mrad had
shown that it was optimal for.maximum,nitritg accunulation in five
.alkaline soilsy the investigation also indicated that nitrite formed
rapidly, and there would be little or no further increase in concente
ration with incubation for longer than 3 days.

Materials and Methodsa:

Fifteen Boll series were taken for this experiment, and are
listed in Table 4-7, For each series, two fresh samples were preparedi
(1) 140 g, to which 1.4 g of calcium carbonate was added, and
(311) 70 g, at normal pH.

All series were raised to 60% of MWHC, and allowed to equilibe
rate for 2 weeks at 5°C., After this time, samples of 20 g were taken
from treatments (1) and (ii) for determination of pH in water extracts.
Sub-gamples of 10.5 wore taken from treatment (1) + calcium carbonate,
for incubation without irradiation, and further sub-samples were
treated with 0.75 Mrad, From treatment (ii) at normal pH, subesamples
of 10 g were taken for irradiation, All treatments wore allowed 3
days of incubation before analysis for nitrite.

Results:

Table 4-7 shows that addition of caleium carbonate alone

failed to induce a large accumulation of nitrite in any soil; this was

most satisfactorys The fact that the six series having a normal pH of
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6.4 produced almost the same small amount of nitrite whether irrad-
iated at their normal pH, or at alkaline pH in. the region 7.8 - 8.2,
rqles out ény suggestion that soila_of lower pR fail to accumulate _
nitrite aftéer irradiation because of instability. It seems that
such soila do not contain the enzyme syatem/é which carry out the
r;duct;on of nitrate. ‘

Ig,the five alkaline soils which normaliy gave 371 « 53 Dpepelie
nitrite-N after 0.75 Mrad, tﬁer_e was no consistent effect produced
ﬁy addition of calcium carbonate: Icknield series showed little
difference in nitrite formatién. but Bréad and Broadmoor gave about
12% iess with cglcium carbonate preéent, whereaé Colthrop and Gade
showed slight gains. It is difficult to account for these observat-
ions, but an explanation to éﬁcountvfor the detection of more nitrite
after irradiation in the presence of calcium carbonate could be that
nitrate~reducing bacteria proliferéted dﬁring the equilibration
period. Less nitrite could result from increaséd nunbers of bacteria
rearonsible for nitrite reduction to oxides of nitrogen and gaseous
nitrogen, relative to thosme ogganisms responsible for nitrate
reduction to nitrite.

It should perhaps be mentioned that considerable amounts of
ammonium will be produced in the fcalcium carbonate + irradiationt
treatment by microbial damage (Cawse and White, 1969a). Although
these conditions are more favourable to a bulld-up of nitrite by

ammonium toxicity to Nitrobacter than the '+ calcium carbonate® alone

treatment, the results provide no evidence that soils which accumulated
little nitrite after 0,75 Mrad were encouraged to produce greater

concentrations by damage to Nitrobacter.
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Table 4-7. Effect of calcium carbonate on nitrite accumulation

after irradiation

 pepelle nitrite-N after 64 hr incubn.*+

I PH in water
Soil ,
series with with with'0a003 0.75 Mrad
normal Caggz ca€83 + 0475 Mrad . alone
Black 7.8 . 8.2 0,9 3.7 449
Broad 8.0 8.0 Ol 3640 h.6 -
| Broaémoor 8.3 8.3 1l 7.2 5342
Buraledon 6.0 8.2 0.7 1e3 1.2
Charity. 6.1 8.1 0.7 1.9 - 2.5
Colthrop 8.1 8.1 1.8 38.0 346
Denchworth 5.7 - 8.0 1.8 3.8 1.6
‘Evesham 6.8 8,1 1,0 3.7 b5
Fyfield 7.6 8.1 0.8 2.3 2.6
‘Gade . . 8.2 8,2 0.8 33.2 314
Grove | 74 8.2 0.8 2.2 2.4
Hanney = 5.9 7.9 0.5 2.2 1.2
Icknield, 8.0 8.0 0.6 b9 - 44,6
Southampton 3.9 7.8 0.7 2.k 1.6
Sulham 6.3 7.8 R 2.5 2.9
L.S.D, nitrite-N p 0.05 = 1.6, p 0.01 = 3.8

* untreated soils all contained 0.7 pepemts nitrite-N
+ soils all at 60% MWEC
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5 Relationship beiween nitrite formation by soils after 0.75
Mrad and their capacity to reduce nitrate when waterlogged

If the reduction of nitrate to nitrite in certain irradiated
soils under aerobic conditions was being acoompliahed by microbial
enzyme systems, as suggested by experiments in Section 4, it was
thought that the extent of nitrite acoumulation shoulﬁ show agreemént
with the potential of unirfadiated solils to carry out denitrification
in the presence of ample n;traﬁe aﬁd‘carbon (termed "denitrifying
potentiai"), so that the numbers of danitrifyinglorganigms would be
thé critiﬁal factor ébnifolling the rate of nitrate reduction., This
rate would be most interesting over the first 24 and perhaps 48 hr -
of incubation, which should give little opportunity for the organisms
to proliferate too extensively, If they did, it could give a false
idea of the initial capacity of a soil to';eﬁuce nifrate, but relative
‘differences in rates of reduction between series would still be

expected to be apparent,

S=1 Denitrification rates
5-1.1  Preliminary tests on rates of nitrate loss :

A preliminary experiment was carried out'to-compare the lqsa
of nitrate in Broad, Fyfia;d. Grove and Icknield soils following
addition of elther nitrate, or nitrate and available carbon. It was
hoped to prove the necessity of adding carbon to achieve a fast
denitrification rate, and provide information on the incubation time
which would be most suitable for solls enriched in carbon and nitrate.
Materials and Methods:

To 20 g samples of the four soil series described above was
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added (1) glucose and nitrate, or (£i) nitrate alone. The glucose
solution contained 15 mg C / ml. and the nitrate solution (from
, potassium nitrate) had 3 mg nitrate-N / ml: 2 ml of each solution
was added,, thus obtaining aC: Nratio of 5 1 1 ignoring‘the nitrgte
naturgl;y present, and the sampleaJﬁere waterlqgged to a depth of 1 om.
Nitrate was determined at the beginning of the experiment to enable
the nitrate content at the start of waterlogging to be calculated.
Aallowing for the addition of 6 mg nitrate=N. |

‘ Nitrate was analysed in samples receiving glucose after 3 days
of'inoupat;on, but those without glucose were analysed after 3, 7 and
14 days. Aé there had been virtually complete loss of all nitrate
present in the samples with glucose by 3'daya,-there,was no point in-
continuing the incubation and analysis beyond fhip time,
Results: | | ‘

The percentéges of initial nitrate lost on incubation aré

shown in Table 5-1.1, and make it clear thai‘firstly..tha presence
" of glucose‘ia esgential for rapid ﬁenitrifigation. éecpndly, for
the main experiment to follow, there would be no ﬁbject in continuing
the incgbatipn fqr more than 3 days after édding glucosa and nitrate.

Téblei5-1.1 Rates of nitrate lbss«in‘waterlogggd goils
with and without addition of pglucose

Soil %finitial‘p.p.m..nitrate-N lost after incubation for:
series with glucose without glucose :
3 days 3 days 7 days 14 days
Broad 9647 1.t 15.9 22.6
Fyfield 96.5 6.6 10.3 12.9
Grove 86.3 9.4 14,0 18.3

Icknield 92.5 - 0 8.4 1161
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5=1s2 Denitrification rates in fifteen waterlogged soil series
Materials and Methods: |

| Fifteen soil serles were selected for denitrification studies.
A1l of them had been previously examined under aerobic conditions with
fesPect to the response of nitrification and nitrite accumulation
(Cawse, 1967bs Cawse and Crawford, 1967; Cawse and White, 1969a and
1969b), |

Samples of 20 g were waterlogged after the addition of 39 mg
glucose~C and 6 mg nitrate-N. Nitrate was determined in the fresh
samples to allow calculation of the total amount present immediately
befors waterlogging, After 1, 2 and 3 days of inoubation, nitrite
and nitrate were determined. Although it was only posaible to rely

on the nitrate analyses for calculation of denitrification 1ossea,‘
nitrite was estimated becaﬁsa of interest in the stability and concent
ration that céuld be reached in the various soil series. In addition,
the appearagce of considerable amounts of nitrite simultaneously with
severe nitrate loss would help to confirm that true denitrification
was occurring; all soils showed a "frothiness" in the surface layer
of water, caus;d by evolution of gas during incubation,
Results:

The figures in Table 5-1.2.show that nitrate was lost very
rapidly in the alkaline series, and the fastest was Broaémoor, where
220 p.p.m. nitrate-N &a total of 2,65 mg) disappeared in the first
24k nr. Such rapid losses in the presence of glucose have already
been reported by Bremner and Shaw (1958a), McGarity k1961) and
Greenland (1962).

The results obtained for the alkaline soils agree with reports
on the abundance of dénitrifying organisms in soils of high pH, and‘
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their sensitivity to low pH. Valera (1959) detectad very few denite
rifying bacteria in soils of pH 4.0, and later, Valera and Alexander
(1961) found that in alkaline soils fewer than 5% of the total flora :
could liberate nitrogen from nitrate: exceptionally, the number could
reach 30%. The acidic Southampton series certainly gave least nitrate
loas, ip agreement with. these aﬁthdra, and the second lowest was
Denchworth series with a pH of 5.7.

' The losses of nitrate over the firat 24 hr were compared with
the amounts of nitrite that accumulated after irradiation, the latter
figure appearing in Table 5-1.2 for convenience (taken from experiment.
4—7)- It was clear that five out of six solla producing the greatest
loss of nitrate also formed mo?t nitrite after 0,75 Mrad, the excepte
ion being Sulham series, where more rapid reduction of nitrite may
have prevented accumulation. The nitrite analyses on waterlogged
s0lls showed that concentrations: were highest in those series which
gave the most rapid loss of nitrate; this conforms with the finding
by Cooper and Smith (1963) that nitrite removal can become the rate-
limiting step in denitrification, '

There was good agreement between the denitrifying potential
of waterlogged soils and the amount of nitrite formed after 0,75 Mrad
at medium moisture, but three other variables could aléo be well
related to nitrate loss; they are the soill pH and inorganic carbon
level, which would favour denitrifjing organismé, and the carbon
released by lysis of irradiated microbes.

Released carbon may directly stimulate formation of nitrite
at medium moisture, and could therefore be a better indicator of
nitrate reduction than nitrite itself if the latter was removed
rapldly in certain solls. Although experiments with one irradiated
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Ta'bie’ S5=142 Production of nitrite in irradlated solls at medium

moisture, and nitrate losses in unirradiated solls
under watarlogg;j._n_g

EHOAR Bt

Soil pH % §6§1§‘ Zoluble C
series in inorg. 64 hr immed,

water ¢ poat post ¥ day 1 day 2 day3
Black 7.8 <0.05 4.9 276 95.3 226.2 392.4
Broad 8.0 1,19 1.6 317 41,0 307.9 518.6
Broadmoor 8.3 k03  53.2 5h9 220.4 42047 51140
Bursledon 6.0  <0.05 1¢2 540 . 43 106.0  318.1
Charity 641  <0,05 2.5 650 72,8 143.6. 268.9
Colthrop 8s1. 2,90 34.6 604 2142 3525 453.0
Denchworth 5.7 <0.05 1.6 547 17.3 69,3 243.0
Evesham 6.8 <0.05 4.5 680 77.5 3313 3815
Fyfield 7.6 <0.05 2.6 408 57.7 193.6 358.5
Gade 8.2 1,01 31.4 465 15642 313.7  433.8
érove 7.4 <0.,05 2.4 3h1 82.6 195.1 372.6
Hanney 5.9 < 0,05 1.2 329 38.0 723 132.5
Icknield ~ 8,0 0.70 446 k27 183.7 325.0 . 60646
Southampton 3.9 <0.05 146 1074 9;7 19.0  20.7
Sulham 643 Ost1 2.9 Lhys 40,6 349.7 524.0

L.S.D., nitrite-N P °u05 -] 1.6' P 0,01 = 3.8
L,S.D.. soluble C "o 84,3, "= 194,5

* 30 mg glucose-C and 6 mg nitrate-N added
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s0il (Section 4-5) led to the conclusion that a large amount of
carbon was more likely to reduce persistence of nitéite under aerobic
conditions, it was decided to establish the exact concentrations of
éa:bon in all series immediatély after irradiationy 30 g samples waere
exposed to 0,75 Mrad at 60% MWHC, and Were‘ahakén‘with 4o ml of water.
The suspensions were centrifuged for 40 minutes at 30,000 G. and 20 ml
of the: supernatant fraction was analyaed for carbon. The results are
included in Table 5=1.2« It was found that the amount of soluble
carbon present was considerable: for instance, 400 p.p.me cfrepresenté
approximately 8 mg d in the 30 g of moist sample, which would hardly .
be very limiting to microbial nitrate reduétion; and no déubt explains
the poor correlation with nitrite formation. - | 7
It is assumed that a large proportion of radiation@réleased
carbon cpmpoundavare‘available‘to microorganisms. Skyring and
Thompson (1966) have shown that Pseudomonas denitrificans is capable

of faster nitrate reduction in a soil treated with 0,5 = 5 Mrad, and
coﬁclude that an increase in avallability of organic matter may be
responsible, Tﬁe work of Boyer ot al, (1966) and Bowen and Cawse
(196kb) has indicated that such heavy doses as 4 - 5 Hrad give a
greater increase in the fulvic fraction of soil organic matter than
in humic substanceg,‘and this effect 1s also possible to a limited
extont at lower levels of radiation, Considerable amounts of carbon
are normally found in both fﬁ;vic and humic fractionsj Kononova (1961)
quoted the elemsntary composition of fulvie acids from a humus-
i1lluvial horizon, and 45% carbon was present with only 1.1% nitrogen. _
These figures compare with 57% carbon and 3.9% nitrogen for humie
aclids from different soils. :
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‘The contribution of all four variables to nitrate loss (y)
after 1, 2 and 3 days was analysed by multivariate regression, and
0,05% inorganic ¢ was accepted as the true amount for soils where
determinations had set it as the upper limit. It was first established
that with all the data, replacement of nitrite by log nitrite (to base
e) gave a better éit; for exampl;, a *t' test on the significanca of
the regression co-efficlents showed t = 6,20 for nitrite, and t = 7.70
for log nitrite using day 1 nitrate loss figures (15 observations).
Secondly, the significance of individual regression co-efficients
suggested that nitrate loss was independent of inorganic carbon or
soluble carbon levels, and the beat relﬁtionahip appeared to be that
of nitrate loss on log nitrite formed (a) and pH‘(b):

Over 1 day ¥= 3532 + 10.8b - 34,5
" 2 days y= 42,282 + 49.3b - 125.2
" 3days y= 27.2a + 78.0b = 220.9

The best fitting line was given by day 1 results with‘84% of.
the total variation explained, compared with 72% and 71% for days-a
and 3., The significance of the regression co-efficients of log
nitrite and pH was examined by a 't! test, and the values were:

Independent variable Day 1  Day 2 Day 3 Significance
log pepem, nitrite 4.,00** 2,03 1.03 »* 500 level
pH 1.06 1.67 2,56 * 2% level

_ The greater significance of the contribution of log nitrite
to the regression obtained oveé the first day agrees with comments in
the introductions which stressed that extensive proliferation of



denltrifyzng bacteria during incubation could obscure the original
oapaeity of a aoil to reduce nitrate; it seemed that in partleular,
Bureledon and Denchworth series were behaving in this way, with
increasing nitrate 1oss in relation to incubatnon time. Resulte
over the first day are also moxe reliable because many seriea had
reduced 50 much nitrate aiter 2 = 3 days that it would 1imit further
microbial activity,

114
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6 Influence of soil type on radiosensitivity of Nitrosomonas
and Nitrobacter up to 1 Mrad

One explanation to account for the accumulation of nitrite in -
‘some soils.(Broad, Icknield) but not others (Black, Grove) after
irradiation in the 0,75 Mrad region might be that nitrification is’
inhibited to a greater extent than nitrate reduction, and thus the
1aeter prooees becones hoticeable by formetion of nitrite, In a
soil with more radioreeietant Nitrobaeter, any nitrite would be
rapidly oxidised. Differences in radiosensitivity of nitrifying
bacteria could arise from-
(a) environmental effecte. 0els aoil chemioal and physical status, or
(b) the presence of different nitrifying species-

The effect of soil environment can only be determined by
etudying the sane species ot nitrifying baoteria in both "nitrite-
forming" and "non nitrite-forming" (0.75 Mrad) soils. If pure

cultures of Nitrosomonas and Nitrobacter were introduced inte sterile

soils and colonised successfully, they could then be irradiated over
a range of doses up to 1 Mrad to obtain nitrification response
curves: this approach was undertaken.

| A study of (b) would entail isolation and identification of
the indigenous nitrifying speciee,.followed by measurement of their
radioseneitivity in pure culture, but it was not possible to proceed
_with euch an experiment owing to the attention given to other aspects
of nitrite behaviour,

6-1 Introduction of nitrifylng bacteria into sterile soil columns

.Materials and Methods:

It was thought that the colonisation of nitrifiers in sterile
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soll would best be achleved by the use of s0il columns with free
drainage: 400 g of fresh Grove soll (340 g dry welght) was placed in
a glass tube measuring 45 cm long X 4 cm I.D., as shown in Figure 6-1.

Four réplicate treatments were applied according to the details in

. Table 6-*. For inoculation, Nitrosomonas europaea-and Nitrobacter
Qinoggadsgxg were cultured for 2 waeks in advance, then 10 ml of
each culturé was injected through the sand on to the surface of the
soll, and was washed further down with 50 ml of sterile water. The
water added raised the soil moisture to S54% MWHC in treatments'(i),
(11) and (iv). All columns were incubated for 25 days at 25°d, and
air was passed through them every week to avoid anaerobic conditions.
The leachate from treatmeﬁt (111) was examined for toxicity
of radiation-released organic substances towards the nitrifiers,
because positivé avidencé would have been useful to substantiate any

later results suggesting enhanced nitrification in leached columnsj

15 ml of leachate was added to separate 15 ml aliﬁuots of Nitrosomonas
and Nitrobacter culture media which were immediately inoculated with

the respective bacteria, After incubation for 7 days. at 2500, the

Nitrogomonas media was analysed for ammonium and the Nitrobacter

media for nitrite, but extensive oxidation of the substrates had

occurred, without inhibition:

Media analysed: ' ‘Nitioéoﬁonae media 'Nitrobacter media
Before inoculation 105.6 popems NE,=N  200,5 pepeme NON -
After incubation V2L n 0,03 " "

After incubationy each column was leached with 800 ml of

sterile water at pH 7, and the treatment was repeated 7 days laterj
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Figure 651 Soil column for colonisation of nitrifying bacteria

Table 61 Nitrifying capﬁcity of inoculated soil columns

Total pg mineral-N in leachate expressed
as mean p.pen. soil in column

Treatment Nitrate~N - Nitrite-N
present up to 25 25«32 days 25 days
at days poste post- post=.
irrada, irradn, irradn. irradn.
(1) 4 Mrad, then h 13.5 2.0 = 0.3
inoculated
(ii) 4 Mrad, air passed 1548 247 0.1
through column,
then inoculated &13.2
(iii) 4 Mrad, leached with 15.7 1.6 0.1
800 ml water, air
passed, then inoculated
(iv) Not irradiated or 434 9.7 R
inoculated, but

70 ml water added J

L.S.,D. nitrato=ll p 0,05 = 7.1, P 0,01 = 16.5
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nitrite and nitrate were determined in the leachates and compared
with the amount present in soil leached immediately before irradiation,
Results:

The extent of nitrification is shown in Table 6-1. Inoculated
solls gave little increase in nitrate, but in unirradiated columns
nitriflcation proceeded readily under the physical conditions of the
experiment. Far more ammonium was present in irradiatéd soils, and
could not have limited nitrification. The poor colonisation obtained
led to the consideration that conditions under perfusion would be
intermediato betwsen pure culture and soil en&ironmenta; and may
pormit more gradual adaptation to soil conditions with less check to

the organisns,

6-2 Introduction of nitrifying bacteries into sterile perfusion

systems
Materials and Methods:

Nitrosomonas and Nitrobacter were cultured for 2 weeks to

obtain dense éoPulations, then 5 ml of each culture was placed on

the surface of 20 g sterile Broad and Grove:soils contained in nylon
sachets in the small perfusion units (Section 2-5); At the same. time,
100 ng nitrite-N was added (from 100 PePels NO,=N potassium nitrite
solution) to the perfusate of ammonium sulphate, to érovida substrate

for Nitrobacter until Nitroscmonas functioned well. The units were

incubated for 10 days, nitrite and nitrate being determined at
frequent intervals.,
Results: ‘
Nitrification proceecded rapidly in inoculated soils (Table 6-2),

and the perfusate was replaced with fresh solution after 10 days.
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Table 6.2 Nitrification in sterile and inoculated soils -
during perfusion

DAYS OF PERFUSION

. ¥ - . DePollle PsPelle
Soil and " PaPemte nitrate-N ; nitrite~N ' nitrate-N
treatment _ Lo y
S 1 4 7 10 & 10 - 1 5
Sterile: : ; S
Broad - o 18.0  19.2  19.4 20,1 0,6, 0.7
G.I'OVC R 9-8 . 10.#’ 10-8 ) 1 03 0.“ 0-5
Co : S - - - -perfusion :
continued with .
"Inoculated: o - "fresh perfusate
Broad . . 26,5 3846 1647 256.8 16,1 0.1 . 46.8  318.8

Grove - 179 249 343 . 415 0.2 0.1 0 8.6 1949

-

L.S.D. nitratesN p 0.05 = 5S4y p 0.01 = 12,5
L.S.D. nitrite-N " = 09, " = 2,0

Further analysis established thaf ﬂitrate 8t11ll accumulated rapidly,
" therefore activity of nitrifying bacteria in the perfusate rather than
the soil could be dis;oﬁnted. The'peyfusion technique permitted
‘oxtansive colonisatioﬁ of radiation-;teriliaed.soil‘ and was far more
éuitable than soil column 1nobu1a£ion; however, only 20 g of soil :
could be ﬁlaced in each unit, and at least 1 kg of colonised soil
was needed for a dose / pitrification'reaponsa study, It was thought
that it might be possible to use perfused soil for'inocﬁlation of
larger quantities which could be incubated ih glass jars, and larger
volumes of perfused soll at "Bacterial Saturation” (Lees and Quastel,
1946) for inoculum could be obtained by constr&ction of larger units.
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6-3 Irradiation of inoculated soil
»  Experiments weré designed to compare the effect of 0,05 - 1 lMred

on nitrifying bactgrig esﬁablished in Broad and Grove series soils,-
known %o be "positiyev andA"neéative" nitrite~-formers respactivél& )
affer'0.75 Hrad.A‘Latér, it was necgaséﬁy to éuﬁétitufé Black series
for Grove to obtain more reliable results,. |

Perfusion units were constructed to hold 100 g of soil, and
once the cultures of nitrifﬁhg’ bacteria could be established it was
intended to mix the whole sachet of perfused soil with 1 kg of
radiation-steriliaed s0il for colonisation to proceed, and then to

irradiate the eoil supporting the bacherla.

6e3e ' Inoculation and irradiation of Grove series

Materials and Methods:

Preliminary tests wiéh‘erovo soil'showed that although the
nitrifiers could be successfﬁlly colonised in,perfugéd goll, when thé
latter was mixed with 1 kg of sterile soil, the colonisation and
formation of nitrate was poor. In an attompt to overcome this problenm,
double the quantity of perfused soil (200’3) was used to inoculate
the nain bulk of 1 kg. »

Sachots containing 100 g of air-dry soil were treated with
b Mrad, and placed into sterile perfusion units each containing 250 ml
of ammonium sulphate as perfusate. One pair of units was inoculated

with 25 ml) of separate Nitrosomonas and Nitrobacter cultures, and

100 pg nitrite-N was addeds The other pair of unlts were kept as
sterile controls, After 2 weeks of perfusion, analysis showed that
" 70 pPepems nitrate~N had been formed in the perfusate from inoculated

soll; the organisms appeared to be well established, therefore 200 g
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of perfuged 501l was immediately mixed with 1 kg of Grove &oll which
had been treated with 4 NMrad in a 2 litre glass jar fitted with an
air inlet plugged wi#h cotton wools The soil moisture was raised to
45% with sterile water, and the jar was incubated at 25°%¢ for further
colonigation to proceed. Samﬁlea vere removed for ahalysia Sf L
nitrate‘and nitrite after 1 and 6 weeks of incubation, and at the end
of the 8th week;‘duplicate gamples of 50 g were taken for irfadiation
over the range 0.05 - 1 Mrade Soil was also analysed for nitrate
immediately before irradiation.

Results: .

. The extent of nitrification in the 1 kg bulk of imoculated .
s0il ié shown in Table 6-3.1, bﬁt 28 the earlier analysis had proved
it to be slow, samples were incubated for 6 weeks in the hope that
pitrate levels in irradiated treatments would show a greater dlffer-
ence from control. The final nitrate concentrations found (Table 6«3)
denonstrate the harmful effect of radiation on nitrification even at
0.05 Mrad, in agreement with perfusion experiments where ammoniunm.
was also unlimiting to nitrification (Cawse, 1968). At the same time,
the abséncg of nitrite indicated that there was little possibility of

gelective radiation damage to Nitrobacter.

There was a tendency (p 0.05) towards nitrate loss below the
level present before irradiakion, being most noticeable at 1 Mrad.
Contamination of the sterile Jjars with nitrifying or denitrifying
organisms was proved absent by analysis of nitrate in soll 24 weeks
after the start of incubation: Table 6.3,1 shows that sterility was
very satisfactory, and the inoculated sample had nitrified slowly to
give an extra 65.3 p.Pedts nitraie»N.

In view of the above observations, and subsequent findinga on



Table 6-3 The effect of radiation on Grove, Black and Broad
soils inoculated with nitrifying bacteria

mean pep.tte nitrate~N after incubation for:

Dose 6 weeka 3 weeks . 2 weeks
(Mrad} Grove* Black® Broad®
o 95.4 199.3 27547
0.05, 793 1741 197.5
041 76,3 175.2 1973
0.2 757 168.0 190.8
0.‘.‘ ) 7501 16709 18959
0.6 k7 171.3 188.2
0.8 754 167.7 187.2
1.0 72,8 165,2 183.6
pre~irradn, 81,5 153.1 171.6
L.S.D. p 0.05= 8.4 9.6 19.1
LQS.D. P 0.01:1903 7 2211 !‘l‘l".1

* nitrite-N never >0.3 pP.p.me at any dose

Table 6-3,1 Nitrate accumulation in Grove =mo0il inoculated
with nitrifyingz bacteria

mean PePsle nitrate-N*
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%
Treatment moisture 1 6 8 2Lk weeks after
. inoculation
sterlle ks 221 32+9 35.0 32.8
inoculated 4s 48,0 7641 81.5 146.8

L.S.D. p 0.05 sterile = 4.4, inoculated = 13.5

* nitrite-N naver >0.1 p.pems+ at any time
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radiolytic reduction of nitrate in Section 10, it is extremely likely
that the latter mechanism was responsible for these small lossesz of
nitrate, Radiolysis produced 13.8 p.p.m.\nitrite-NAimmediately after

1 Mrad, and by 7 days this had fallen to 0,8 p.p.m. According to the
data,ianabla 6=3, there was a deficit of 81.5 « 72.3 = 8.5 pep.nis
nitrata-ﬂ after 1 Mrad. similar to tha amount reducad to nitrite by
radiolysis. In a soil which supported more vigoroua nitrification
after- inoculation. it is posaible that such a nitrate loss would be
non-evident. becauze a dose of 1 Mrad would fail.to check nitrification

go effectively as in,Grove soil,

6=3e2 . . Inoculation and irradiation of Black series o _
o The poor sbility of Grove seil to aupport growth of nitrifying

organisms led to the ohoica of Black series, also a soil that failed

to form_nitrine over the doso range 0.05 = 1.0 Mrad (Cawse, 1968),

) Mnteriaia and Mbthodo: | | .

The inoculation and subaeqnent irradiation technlques were
identical to those previously described for Grove soil, except that
a sterilising dose of 8 Mrad was required before inoculation, and
less perfused soil was used to inooulate thal1’kgibuikr Perfusion .
_units were analysed for nitrite and nitrate at 7 days after inoculation,
and wore then allowed to perfuse for a iurther 5 days to achieve more

dense colonisations analysia showed that nitrification was proceeding

W‘Qll -
: C ‘mean De.p.ses nitrate-N
Treatment in perfusate after:
7 days 92 days
Sterile 32 8 32.0

Inoculated : © 1098 - 286.2
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therefore the perfusion sachets containing 100 g (dry weight) of
soil were placed into jars containing 1 kg of sterilised (8 Mrad)
Black.soil, with the moisture content finally at 45%. Samples were
removed from the. jars after 7 and 20 dayb of incubation to assess

the extent of nitrification:

meanAp.p.m. nitrate-N ' PeDelle
Ireatment in soil after: : nitrite-N
' o 7 days 20 days
" Sterile 49,1 . 51.1 never >1.5
Inoculated 92.4 1531 " never >0.2

4 Nitrification had been well eatabliahed'with the pure cultures,
and duplicate samples of 50 g were weighéd out immediately for treat-
ment with 0,05 -'1 Mrad. Irradiafad samples were analjsed for nitrate
and nitrite after 3 weeks of incubation. " o
Results:

The dose reéponse obtained is included in Table 6-3. The ‘
compiete absence of nitrite formation throughout. the dose range
indicated that there was no selective radiation damage to Nitrobacter

as compared with Nitrosomonas, but inhibition of nitrification did

definitely occur.

6-3.3 Inoculation and irradiation of Eroad series

Materials and Methods:
Broad soil treated with 8 Mrad was inoculated with nitrifying
organisms in perfusion units in the same manner as Black soil, After

7 days the colonisation was satisfactoxry:
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mean Pspe.tts nitrate-N

Treatment in perfusate after 7 days
Stei’ile . 32 1
Inoculated 238.0

1

Each 100 g perfused sachet was trancferred %o 1 lig of storile
(8 Mrad) Broad soll, and the moisture was adjusted to 60%. Samples
were analysed after 10 and 20 days.of incubation, which proved

that nitrification was eatablished{

mean p;p.m. nitrate-N PeDelle
Ireatment in soil after: . nitrite-N

" 10 days 20 days

Sterile ' . 38,2 40.5 - never >0,2
Inoculated 123.0 171.6 never >0,2

Duplicate samples of 50 g were treated with 0.05 --1 M?ad,
and-ahalysed for nitrate and pitrite after 2 weeks of inoubation.
Results: | ' ‘

'The response obtained was similar to that of Blagk series,
and is included in Table 6;3; Firstly, there was no gvidénce to
éuggeat that tﬁe cultures of nitrifying organisﬁa were more radioe
sensitive to‘doses’between Ol = 1,0 Mrad in Broad soil compared
witﬁ Blaék series, a factor which would have allowed any.nitrite
that was formedvﬁy microbial reduction of nitrate to accumulate.
In both soils, nitrification was 80 severely checked by 0.05 Mrad
that there was little extra inhibition as the dose increased to
1 Mrﬁd. Thus the moil environment has no influence on the radio=
sensitivity of these nitrifying specles over the radiation dose
range which is'pﬁrticularly noted for nitrite formation by miérobial

action,
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Secondly, bacause. nitrite failed to accumulate in the
sterilised, inoculated and irradiated Broad soil, it seens unlikely
that greater radiocsensitivity of Nitrobacter could lead to the nmitrite

 accumulation observed after 0,8 Mrad (Cawse and Crawford, 1967),
although separate species of bacteria having different radiosensitive
ities may be involved. In addition, the absence of nitrite formation
means that microbial enzyme systems must have been inactivated by
tha sterilisation treatment with 8 Mrad prior to inoculation; this
feature was hoped for, and was essential to the experiment.

Thirdly, the low concentrations of nitrite found after incubate
ion of all radiationesterilised but non-incculated soils suggested
fhat radiolytic raduction of nitrate was probably limitéd-by the small
anount of nitrate present: in any event, it was later shown'(Section 10)
fhat nitrite so formed gradually declined during incubation,

Finally, the technique developed to establish nitrifying
bacteria in irradiated soil may be of value in other research
programmaes. All three soil serles in the present study were successe

fully inoculated, although anitrification was slow in Grove soil.

6-3.% Clay mineral analysis of Broad and Grove series

The influence of c¢lay minerals on microbial development has
been reviewed by Stotzky (1957), and some recent papers have drawn
further attention to the way in which montmorillonite can fix enzyme
protein (Soremsen, 1969), affect antibiotic tolerance of the soil
microflora (Soulides, 1969), and become adsorbed on to cells of
Rhizobium spp. (Marshall, 1968),

Difforences in the ratio of nontmorillonite to kaolinite clay

were therefore of particular interest in the present inoculation work
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owing to a possible influence on recolonisation by nitrifying

bacteria. Air-dried and ground samples of Broad and Grove soils

were subjected to mechanical and x-ray diffraction analysis by iir. B.C.
Ormerod at Rothansted Experimental Station. The results in Tablo 6-3.4
show that the percentage clay is very similar in both soils, but there

are differences in the composition of the clay fraction.

Expanding minerals are dominant in both clays, and consist
mainly of rinerals that expand like montmorillonite, but which can -
contain some randomly intarstmtified non-expanding layeia. Howevez;.
the Grove soil contedns up to 25% of vermiculite in the expanding
mineral fracti;n which irreversibly fixes added potassium, whereas
Broad series only contains a trace of thj.a particular mineral. There
was less knolinite present in the clay fraction from Grove soil.

Table 6=3.4  HMechanical and x.ray diffraction analysis
of Broad and Grove soils

oo % of whole Boil
Fraction . Broad Grove

Coarse sand >200 n 346 9.8
Fine sand 200 - 50 n 12.7 2146
- osiat 50 « 2 W 191 20.7
Clay <2 n ‘ 39.8 38.5

% of clay fraction

Mica ’ 4 3 18
Kaolinite 13 S
Expanding minerals ' 72 75

Quartz, Feldspar, Iron oxides 2 2
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It is difficult to explain how the differences in clay
minerals which have been found could aqcount for such poor nitrificate
ion in Grove moil. The most closely related study appears to he ﬁha#
of Stotzky (1967), who reported increased oxidation of ammonium to
nitrate by autotrophic bacteria when montmorillonite was added to
soils not containing this mineral; nevertheless, it is ;mpossible to
correlateihis finding with the present work from the results of the
clay analysis.

Merzari and Broeshart (1968) also discussed the failure of
nitrifying organisms to colonise a soll sterilised with 2,5 Mrad
(a Philippine rice soil with pH 6), but details of the clay mineral
composition and other basic properties were not given. As .far as
other organisms are concerned, Peterson (1962b) reported rapi&
establishment of a Pseudomoras sp.vand an Arthrobacter sp. in

irradiated soll, and Salonius et al. (1967) found greater cell ylelds

of Pseudomonas fluorescens and Arthrobacter globiformls in soils
previously treated with 3 Mrad than in autoclaved material. However,
Poterson (1962b) did establish that Myxococcus fulvus died when

introduced into elther radiation-sterilised or autoclaved soil.
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7 Release of nitrous oxide by solls after 0.75 Mrad

If nitrite in soils treated at the 0,75 Mrad level was
existing as an intermediate in the nitrate :éduction pathway to
gaseous nitrogen, it should be possible to detect decomposition to
nitrous oxide aslwell'as nitrie oxi&e, nitrogen dioxide and nitrogen
in the soil atmosphere. Eariie: work (Cawse and White, 1959b)<estab1—
‘ished that nitrite formed on irradiatiﬁn of two alkaline eoila
(Broadmoor and Colthrop series) with 0,75 Mrad did decline in concent-
‘ ration after 3 days! incubation: this ;ould occur either by reduction,
or by oxidation back to nitrate. Ilosses pf nitrite have also been
observed followingrtreatﬁent of_Broad and Icknield soils with 0,75 Mrad
(Section 10),‘but a 1ongef time elapsed before the decline begén:
after 14 days for Broad series and 7 daye for Icknield.

Gilmour et al. (1958) suggested that a refined Warburg tech=
nlque might bq useful to atudy ihe evolutlon of gases during anaerobic
denitrification. Such & method was developed by McGarity (1961),
using potassium hydroxide in the centre well of the Warburg flask to
absorb carbon dioxide and hydrogen sulphide, and displacing the soil
atmosphere with argon. It was assumed that nitrogen and nitroua‘oxide
would be the gases most likely to give large positive pressure readings,
and only trace amounts of ammonia, hydrogen and methane were expected
to be present: this was inferred by experiments which showed a ¢lose
relationship betwaen nitrate removal and gas production. The method
would be useful to study the decomposition of nitrite in irradiated
soll if the argor atmosphere did not greatly alter the concentrations
of nitrite which initially appeared, and this aspect was examined.
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721 Effect of argon éaturation on nitrite increase after irradiation
Materials and Methods: ‘

The moisture content of Eroad and Icknield soils was adjusted
to 60% MWHC, and 10 g samples were weighed into 25 ml McCartneyi
bottles, as used for the carbon dioxide exjeriment—described in
Sectioﬁ 4-6. .Argon of 99'995%~purity was passed'fhrough the soil for
24 hr at an approximate. flow rate of 0,3 litres / hr, After this
period the bottle caps were sealéd with hot paraffin wax, and irrad-
lated with 0.8 Mrad for Broad series and 0.6 Mrad for Icknield.

Another set of argon-éassed.samples wos left unirradiated. An incnb- :
afioq périod of 64 nr waﬁ Qlloweﬁ before the samples were extréctqd
‘with 100 ml df water,fos ﬁitrite and nitraﬁe‘analyﬁis,-|The concép&ra- )
tions of nitrite and nitrate in the argonesaturated soils were then
compared wi@h the amounts preseﬁti{n saﬁples which had been irrédia#ed
and incubated under aerobic conditions. | |
Results: | | _
| The results in Table 7-1 prove that displacement of the soil
atmosphere with argon caused much‘ieas nitrate to accumulate after
irradiatibn, and nitrate concentrations wer;’also greatly different
from the aerobic irradiatéd samples, , .

The concurrent fall in nitrafe and nitrite levels strbﬁgly'
suggested that reduction mechﬁnisma were operating under the argon
atmosphere in both_ifradiated soll types, and the Warburg technique
was therefore unsuitable to study decomposition of nitrite. A more
direct approach was required with individual measurement of the
gaseous products likely to be encountered, such as nitrous oxide,

nitric oxide and nitrogen dioxide,
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Table 7-1 Effect of argon saturation on nitrite increase
. : after irradiation

PeDen, mineral-N after 64 hr incubation

o Aerobic Argon saturated
Soil Treatment :
series-,_; _ . nitrite nitrate* nitrite n;trate ,
Brosd - Control . 0.3 2110 1.9 157.6
0.8 Mrad - 37.0 . 2432 241" 21,2 "
Icknield Control 0.3 163.0 = 0.8 111.8

0.6 Mrad 339 219.0 0.6 1644

.
-—an -
.

L.S.D. nitritesN p 0,05 = 2.1, P 0.01 = 5.0
L.5.D. nitrate-N " = 22.3, v = 51,2

* increase in nitrate-N during ( Broad . = 4.9 pepem.
ingubation of control Icknield = 3.9 pepene

. An additional finding from the results in Table 7-1 is that
denitrification at 60% MWHC under argon becomes greatly stimilated |
by irradiatiqn with 0.6 « 0.8 Mrad, in agreement with data presented
in Section 4-5.64 where Broad soil showed an increase in @enitrificatioﬁ
under waterlogged conditions if treated with 6,8 Mrad. A
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72 Production of nitrous oxide

7-2+1 Nitrous oxide formed after irradiation of three soils

_ The evolution of nitrous oxide from soil under conditions of
medium moisture has been studied by Arnold (1954), Burford and
Millington (1968); and.Ove:rein (1969), but since the amounts released
are small and_often undgtectabie, most investigators have concentrated
oﬁ the intensive release of the gas by the activity'of dénitrifying
bacteria in ﬁataélogged anaerobic soll. There is no informaticn on

the release of nitrous oxide by irradiated soi; under any conditions-

of moisture,

Materials and Methods:

- Bﬁoad,_Brbadmooi and Icknield soila were chosen for measurement
- of nitrous oxide release because they produ;ed mqstAnitrite after 0.75
Mrad, and would be very likely to yield nitrous oxide if any further ‘
reduction took place. Théir nitrate content was &etermined af‘tha h
~ start of the experiments (included in Table 7-2.2) to ensure that
‘sufficient was available for reduction tb_nitrite, but large increases
in nitrate could be expected duriné £he iﬁcubation period following
irradiation. During the coursé o: these tests (lasting approximately.
1% weeks) the nitrate levels increased owing to nitrification, but as
the so0ils were stored below 1z°c. such increases did not exceed 10 p.psn.
nitrate-N. . .

The solls were raised to 60% MWHC and equilibrated for 2 days-y
Sufficient moist soil calculated to contain 30 g dry weight was placed
in the irradiation vessel (Figure 2-3.3.1) for treatment with 0.75 Mrad.
Immediatély afterwards, the vessel was connected to a circulatory

system for measurement of nitrous oxide (Section 2-3.3), and the rate



133

of evolution was studied; over 14 days. Owing to the size of the
complete apparatus it was not possible to incubate at 25°0, and
1aboratory temperature of approximately 20°C had to be used. On
average, there was 7% decreaee in the percentage soil moisture dur:l.ng
inoubation.

Results: . _

All :eradiated soils produced conaiderable amounts of nitrous
oxide with a maximum concentrat:lon after 8 - 9 days of incubation,
fo]_.;l.ow_ed by a el:!.ght decline which was probably due to furthe:;
reduction (Figure 7-2.1). Unirrecéiatee control soils produced {20 Pe
nitrous oxide-XN / 30 g dry weight over the whole period of inocubation.

" On A quantitative be.s:le, the release of nitrous oxide from
irradiated s'ainples. was very large for soil kept under aerobic conditions,
For example, the maximum concentration produced by Broadmoor soil '
represents 1.72 mg nitrous oxide-N / 100 g dry eoil: this is equivalent
to "é kg n:!.trona oxide-N / hectare (aaauming that 1 acre to 5" depth
s 2x 106 1lbs), and can be compared with loesea of only 0.12 = 1.2 kg
nitrous oxide-N / hectare over 13 days from a fine sandy loam kept
under conditions of medium moisture where the oxygen 1evel never - -fell
below 17% (Burford and Millington. 1968)« w:l.th very favourable condit- -
ions for nitrate reduction. when so:!.l is waterlogged and nitrate is
»added as substrate for denitrifying organisme. Cooper and Smith (1963)
report that 8 -« 11.5 mg nitrous oxide-N / 100 g dry soil can be
released (under pure helium atmosphere, pH of soils from 6.8 ~ 7.8).

Do obtain proof that the release of nitrous oxide was directly
related to microbial formation of nitrite in irradiated soil, all three
series were autoclaeed for 1 hr at 15‘ 1be / s8q. in, before tres;tmen'i: |

with 0,75 Mrad: on subsequent incubation for 14 days, nitrous oxide
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could not be detected. It was expected that small amounts of nitrite
woulo be produced by radiolytie reduction of nitrate, and analysis of
autoclaved soils immediately after 0.75 Mrad shoied this to be within
7«1 = 10,0 psp.m. nitrite;N: i# deye later'the concentrafion was from
547 - 7-?Ip;pama nitrite-N for the three soil series. It could there-
| fore be concluded that in the absence of miorobial formation of
\nitrite in response to a doee of 0.75 Mrad, there is insignificant

production of nitrous oxide.

| 7;2.2 nitroue oxide formed after addition of nitrite to irradisted

© The addition of nitrite to tnat already produced by the
irradiated soils should demonstrate that'the presence of'nitrite Nae
directly related to nitrous oxide releaae.'and at the same time it
was decided to record the oxygen concentration to examine whether it
had fallen aufficiently to greatly encourage microbial reduction of
nitrite.. Furthermore, addition of nitrite to autoclaved and irradiated
soil should indicate if microbial reduction was nmore important than
chemical decompoeition in the formation of nitroue oxide.
Materials and Methods: |

The conditions of experimentation were eimilar to the precading
work, except that less water was added for equilibration to achieve
607 MWHC when nitrite was edded. 3 mg of nifriteaN was applied to
30 g dry weight of soil (from a sterile potaasium nitrite solution
containing 1 mg nitrito-ﬂ'/ ml) immediately after (i) autoclaving +
0475 Mrad, and (11) 0.75 Mrad alone., In the case of the second treat-
menf. break-seal ampoulee were attached fo the oirouiation systen,
Broad and Icknield soils were incubated for 14 days, and the
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ampoﬁles were removed after 7 and 14 days for analysis of oxygen and
nitrog;n. W;th Broadmoor aerieq._thg last ampoules were not removed
unti; 21 days of'incubation. by which time the concentration of
n%trgus oxide.hgd fg;len“considérébly; in this way it was hoped to
£ind wﬁether_lack of oxygen was leading to microbial reduction of
nitrous oxide. _ ' ‘

» | The effect of soil moisture §n the release of nitrous oxide
was examined by addition of 3 mgAnitrite-N to 30 g dry welght of
irradiated (0.75 Mrad) Broadmoor soil, followed by incubation for 7
days at 20, 30 and ‘40% MWHC. At the end of incubaﬁion; moisture and
residugi nitrite were determined in all experiments described.
Results: - | -

Addition of nitrite to all irradigted soils increaaed nitrpus'
oxide evolution (E;gure 7-242) above the rate observed after irradiation
alone (Figure 7-2,1), and the rise in nitrous oxide-N was significantly
less thqn the nitrite~N deficits which appear in Table 7-2.24 together
with oxygen and nitgogen concentrations in the soil atmosphere. The
nitrite deficits were obtained by deducfing the residuallnitrite from
the 100 p.p.m. added nitrite-N + thé amount of nitrite present at 3 days
after 0,75 Mrad (Table 4=7).

The reduction of nitrate to nitrite, and the formation and
removal of nitrous oxide were proceeding in the presence of quite high
concentrations of oxygen, although the respiratory activity of the soil
removed more oxygen towards the end of incubation, The detection of
small changes in nitrogen levels was rendered difficult by the high
base yéiue,‘but a normal atmosphere was used to ensure that the pattern
of nitrite formation and decline after irradiation remained unaltered.

Apart from microbial reduqtion. two alternative pathways which
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Residual nitrite concentrations ahd soll atmosphere

composition after incubation of solls treated with

O0.75 Mrad and 100 pe.p.m. nitrite-N

Pepem. nitrite-N

PePelle expected h* or 21* Maximum
-nitrate-N 3 days deys after PeDems N
Soil before after 0.75 0,75 Mrad & lost
series irradn. Mrad NOz addition Deficit aa?NéO
Broad 98.5 41,6 68.9% 72,7 21.2
Broadmdor 58§O 53,2 61.0" - 92,2 27«1
Icknield 715 Lh.6 12.7* 131.9 "15.1 .
% gy volume +
» - Incubation ‘at 20°C & 760 mm Hg '
Soil time , . -
series (days) Nitrogen:- .=  Oxygen
Broad 7 81.19 . 16414
A 79.09 14,06
Broadmoor 7 81,95 - 15469
21 81479 13.57
Icknield 7 79.35 12,51
14 81.55 10,34
Normal atmospheric’ : ‘
concentrations 78.11 20,96 -
 L.S.D. p 0,05 = 5455 3.02
L.S.D. P 0,01 = 12.80 6097

*in atmosphere within closed system for N.O determination

by infra-red absorption method

2
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may remove nitrite are oxidation back to nitrate by Nitrobacter, .
vhich is known to be active after such- & dose (Cawse and White, 1969a),
or the organic matter fixation and chemical decomposition mechaniem
propoéed by Nelson and Bremner (1969).

The decline in nitrous oxide inm all Béila'aftef 7 = 9 days
was similar to 'the"behaviour,.wi@hout added nitrite (Figure 7~2.jl); _
and the decrease after 21 days' incubation of Broadmoor séries was
just over 50% of the maximum concentration observed. As-far as
anaerobic conditions are concernéd, it is known that nitrous oxide .
can be rapidly reduced to nitrogen (Cady and Bartholomew, 1960), and-
Cooper and Smith (1963) auggest that organisms utilise nitrous oxide
in preference to nitritej microbial action is almost certainly respons-
ible for such reduction, and it hés beén demonstrated that resting

cells of Pseudomonas denltrificans can reduce nitrous oxide to nitrogen

in pure culture (Sacks and Barker, 1952). In the present work, consid-
erable amounts of nitrite still remained thrgughout the period of
nitrous oxide decline, and nitrite concentration could not have been
limiting gas production. _

Meek and MacKenzie (1965) reported that addition of 100 and
200 p.pem. nitrite~N to a calcareous soil (pH 7.8) at field capacity
gesulbed in extensive formation of nitrous oxide over 7 days of incubat-
iong followed by a decline after 21 days. This observation éompares
closely with the behaviour of nitrous oxide in irradiated solls, and it_
is aloo intoresting to compare some quantitative data. for exanple,
application of 206 Depem, nitrite~N to their =soil type gave a nitrous
oxlide loss amounting to 0,6 mg nitrous oxide-N / 100 g dry weight, or
3% of the nitrite which was added, whereas Broadmoor series had approx-
imately 150 p.p.m. nitrite-N and released a maximum of 2,7 ng nitrous.
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oxide~N / 100 g dry soil, or 18% of the nitrite present after irradiat-
ion: Meek and MacKenzle (1965) also failed to detect significant
alterations in the concentration of gaseous nitrogen when nitrite

was applied.

‘The similarity between release of nitrous oxide in relation
to ﬁime either with or without added nitrite did not suggest that
chemical ‘decomposition of nitrite was very important, otherwise more
rapid evolution of the gas should have followed the application of
100 pepenie nitrite-N after irradiation; the gradual increase in.
nitrous oxide after irradiation was more typical of microbial action.

The unimportance of chemical decomposition waa.confirmed by
the behaviour of autoclaved and irradiated solls to which 100 pepem..
nitrite-N had been added; they did not release detectable (<20 ng)
amounts of nitrous oxide-N, and after 14 days of incubation the
remaining nitrite-N was within the range 101 = 113 p.p.m.

With regard to the decréase in evolution of nitrous oxide at
low so0il moisture (Table 7-2,3), it was again noted that sufficient
nitrite was present to avold any possibility that it was limiting
reduction to nitrous oxide. Consequently, the absence of water may
have restricted substrate (nitrite) movement to sites of reduction,
or may have permitted maseous diffusion of oxygen to anaerobic zones
and lessened the need for microbial reduction of nitrite.

In conclusion, although nitrous oxide was readily released
from irradiated soils kept under amerobic conditions, almost certainly
by microbial reduction of nitrite, the amount of nitrite~N lost in this
gascous form only accounted for part of the total calculated deficit
(especially in Jcknield series), and the emission of other nitrogen

oxides was studied next,



Table 7=2.3 Nitrous oxide released from irradiated Broadwmooxr

soll at different moisture®

Days after . ng N'ao-N / 30 g dry soil .
?§f$§‘§§§3? 20 30 40% MWHC
1 <20~ 285 387
2. <20 ' 434 563
3 ‘192 534 675
4 e ' 563 769
6 49 511 737
7 147 491 717

PeDee nitrite~N

7 105.0  109.0  77.1
L.S.D. N,0-N  p 0,05 = 65, p 0,01 = 150
'L.8.D.  NO-N " 25,9, " =135

*. 100 PeDPolle nitrite-N added

140
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3 Release of nitrogen dioxide and nitric oxide by soils

after 0.75 Mrad

8-1 Nitrogen dioxide and nitrid oxide formed after irradiation

of three soils

Nitrogen dioxide and nitric oxide are known to be released
from soil during denitrification (Cady and Bartholomew, 1960; Cooper
and Smith, 1963), but the amount which éppears is usually small
relative to nitrous oxids and nitrogen. This is not surpriaing in
view of the solubility of nitrogen dioxide in water, but it was
thought that the asrobic nature of the soils at 60% MWHC and the
preosence of nitrite after irradiation might result in greater evolution
of gases, and the possibility was examined. '
Materials and Methods:

Broad, Broadmoor and Icknield soils having the same initial
nitrate content as indicated in Table 7-2.2 were raised to 60% MWHC,
and samples containing 30 g dry welght were treated with 0.75 Mrad.
Immediately after irradiation, they were connected to a flow~through
system for measurement of nitrogen dioxide and nitric oxide (Section
2-3.l4) released aver a period of 14 days at laboratory temperature of
approximately 20%¢: during this time, éhc percentage soil moisture
fell by 8%. ‘

Another sét of samples was autoclaved befére irradiation to
prove that nitrite accumulation and emission of nitrogen dioxide and
nitric oxide were related, in a similar manner to the nitrous oxide
studies.

Results:

The cumulative evolution of nitrogen dioxide and nitric oxide
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with time is shown in Figure 8-1 together with the relative percentage
of nitric oxide, the main componeﬁt. Tha:élow oxldation of low concent-
'rgtions of nitric oxide has alfeady been discussed in Section 2-3,4.
'The:réti; of total Nlreieased as nitrogen dioxide and nitric oxide
over 14 days relative to the ma;imum.nitrous oxide-N released was iow
" in Broad and Brdédmoor soils (6;9 and 1.3 ¢ 1_iespectively), but as
high as 3.2 : 1 in Icknield serles, and may have resulted from less
inténsifa reduction to nitrous oxide or more rapid release of gas
from the latter soll type. - .

Unirradiated treatments never released >20 pg N as nitrogen
diéxide and nitric'oxide over the whoie 14 days. When soils were
autoclaved before irradiation the release never exceeded 33 pg N,
proving that prevention of nitrite accumulation by microbial action
also inhibited the formation of nitrogen.dioxide and. nitric oxide,

'as well as the production of nitrous oxide.

8-2 Nitrogen dioxide and nitric oxide formed after addition of
 nitrite to irradiated soils

Materials aﬁd Mbtgéds:

Broad, Broadmpor and Icknield solls weré treated with
(1) autoclaving + 0.75 Mrad, and (11) 0,75 Mrad alone, and 3 mg of
nitrite-N was immediateiy added to each sample of 20 g dfy waight,
giving a final moisture of 60% MWHC., The release of gaéea was
measﬁred over 14 gajé in the case of Broad and Icknield soils, but
was extended to 21—days for Broadmoor series to correspoﬁd with nitrous
oxide studies, TFinally, the residual nitrite was determined for
calcﬁlation of the deficits.
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Results: .

Addition of nitrite to two of the irradiated moils increased
the release of nitrogen dioxide‘an§ nitric oxide sbove the rate |
observed after irradiation alone (Figure 8-2), but little axtra gas
appeared in Eroadmoor series and may perhaps he explained by rapid
reduction, suggeated by the high yield of nitrbps oxiﬁe in this soil
(Figures 7-241 and 7-2.2). In all series, the nitrogen released as
nitrogen d;oxide and nitriq oxide was conslderably ;eis than the
calculated deficits of nitrite«N, and when the nitrogen detected as
nitrous oxide was added it was evident that the calculated deficits
were still larger, especially in Telnield soil (Table 8-2), Reioasa
‘of gaseous nitrﬁgon and oxidation of nitrite to nitrate were suspected
as prigeipal factors éontributing to removai of nitrite, and were
studied by means of 15N tracer in the next Section.

Soils which were autoclaved before. irradiation and addition
of nitrite gave negligible evolution of nitrogen dioxide.and nitrie
oxide, not exceeding 82 pg N (equivalent to 2.7 ﬁ.p.m. N on a soil
§ry_w§ight basis) over 14 dayéx after this.period. the residual
nitrite-N in the three soils was within the range 86 « 112 Pepelley
belng loweat for Icknleld series. These obnérvationé proved that
biol&gical activity rather than chemical decoﬁpoaition was mainly
- responsible for production of the two games, in agreement with
‘ results frbm parallel experiments on the ralease‘of nitrdus oxide,

Logges 0f 2946 = 31«1 pepems N over 14 days as nitrogen
dioxide and nitric oxide from Broad and Icknield series by biologlecal
reduction of nitrite can be compared with losses in soils of lower fH.
where chemical decomposition of nitrite would be the predominant
mechanism of reducstion, For example, Wagner and Smith (1958) reported
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2.3 pe.pem. nitrogen dioxide + nitric oxide-N lost over 14 days from

a soll of DH 5.6 with 500 pep.me. of ufea-N added, and Reuss and Smith
(1965) found that 90 p.p.m. nitrogen dioxide + nitric oxide-N was
released over 6 days from soll at pH 4.6 which hgd'receiﬁed_400 DeDoelle
nitrite-N, | -

Comparison of nitrite deficits in the closed niérous oxide
system with the present continuous flow method showed good agrqement
apart from Broadmoor series (Table 8-2), which was incubated for a
longer period of 21 days: the<1owering of oxygen concentration to
13.57% by volume may have stimulated greater reduction of nitrite in
the closed apparatus. However, owing to the different techniques
employed,‘iﬁ is iﬁpoaaible to closely relate the preceding results
for nitrous oxide with the findings for nitrogen didxide and nitric
oxide. The intermittent circulation of the atmosphere iq the closed
a&atém~tspd for nitrous oxlide studles would permit better absorption,
re-oxidation, or reduction of nitrogen dioxide and nitric oxide by tﬁe
goil, and this limitation was recognised. Nevertheless, the experiments
made with tﬁe continuous flow method have succesafully demonstéated
that there is very great stimulation of nitrogen dioxide and nitric
oxide production in soils following treatment with 0.75 Mrad at medium
moisture, with normal atmospheric concentrations of carbon dioxide

and oxygen always present in the soil air,
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Table 8.2 Reaidual nitrite concentrations after incubation of
solls treated with 0.75 Mrad and 100 p.p.m. nitrite-N
‘PeDels nitrite-N’ " pepeme N lost
expected "4 or 217
- . 3 days days after , .
Soil - after 0,75 0,75 Mrad & - aB ;88
geries = = Mrad NO, addition Deficit ,Noaﬂnq NO+NO+N,0
Broad . #1-6 R 69.5. 72-1 ’ 29;6 5008
Broadmoor 53.2 83.1% 7041 30.1 57.2
131.1 ' 31'1 #6.2

Icknield 4416 . . 1305‘

N0 = nitrogen dioxide

2
N0, =. nitrite
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9 Fate of °N-labelled nitrite in Icknield soil following

" application of 0.75 Mrad

The paftiéularly extensive’fali in nitrite concentration in
irradiated (0.75 Mrad) Icknield soil, firstly during incubation in
closed and flow-through systems in which air was passed through the
soil (Tables 7«2.2 and 8-2), gnd'aeconél& ugder normal. conditions of
incubation (Figﬁrés 10-2.1.2 énd 10-2.1.3), prémpted further study -
of fhe pathways concerned in nitrite reﬁoval. |

Previous experiments had indicated that the release of nitrous
oxide, nitrogen dioxide and nitric oxide only partly accounted for the
total nitrite deficit observed, and it was decided to utilise 15y.
labelled nitrite to invéstigate the extent of oxidation to nitrate,
loss as gaseous products and fixation to organic matter; the soil
would be incubated in a normal manner, without disturbing the soil air,
therefore only small losses of nitrOgeﬁ éioxide aﬁd nitfic oxide would
be expected. The high organic content of Icknield series would favour
fixation reactions, but the rapid nitrification recorded after treatment
in the 0.75 Hfad region (Section 4-1) Buggested that extensive oxidation
could well be mainly responsible for removal of nitrite,

Materials and Methods:

Four samples of 75 g soil at 40.7% molsture were treated with
0.75 Mrad, and after allowing 24 hr for the nitrite concentration to
rise (shown by préliminary‘tesés to reach 29.8 p.p.m. nitrite-N in this
tine), approximately 1 mg of nitrite-N was added from 15y-1abe11ed
sodium nitrite solution (92.81 atom % By eicesa) with sufficlient water
to raise the soll moisture to 60% MWHC, Laier, the nitrite-N added was
accurately determined as 1.029 mg N. After incubation for 14 days at
2500, the organlc-N and minerai—N fractions were separated for
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deterpination of their 15N content,

For separation of organic-N, 5 g was removed from the main
éample and weighed accurafely. It was shaken four times for 20 minutea
6n each occasion with 25 ml of N potdasiuﬁ chloride, centrifuging at
30,000 G for 40 minutes after each shake, The supernatant fractions
were rejected, and the precipitate was transferred to a Kjeldéhl flask
for acid digestioﬁlﬁy the macro-method including glucose -(Section 2-34);
5N was determined in the A gest (Section'é—}.zi, Organic-N was
analysed ih‘incubated contrbl and irradiated samples to detect any
diffefenbeblin the solubility of organic matter. ‘

For separation of minaral-N, 70 g of aéil‘was shaken for 1 hr
with 150 ml of N potassium chloride, and filteréd., Nitrite was
analysed in 0.2 ml of filtrate, and 25 ml aliquots were ‘steam-distilled
to obtain four fractioms: ' ' |

| (1) ammonium-N by distillation with ﬁagnesium oxide.

(11) nitrate-N by destruction of nitrite with sulphamic acid,

| followed by distillation with Devarda's alloy.
(1i1) nitrate ; nitrita-ﬁ by distillation with Devarda's alloy
after distillation (1) to remove ammonium-N.

(iv) total mineral-N by distillation with magnesium oxide and

Devarda's alloys and combination of the distillates.

Determination of the 5N recovery in (iv) permitted an addit-
ional check on the recovery obtained in fractions (1) and (4ii). It
was impossible to separately determine the 15N ratio in the nitrite
pool because practically all of it was removed during incubation. The
residues in the distillation flasks were retained for micré-Kjeldahl‘
analysis, but it was foun& that less than 2 p.p.m. N on a soil dry

weight basis remained.
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After quantitative dotermination of nitrogen present in the
distillates from each fraction, the 1sN--enr:Lchment was found by mass
spectrometry of nitrogen gas gnd the recovery of tracer in the
respective pools was calculated.

Separate tests with 10 g samples showed that 38.6 p.p.m.
nitrite-N had been formed by 3 days after 0.75 Mrad, without tracer
being added; when 19.5 DP.peme of tracer nitr;tg-N was incorporated at
24 br after irradiation, the level at the end of 3 days only amounted
to 45.5 PePente nitrite-N. This implied that some nitrite had been
renmoved betwesen 1 and 3 days of incubation.

Regults: |

The inorganic- and organic-N present before and after incubation
is shown in Table 9~1, and the gross sizeé of the nitrogen pools together
with their atom % 15N ekcess appear in Table 9-2. Becoveriés of tracer
weré calculated as percentages of the 955 pg ““nitrite-N initially added,
vand there was good agreement between the recovery of 15N calculated from
analysis of the total mineral-N fraction and the sum of 15N found in
gseparate ammonium and nitrate + nitrite pools.

The large amount of nitrite recovéred in the nitrate pool proved-
‘that there had been very extensive oxidation after irradiation which led
to the removal of just over half of the added nitrite, no doubt by fhe
continued metabolism of Nitrobacter cells. |

" The next important pathway of nitrite removal vas volatilisation,
with 28% of tracer unaccounted for in the nitrogen pools. The total
decrease in nitrite in the sample batween 3 and 14 days of incubation
‘ amounted to 2047 pg N (38.4 pepem. X 53,3 g dry weight of soil), and
kL

NO, and °NO, were both lost at the same

rate, the loss by volatilisation (28%) was 573 ng nitrite-N or 10,8 ppmN

making the assumption that 1
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Table 9-1 Mineral-N and organic-N in Icknield soil after 0.75 Mrad
PePells orgaxﬂ.c—n or mineral-N

3 days incubn, 1% days incubn.
Form of N after irradn. after irradn,
(% 8.BE. of before  without  with : 0475 Mra

, mean) irradn. tracer tracer* control  + tracer

M, L0k 2.5 2.8 82,5
v, %o.6 0.5 38,6 45.5 0.7 741
Moy 2 3.7 95.3 111.6 199.7
»Qrganig " 10,536 10,572 10.513

* 19.5 p.pem. nitrite-N added 24 hr after irradiation

* 955 pg N0~ added to 53.3 g dry weight of soil

Table 9-2  Recovery of oNO, tracer in Icknield soil 1k days’
" after 0,75 Mrad . T
: aton % 151! excess ]
N pool 15, .
in which in duplicate pe ‘N % recovery
recovered samples*® mean present - of 1
§H, 0.231 % 0.001% 0.261 11,5 102
0,290 ‘= 0,001
NO, 5.29 £ 0,01 - IR 547.1 - 57.3
4,99 % 0,01
. + - ) V V “' . : :
NOB + l‘oa 5.38 : 0.01 Et21 . 57"'.3 6051
’ 5.0‘} w 0401
Total mineral-N 3,87 £ 0,01 3,85 593.7 62.2
3,83 I 0,01
Organic-N 0.020 % 0,001 0.019 106.5 11.2
0.018 ¥ 0.001 '

« 2 lﬁandard deviation of each 153 analysis from 10 determinations
per individual gas sample
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on a soil dry weight’basis. This is in reasonable agreement with a
nitrous oxidé-N reiease of 8.1 pr.ﬁ. and 15.1 p.p.n. N, with and

| without added nitrite respectively (Section 7), if it is assumed that
tﬁe evolution of other oxides of nitrogen was negligible under the_
preseﬁt conditions of incubation. Previous experimenté in Sections
7 and 8 had shown that autdolaviné before irradiation practically
eliminated the relegse»of oxides of nitrogen from soil to which
nitrite was added, therefore volatilisation must have ocourred
mgin1y~b& microbial action. .

Investigators who have estimated the recovery of nitrite
applied to soil have tended to concentrate on types of lower pH, where

chemical decomposition is likely to intensify the 1655: some mechanisms

which may be involved are discussed in Section’11-2. However, Clark
et al.:(1960) found th;t in soils of pH 7.3 = 8.3, 7.5% of added
nitrite was ngovéd after & weeks at 505% MWHC, but the method of
analysis used meant that fixation to orgénic mattei.as well as
volatilisétion could have been responsible. With regard to loss by
volatilisation, Ekpete and Cornfield (1964) reported that a soll of
PH 6.5 kept at 50% MWHC lost 22% of its nitrate-N over 12 weeks at
28°C. It was clear that in the present tracor / irradiation experiment,
the extent of volatilisation was high for a soil at medium moisture
(with‘extensive release of nitrous oxiée as supporting evidence), even
:fhough the nittiteApool was depletéd to a greater extent by miocrobial
oxidatiqn to nitrate. o

Fixation of nitrite to organic mdtéer aﬁcounted for f1.2% of
the total decrease observed, and the possible mechanism of fixation is
mentioned later (Section 11-2). ‘Comparison of the loss by fixation

with work on unirradiated soils (Bremner and Nelson, 1968; Nelson and
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Bremner, 1969) is difficult owing to the high pH and organic matter
content of Icknield soil and a longer incubation time. For example,
Nelson and Bremner (1969) found that soils in the pH range 7.1 « 7.8
oniy fixed 1% of added nitrite in 4 days, but none of them possessed
more than 2.9% of organic carbon.

Finally, a negligidle amount of 15N was recovered in the
ammonium pool, and probably originated from microbial assimilation
followed by lysis of some cells during the incubation period, as
noticed by Overrein (1967) with '’N-labelled nitrate distribution in
soil which had been incubated for 10 da&a.
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10 Radiolytic raduction of nitrate in aqueous solution and in

soils over an extended doae’ranse; up to 12 Mrad

10-1  Reduction of nitrate by radiolysis in agueous solution
There have been several studies on theleffects of gamma

radiation on aqueous solutions of nitrate salts and nitrate ices as

part of basic research in radiation chemistry (Mahlman and Scﬁweitzer,
19585 Kevan, 1966; Daniels and Wigg, 1967), but it has been pointed out

that many aapects of the radiolysis mechanism remain uneertain (Pikaev,
1967). |

»

Daniels and Wigg (1967) proposed a scheme whereby capture of the
solvated elqctroh by nitrate leads to formation of nitrite, ﬁith H atonms

acting similarly to alﬁctrons. competing for Nos" :

- - 2-
o + NO3 = N03
T
1 + ‘NOBG =
| HN’O3 = OH + NOa
and in the presence of oxygen, the following reaction can

3 .

' HNO3

compete for solvated electrons and hydrogen atoms:

L2

2
HO

e + 02 x O
o

H + 02 = 2

Finally, there is a hydrolytic diamueation process:

2 N02 + HO .= N0~

2 -] 2
but nitrite ions can be partially oxidised by oK® radicals produced by

+ 28 + NO.®

the radiolysis of water: -

o . - - . 0
OH" + NOZ =» OH + NOZ

To assess the extent of nitrite formation by radiolysis in
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irradiated éoils;‘soil solutions were first extraﬁted for irradiation
with various doses, and their response was later compared with pure
solutions of nitrate salts. AIt wag thought that 1f enzymes contributed
to nitrite fofmation, their effect in soil solution would be negligible
owing to adsorption on clay particlea.
Matoriala and Methods: '

Broad, Icknield, Fyfield ‘and’ Grovo soils were adjuated to 704"
70, 30 and 45% moiatura respeutively. The first two series were chosen
g8 very positive "nitrite~formers" after irradiation, whilé the Fyfield
" and’ Grove types waré'negativa. The soil solutions were removed by a
centrifugation tbcﬁﬂiqno described by Bowen and Cawse (1964b) and were
analysed for nitratej the pH's were also medsured. '

First, solutions from all series were treated with 0.5y 1.0y
2.0 and 4,0 Mrad for analysis of ;itrite immediately after irradiation
(within 10 minutes): solutions from Broad and Icknieid series were also
given 0.8 and 0.6 Mrad respectively for analysis of nitrite after 64 hr
incubation, because these were the radiation doaes that gave maximum
' accumulation of nitrite in the fresh soils, and a direct compariaon of
soll and solution response was required. v ‘
‘ Secondly, potassium nitrate solutions containing 100, 200 and
400 p.p.me nitrate-N were adjuasted to pH 8.0 with 0.1 N ﬁotaasium
hydroxide, and énalysed'for nitrite immediately after traeatment o;or
the range 0,5 - 12 Mrad. Effects from the,aasociated.éatidns Ca, K,‘Mg
and Na were examined by irradiating 400 p.p.m., nitrate-N solutions with
4 ﬁrad, and analysing for nitrite iﬁmediately afterwards.

Thirdly, to confirm that nitrate reduction was taking place on
irradiation, both soil solutions and potassium nitrate solution were

analysed for nitrate before and after treatment with 4 Mrad, so that the
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loss in nitrate could be compared with nitrite increases observed in
the first exporiment in this Section.

o The temperature of the solutions during irradiation was 22 c,
and in this connection, Daniels and Wigg (196?) found that between
25 - 60 'C there was 1ittle change in nitrate reduction in an irradiated
Te 6 X 10 -3 M solution of aodium nitrate. All solutions in the present
tests were irradiated in glass tubes which were not air-tight.
Hegults' ‘
| Table. 10-1 1 showa that nitrite accumulated in irradiated soil
solutions. almoat certainly by radiolysis, but in the case of Broad and
Icknield series the amounts formed were not so great as in irradiatad
solls at the same moisture, Furthermore, nitrite‘failed to accumulate

rapidly with time in the solutlions, whereas it did in irradiated soils:

PePele NOo-N 64 hr after irradn.

Soil and treatment " 4n soil in soil solution
Broad. 70% moisture, 0.8 Mrad . 35.6 7.3%

Teknield * "  , 0.6 Mrad 35,5 ' 6.0"

* calculated as p.p.m. dry weight soil

' The above obéervatién‘sﬁggésted fﬁat the accumulation of nitrite
in irfa&iéted soilé was the Qet result of two cémpthnts:la microbial /
enzymic one, and radiolysis. The contribution of raﬁiqiysia would ﬁe
smaller up to a dose of 2 Mrad; but'above this i£ w&ul& h; expecfed‘to
increasingly exceed microbial / enzynic reduction as the latter becomes
inhibited by radiation and the radiolytic yield of nitrite rises with
dose. The production of more mitrite in Broad and Icknield series
compared with the Fyfield and Grove‘typés was no doubt due to differences
in nitrate concentration ét the time of irradiatioﬁ.
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Table 1011 Effect of radiation dose on nitrite formation
in soil solutions immediately after treatment

pepem. nitrite-N in soil solution*

Dose Broad Fyfield Grove  Toknield

(Mrad) = " (pH 7.3) .. (pH 7.3) (pH 6.8) . . (pH 7.5)

o '<0.05 0u1 0.1 <0405 -

Co (<0.,03) (0.,03) (0.05) - . (<0.03).
0.5 54 . 46 . W3 . 6.8
- (3.8) (1.4) (1.9 (%.8)
1.0 9.7 7.2 SR 20 TR
S (6.8). - (242) . (3.2) . (8.0)
2.0 135 8.7 87 w2
| (9.5) (2.6) (3.9) (9.9)
ho 23,8 8.8 . 1.2 23.2
(16.7) - (2.6) (#.6) (16.2)

P.pem. nitrate-N in soil solution at irradiation’ .

272,0 2946 C 43,2 185,2°

L.5.D, nitrite-N p 0.05 = 1.0, p 0.01 = 2.4

* figures in parentheses represent nitrite in solution calculated
on & p.p.ms dry weight soil basis

Table .10=-1.2 Effect of radlation dose on nitrite formation in
' gotassium nitrate solution at different concentrations

p.p.m'qitrite-N immediately after irradiation

(3;:3} 100 p.pems NOz=N 200 pep.m. NOz=N 400 p;p,m; NOz-N
o <0.05 © <0,05 <0.05
0.5 2.2 | 2.7 . . 3.0
4.0 3.2 W A 5.6
2,0 3,2 6.9 1041
4,0 241 " 647 , 1642
8.0 1.6 by2 17.6
12,0 1.6 b 15.9

L.S.D. P 0.05 = 0,5, p 0,01 = 142
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Table 10-1.2 shows th#ﬁ at all doses, increasing the nitrate
concentration raised nitrite iield, or "G Noa"“ ¢ the "G" value used in
radiation chemistry represents molecules of product formed per 100 eV
of energy absorbed., The results also esbtablish that greater G Noa"
\values are obéained with increasing dose (at least up to 8-Mraﬁ fér
400 pepeme nitrate-N solution), although uitﬁ 100 and 200 pepem.
~ nitrat;-N'a rise from 2 to 4 Mrad gave no extra yleld, and with 400 pe.p.m.
nitrate-N there was less nitrite present after 12 Mrad than 8 Mrad, Such
behaviour was confirmed by repeated teéta. and suggested that nitrate
concentration and instability of nitrite could be affecting G NO,"« A
similar effect of nitrate conoentratioﬁ was also evident'witp Fyfield
and Grove soil solutions which were low in nitrate, and gave little
extrﬁ nitrité yield between 2 and 4 Mrad compared with Broad and .
Icknield solutions having high nitrate‘concentrétions (Table 10-1.1).

. The G value.can‘be calculatbd from the present data;-for example,
a 400 p.p.m. nitfate-N solution treated with 2 Mrad yields 10«71 DPep.m.
nitrite-N, or 33.2 p.p.m. nitrite, and it follows that:

Welght of one molecule No, = 46 = 7464 X 10"233
. 3
- 6.023 X 10 or 7.64 X 10-17pg
s molecules formed / g = 33.2 . = h.35X 1017

7.64% x 10~
1rad = 6,24 X 107 oV / g "

S 2Mrad=2x620Xx 107 ev/g
435 % 1077 % 102

and molecules formed / g / 100 oV =
: : 2% 6.26 % 1077

i.ee G = 0,35



Table 10-1.3 Effect 6£ associatad cation on nitrite formation in

DePelle NOB-N solutions

irradiated nitrate

Pepems nitrite-N immediately

. Cation after treatment with 4 Mrad
Ca 15.5
'K 149
‘Mg 14.6
Na 15.4
) LOSQD. :_0 0001 - 1-8

p 0005 = 0.8'

Table 10-1.4  Reduction of nitrate to nitrite in irradiated
goil aolutions

’p.p.m nitrate-N

immediately
Soil Control after 4 Mrad Loss
Broad 272.0 252.0 20.0
Fyfield 29.6 18.4 1.2
Grove 43.2 31-5 11.7
Icknield 185.2 161.6 - 23.6
KNO., solution 392,0 " 377.0 15.0

3

L.SlDi p 0.05 = 7.3.

P 0001 = 18.0

158



159

For a 200 p.p.m. nitrate-N solution given 2 Mrad the G value
was 0.2, and soil solution from Broad series treated witﬁ 2 and 4 Mrad
(Table 10-~1.1) gave G 0.46 and 0.41 respectively., . These values compare
with G 0.35 quoted by Daniels and Wigg (1967) for aerated neutral
140 p.p.m. nitrate-N solution (from sodium nitrate).

There was. little effoct of cation on nitrite yleld (Table 10-1.3)
in agreement. with Mahlman and Schweitzer (1958) who reported that
alkali cations had no influence in 0.1 = 0.5 M nitrate solutions,
although Kevan (1966) found that 0.2 M nitrate ices gave a decided

5 was 1.2 for sodium nitrate

effect after 0,11 Mrad: for example, G NO
but 0+5 for potassium nitrate,

The nitrate analyses on soil solutions and potassium nitrate
treated with 4 Mrad (Teble 10-1.4) indicate that losses occur by
reduction to nitrite., The extent of these losses is in close agreement.
with the increases in nitrite after 4 Mrad (Table 10-1.1), and confirms
a reduction pathway.  However, more nitrite was formed ﬁer pg of nitrate
present in soll solution than in pure.solution, and may have arisen from
enzymic reduction in the fbrmer; when soil solution from Broad séries
was autoclaved at 15 1lbs / sq. in. for 30 minutes before récéiving
8 Mrad if was found that the accumulation of nitrite was nét decreaéed,
suggesting the absence of an enzyme factor.- An alternative possibllity
is that the prasénc; of organic compounds in the soil solution favoured

free radical reactions leading to reduction of .nitrate.
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10-2 Produetion and behaviour of nitrite over a wide dose ran

0.5 = 12 Mrad

Experiments were designed to provide further evidence for the
suggestion that nitrite can accumulate in irradiated soils by ensymie
action up to aﬁdoqo in the reglon of 2 Mrad, and by radiolytic reduction
of nitrate at higher doses; the persistence of nitrite formed b& both
pathwaya ﬁae also of interest. 311 1rradiations requircd for experine
K ents doscribed in Section 10-2 were carried out at dose rates betwuen

40.616 - 0.660 Mrud / hr,

) 10~2.1 Production of nitrite in four soils between 0.2 - 12 Myrad

Materials and Methods:

A Broad,,Icknield, Fyfield aﬁd Grove soils were analysed for
nitrate, end adjusted to 200 pePume nitrate-N by adding a solution of
potassium nitrato (3 ng nitrate-N / ml) to 800 g samples from each
aoil, togethor with aufficiant water to raise their moistures to 70,
70, 30 and 45% reapectively{ It was necessary to provide a good
concentration 6f:nitrate.to enaura'that radiolytic reduction to nitrite
-at h;gh-dbée'levalsAwuuld not be limited, As preliminary tests at.

12 Mrad had indicated the yraséncc of about 100 p.peme nitrite-N
1mmediatalj after irradiation, it was decided to set the nitrate
concéntration well above this, at 200 p.p.me nitrate~N on a dry
weight basie for all soils.
After equilibration, aamplos of 10 g were treated with 0, 0.5,

0.754 14 24 by 6, 8, 10 and 12 Mrad: one smet of samples was analysed
for nitrite immediately afterwards, and the remainder were analysed
- after inoubation for 7, 1% and 21 days. The polystyrene containers -
in which soils were irradiated and incubated permitted gaseous diffusion
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through their perforated caps, and loosely fitting polythene bags
were inverted over sets of samples to avold microbial contamination
during incubation. Tests on all soil types showed that when they were
exposed to the air (not ilnoculated) after 12 Mrad, grey mould fungi.
became visible on the surface after only 3 - 4 days of incubation and
were thus good indicators of chance contamination. The fungal growth
did not appear under the 6onditions of the main experiment described
here; even after 21 days of incubation.

To demonstrate the limiting effect of nitrate concentration 6n
nitrite levels in irradiated soil, extra samples from Fyfield and Grove
seriéa were raised to only 40 p.p.m. nitrate-N before treatment Qith
e - 12 Mrad, and were analysed immediately afterwards.

Results:

The amounts of nitrite detected at different times are shown
in Figurés 10-2.1.1 to 10-2.1.4. Immediately after irradiation, there
was an almost linear response from all soils with a meximum of 106.6 ppm
nitrite-N present at 12 Mrad (G value 0.61); comparison with results
from irradiation of soil solutions up to 4 Mrad (Table 10-1.1) showed
that a considerably greater yield of nitrite was obtained on irradiation
of the complete éoil,syatem, and this aspect was examined later. 'Figure
10-2.1¢1 also includes the result from Fyfield and Grove soils at 40 p.pam
nitrate-N, and demonstrates the limiting effact of initial nitrate
level on nitrite formation.

The situation after 7 &ays'had altered significantly, and Figure
10-2+1.2 lndicates two major changes. Firafly, there was the expected
increase in nitrite over the range 0,5 « 1 Mrad in Broad and Icknield
solls (thought to ococur by microbial enzyme activity) witbout any

corresponding increase in Fyfield and Grove series. Such behaviour was
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Figure 10-2+14¢1 Amounts of nitrite present in soils immediately
after irradiation
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satisfactory because the latter types were selected for their inability
to form nitrite in this dose region. Nevertheless; from the observation
that all solls ylelded similar concentrations of nitrite above 4 Mrad,
it apﬁeared that a common radiolytic pathway was responsible.

The second major change after 7 days was a sharp fall in nitrite
levels in all soils betwaen 4 and 12 Mrads Figures 10-2,1.3 and 10-2.1.4
show that further loss in extractable nitrite ocourred in the same dose
regiqn after 14 and 21 days of incubation, being moaf marked at 12 Mrad.
The fate of this nitrite was the subject of later investigations uéing
1oN-1abelled nitrite tracer (Section 11).

| The concentration of nitrite which was present at 7 days after
0475 Mrad fell by 18.6 p.p.m. in Broad soil and by 42,9 pepems in
Icknield over the next 14 days. In this connection, some gaseous
products of nitrite decomposition at a dose of 0.75 Mrad have been

reported in Sections 7 and 8.

10~2.,2 Elimination of enzyme activity by autoclaving

More definite evidence was reqqired to support the iﬁea that
both microbial enzyme activity and radiolytic reduction of nitrate
could contribute to nitrite formation at different points within the
dose range 0.5 - 12 Mrad. Autoclaving was used to inhibit the enzyme
component and allow the importance of radiolytic action to be assessed.
Materials and Methods:

Broad and Icknield soils were raised to 200 p.peme. nitrate-N
and 70% moistura. After equilibration, three sets of samples weighing
10 g were taken from each soil and autoclaved for 1 hr at 15 1lbs /’sq{iq.
When the soils were cool, two batches received 1 Mrad followed by

analysis immediately or after incubation for 7 days: the nitrite formed
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on incubation would indicate if enzymic activity was checkeds The
third set of autoclaved samples was given 12 Mrad and analysed for
nitrite immediately, to examine whether the proposed radiolytic
reduction of nitrate had been affected. -
Results:

" The amounts of hit:ite formed appear in Table 10-2,2, and for
intercomparison, the previous results without autociaving have been

included in parentheses.

Table 10w2.2 Nitrite formation in autoclaved golils

Pepets nitrite-N*

1 Mrad, 1 Mrad & 12 Mrad,
Soil ‘ instantaneous 7 days' incubn. instantaneous
Broad 17.2 _ 1143 11643
(15.9) (58.5) (99.2)
Icknield 16,9 . 1043 11447
(10.7) (46.9) (100.6)

L.S.D. p 0.05 = 7.0, p 0.01 = 16.1

* fipures in parentheses denote nitrite formed without
autoclaving. Autoclaving alone gave 0.2 p.pem, nitrite-N
(instantaneous) in both soils.

Autoclaved- soils receiving 1 Mrad produced smaller rather than
larger concentrations of nitrite on ipcubation for 7 daya, and it
seemed safe to opnclude that enzymic processes were largely eliminated;
" the 10 = 11 pspema nltrite~-N that was present after 7 days most probably
originated from radiolyt;c reduction, as did the nitrite formed immed-
iately after the combined autoclaving and 1 Mrad treatment.

It was apparent that autoclaving soil before the application of
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1 or 12 Mrad increased the yield of nitrite, perhaps by the influence
of soluble organic compounds on radical reactions. However, thé most
impoitanf finding was that autoclaved soils treated with 12 Mrad gave
as much nitrite as non-autgclgved samples, which confirmed the radio-

lytic nature of nitrate reduction at high doses.

10.2.3 Nitrite production in soil solutions after 42 Mrad

'The influence of the solid phase on radiolytic formation and
subsequent loss of nitrite at a high dose was examined by extraction
and irradiation of the soil solution. |

Materials and Methods:

Samples of Broad and Icknield soiis ﬁeiéhiné.é50 g were raised
to 200 PePems nitrate~N and 70%'moisture. After eqnilibratioﬁ, the.
soii solutions were éxtracted by centrifugation and were further
centrifuged at 30,000 G for 40 minutes to ensure the removal of clay
particles: 20 ml of solution from each soil was treated with 12 Mfad,
then analysed for nitrite and nitrate immediately before and after
irradiation and after 7 days at 25°C, to examine whether tho loss of
nitrite which accumulated initially took place at a similar rate to
that observed in the complete s0il system. The pH values of solutions
were recorded before and after irradiation, in case the absence of a
bufferipg effect from the solid phase led to a lower pH and greater
instability of nitrite. Nitrite was also determined immediately after
treatment of the solutions with 4 lMrad, for comparison of the yield
with that given by 12 Mrad.

Results:
The analytical data in Table 10-2.3 shows that the formation

of nitrite became severely inhibited in the absence of the solid phasa.
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Table 10<2.,3 Nitrite production in soll solutions after 12 Mrad

PePsnte mineral-N in soill solution*® and pH

: immediately 7 days
before ) .. after) after )
Soil . .
aqries NOé N?B pH NOz N?i, pH NDZ
B;'O&d; . '00 1 33905 7.8 2308 314.0 t 6.6 ’ 23.9

(16.7) (219.8)

Icknield 001 ’ 323.7 7.6 20-5 29406 6.5 2106
: (14.4) (206.2)

Broad S | 30’4 immediately
Icknield . . 21.4 aftqr 4 Mrad

L.S.D. nitrite-N p 0,05 = O.4, p 0,01 = 1.0
L.S.D. nitrate-N "oz b3, M = 33.9

* soil solution results expressed as p.p.m.'aoil are in pa;enthebes

, Although the pH decreaseﬁ on irradiation, the good recovery
from the sum of nitrite + nitrate analyses proved that the radiolytic .
lreduotion of nitrate to nitrite which did ocour was not followed by
rapid decomposition and v°1atilisation from the solutions. In addition,
the small amount of nitrite formed in the solutiona was stable over
4 days. which c;osely connects the solid phase with loss from soil
during incubation.

Comparison of the results obtained at 12 Mrad with those at

L Mrad (Table 10«2.3) revealed that the amount of nitrite produced was
almost identical. A decreased yleld of free radicals with increasing
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dose has been reported for carbohydrates by Ehrenberg (1961}, faster
recombination between more densely produced radicals being proposed

as a main reason for such behaviour; presumably‘the presence of. clay
and organic compounds inﬁroduces alternative radical reactions which
favoui the formation of nitrite from nitrate, thus avolding inter- -

radical combination and lower yield of nitrite,

Alternatively, it could be proposed that nitrite was belng
produced by a radiolytic reaction other than nitrate reduction, eince
it has been reported that an aqueous solution of ammonia can be
oxidised during irradiation to yleld nitrite (Rigg et al. 1952); two
observations discount such a possibility and indicate that reduction
is predomlnant., Firstly, the formation of nitritevie severely rest-
ricted by the amount of nitrate present in the irradiated soil sample
(Figure 10-2.1¢1), and secondly, Table 10-2.4 shows that theleeficieney
of nitrate found in the next experiment with soil irradiated (12 Mrad)\
at 50% moisture is only just accounted for by the gain in nitrite:
hoyever, the nitrite level ehould more than compensate for any decline
1; nitrate’if oxldation of ammonium was taking place, assuming that
the whqle.86.2 PePolte nitrite-N in the soil originated from reduction
of nitrate. '

10-2.4 Effaect of moisture on nitrite yield after 12 Mrad

It waa expected that the yield»of nitrite on irradiation could

be greatly influenoed by the moiature percentage owing to the effect
on migration of radiolytic producta and thus their rates of reaotion-
The relationehip was examined at a high dose which was known to glve

extensive accumulation of nitrite.
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Materials and Methods:
' Broad soil at 30.0% moisture was édjusted to 10, 20, 30, 40,

50, 60, 70 and 80% moisture, and to 200 p.p.m. nitrate-N on a dry

weight basis. After equilibration, samples of 10 g were trcated with

42 Mrad and analysed for nitrite immediately; together with unirrad- .
iated controis; It was found that the nitrite concentration decreased
between’70 and 80% moisture, and thls was verified by'repeat jrradiat-
ions, To establish whether nitrite was in fact being formed but then
rapidly decomposing, or if the radiolytic yield had been reduced,
further samples were analysed for nitrate as well as nitrite immediately
before and after irradiation at 50 — 80% moisture. Once again, a
similar pattern of nitrite behaviour was detected.

Results: ‘

' The yield of nitrite obtalned over the entire moisture range
appears in Figure 10-2.4, and shows a linear response only up to 50%
moisture. The recovery figures for nitrate (Table 10-2.4) proved
that progressively less was present after irradiation as the moisture
content increased from 50 - 80%, the deficiency presumably being
caused by gradually improved reduction to nitrite: however, a low
recovery of nitrate + nitrite was obtained immediately after irradiat-
ion, and suggested that nitrite formed during gamma treatment must hava
been unstable. Such lnstability became more severe as the moisture
level rose from 60 « 80%, and could result from nitrite fixation to
organic matter as well as immediate decomposition; it accounted for
the non-linear nature of the nitrite yield above 50% moisture in
Figura 10-2.4. It is reasonable to expect that the total irradiation
time of 19 hr 28 minutes would be- sufficient for extensive nitrite

reactions to occur, leading to fixation and volatilisation, The
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Table 10-2.4 Effect of moisture level on recovery of nitrate and
" nitrite from Broad soil after 12 Mrad

PePelle mine:a;-n in so0ll

nitrate + nitrate +

g e nmy mmy ommn, mme
.50 . L 2212 1374 - 86.2 22346 1 4 2.k
60, - 222,2 113.5 - 98.6 21241 - 10.1

70 . 2% 730 1077 - 180.7 - 33.7
80 © i 216.3 - 539 922 W61 = 70.2

L.S.D. nitrite-N p 0.05 = 4.9, p 0,01 = 11.3
L.5.D. nitrate-N " = 12,6, " = 29.1

unirrédiaﬁed contrél,sﬁii did not contain >1.2 popems nitrite-N at
any moisfure.

The coﬁclusion was drawn that reduction of nitrate to nitrita
by radiation increasea in a linear manner with soil moisture level
to a certain point, but there are factors which affect the stability
of nitrite produced at high moisture percentages. The irradiation
of seeds at different moistures has{ahown that equal amounts of free
radigala are generated by a given dose, irrespective of water gontent
(Ehfenberg, 1961) if this resﬁonae 18 similar in soil, the extra
mobility and‘reacti#ity of radiolytic products between the solid and
liquid phases at very high water content may be reaponaible for the
greater reduction of nitrate to nitrite.
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" qug_bf nitrite formhd”by treatment-o£<gxiiéldjsoil:uith 12 Mrad

11-1 .: RGGOV%JY of 15N02 traccr trwm Fxgield aoil after 12 Hrad -
o o It was reasonable to auppoao that tho dccline in extraotablc
nitrite tound in soils up to 3 wooka a:tor troatmont with large donda ‘

'ot radiation (Soction 10-2.1) rosultod from dcconposition to nitroun __g

*‘oxide; nitrogen dioxidc and nitrogon. or Irom tixation to organic

A"'mattcr, ainca theae mechanisma havc bcon dctectod in autoclayed aoil
:,to which nitrito tracor was addod (Bremn.r and Nelaon, 1968).

| _ The ‘behaviour of nitrite in- heavuy m-auatea so:u. was exanin.d7

| by the adaition of "5N-1abened soddun nitr:l.to mm.d:l.atcly atter :u-ua- '

| ation, :ououad by 1 days of incubatdon,- F:l.nally. the "N whioh |

':remained 1n nithcr the soil organid matter or minoral-N fractiona .
"(ammonium-. nitritc- and nitrato-n) wbuld e raoovered- o
‘,'Haterials and Mo'bhodur I “ -
- To aelcct one of tho tour aoiln originally examined in Section
_310-2.1, oxtractable nitrita 1ousea were: comparad after~1b days (uaing -~v

- data in Scotion 10-2.1) and are prouentod in. Tablo 11-1-1. It ia

4 ;.necosaary to reter to the deolino in nitrite with tima atter irradiation'i
”_more apeoifically ag "oxtraotablo nitrito" loss, the oxtraotant beins .
wntor, bocauae 1% doas not reprauent a total loss of nitrite-N from the )
soil system 1! fixation reaotiona takc place-‘:” ‘ o
' In’ the ‘firat instanco, the series witﬁ the grontout nitrite
7 deticit (Grovc) appeared to be. the most auitable ohoiue. Howevor. it
.any 15N-1abelled nitritc was’ cventually recoverod in the organic pool
'it would bacome extenaively diluted by the total organic-N present, the
latter varying in amount betwuen aoils.‘ For the acouraoy of analysis A
by maas spectrometry tho highest atom 15N was desirable, therefore lf:
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Table 11-1.1 Extractable nitrite loss in irradiated soils
- relative to their organic-N content

extractable nitrite-N

Soil pH in total N . pepem. loss 14 days loss aB %

series water % after 12 Mrad. of organic-N
Broad 8.0 0.78 . 6346 0.82
Fyfield 7.6 - 0.2k 5142 , " 2423
Grove 7okt 0.39 ~ 88.0 T 2426
Icknield 8.0 1420 65.8 0455

the extractable nitrite loss was expressed as a percentage of the
orggnic-N present in each soil series to obtain some idea of the
relative dilution of 15N which might occur. vIn making this assessment,
one ;ssforcad to’asaume’that from one soil to another, the proportion
of extractable nitrite lost which becomes fixed is similar. The

. indication was that either Fyfield or Gfove golil would be most suitable
for traﬁer work, and as the calculated difference in dilution of tracer
appeared to be small, Fyfield was chosen because the lower percentage
of clay would permit gasier extraction of ammonium and better
purification by centrifugation than Grové soil.

' Three sets of sampies equivalenf to 10 g dry weight wé;e taken
f:oﬁ Fyfield soil previously air-dried to 8,40% moisture. The nitrate-N
conéentration was found to be 58+4 pepelle, -and a solut;on of potassium
nitrate (1,5 mg nitrate~N / ml) was added to each sample to raise the

level to 200 psp«me nitrate-l, thus providing sufficient for unlimited
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reducti;n on irradiation. At the same time, water was added to obtain
24% moisture in the samples, which were then allowed to equilibrate for
2 days before treatment with radiation.._

Immediately before irradiation, the first pair of samples was
shaken with 100 ml of N potassium chloride for 60 minutes, and. ammonium=-,
nitrite- énd nitrate-N were determined in the filtered extracts. The
two reﬁaining pairs of samples were treated with 12 Mrad at a dose rate
of 0,638 Mrad / hr. Immediately after irradiation, the second.set of
samples was analysed in a similar manner to the first, while the third
pair had 0.6 ml of N enriched sodium nitrite (92,81 atom % oy excess)
added: this brougﬁt the moisture content to 30, and these samples wexe
incubated for 14 days at 25°C before analysis. The 0.6 ml of added
tracer contained 518.4 ng total nitrite-N, or 481 pg VPN excess, and a
previous test at 12 Mrad showed that approximately five-fold dilution
would occur in the-mineral-N pool, giving about 19 atom % 1sN excess
enrichment., Such an amount was considered to be sufficiently high to
allow detection of fixation in the organic-N pool without greatly
disturbing the rate of nitrite loss in irradiated soii. Pfeliminary
trials indicated that this assumption was correct, and it was
subsequently confirmed by the main experiment.

For separation of organic-~N from mineral~N in incubated samples
only, the soll was transferred to a 40 ml centrifuge tube, and shaken
three times with 25 ml of N potassium chloride to remove the ammoniume,
nitrite- and nitrate~N., After each shaking period the tubes were
centrifuged at 30,000 G for 40 minutes to clarify the extract. The
whéle supernatant fraction was retained for steam-distillation to
detormine ammonium~ and nitrate-N, then both distillates were combined

for evaporation prior to mass spectrometry.
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Organic-N in the residue from the centrifugation process was
determined by the macro-Kjeldahl method (Section 2-3.1). The digeat~
was diluted to 500 ml in a graduated flask, and an aliquot which
‘contained 1 -« 1,5 mg N was steam-distilled with 5 ml of 40% w/v sodium
hydroxides The distillate was titrated, re-acidified and evaporated -
down for mass spectrometry.

Finélly, samples of 11 g fresh weight were analysed for organic~N
before irradiation, using the separ;tion procedure described abo§e¢ The
objeét was to compare with analysis after irradiation and assess whether
the nitrogen content of the organi§ fraction was less, since frégmentat-
ion of protein molecuies and partial deaminatioﬁ.is.well recognised at
~ such high doses (Kuzin, 1964), A difference. of 170 pepPem. organiceN
was found between the analjsea. or 7% deficit in-the orgﬁnic-N’fraotién.
Because it represents a relatively small loss, and analysis of flask
residues after steam-distillation of mineral-N extracts showed that
only 59 p.p.m. organic-N (35%) remained behind, the overall effect on
the fixatlion and recovéry pattern would be eitremely small. However,

a very slight reduction in 15N bound to the organic frastion could
be expected.
Results: A

The organic-N and mineral-N analyses and determinations of
14N / 15N isotope ratios Qre pfeseﬁted in Table 11-1.2. Nitrate
‘analysis before irradiation ensured that adjustment:to the level of
200 p.pem, nitrate~N had been correct. Analysis immediately after
irradiation detected a severe loss of nitrate with virtually a corresp-
onding increase in nitrite, comparable with earlier results from Broad
goil (Section 10-2.4). Following the addition of sodium nitrite tracer, -
there was a loss of 571 pg nitrite-N over 14 days: this is 10% higher



Table 11~1.2

after 12 Mrad

P.Poln, mineral-y *

Recovery of 15NO2 tracer from Fyfigld soil

total pg N in pools

.atan % PN excess in pools

¥

Time of NE, N0, No, total  ° NO, organic total orgenic

analysis (i 0.6) (i 0.5) (i 2.7) mineral mineral

before ¥ 2.1 0.4 195.2 2006 4.4 24,689 - -

Fpe e moe g B e

;ﬁe day; 45.2% 67.2* 122, 7% 2386" 62" 22,96,% 15.99 % 0,05 0.192 ¥ 0.003
r -

Recovery of 15N in pg

281.5
(79.3%)

(5e5%)

* nitrite tracer not added, to calculate dilution of 15N02--N applied after irradiation.

* 181 g 1IN0, tracer added (518 pg 't * 17w0,).

¥+

- Stendard error of mean.

Q4L
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than the amount roported lost without extra nitrite being added
(Section 10-2.1), and indicates only a slight disturbance of the loss
mechaniams by the preaence of extra tracer nitrite.

The pain observation was that according to 1aotcpe ratio ‘
'analyaia. recovery of 15N in the mineral-N pool cnly reached 79:3%,
with removal of 9.2% by fixaticn to organic matter. and the ditferonco
of 11.5% proaumably lost to the atmoaphorc. The combined loss of 20.7%
1a oqnivalent to 100 »e 153, whioh comparea very woll with a figure of

‘106 e 15N obtainod trom separate data. i.e. 18.50 atonm % of 571 yg

' extraotable nitrita-N 1oat. The declinc in nitrogon in the total

: minoral-n pool !rcm 2599 tc 2386 pg by 14 dayo aftor irradiation is
lloaa than the loas of extractablc nitrite, mainly owing to the rise in
ammonia; deamination of organic natter is the moat likely cause.

The pcaitive influence of organic mattor on the loss of nitrite
from soil was indicatod by tho early atudiea of Robinson (1923), and
later by Clark and Beard (1960).. The advent of 15N,techniquea
permitted further investigation (Fuhr and Bremner, 1964a, 1964b),
‘wh}ch showed fixation of nitrico to boAmost.aavere when the solil carbon
level was high and pH aaa low,. Bremnea and Fuhr (1966) aubaequontly
reported that the lighia-derived fraotion of organic mattea was mainly

reaponaible for nitrite fixationo

More recently, Nelson and Bremnor (1969) examined the response
glven by 30 soils having pH values from #.8 = 748 § when 5 soils in the
PH range 7.1 = 7.8 (to which‘Fyiield series would belong) were air-dried,
autooiaved and treated with 200 Pepells nitrite~N, the average loss of
extractable nitrite following 4 days' incubation at 25°C and 33% moisture
was 5% by volatilisation and 1% aa fixed aitrogen. In comparison, the
total loss of extractable nitrite in Fyfield soil was 13% over 4 days,
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mak;ng the approximate agsumption that the decline was ;ipear over
14 days of ineubation; _ | |

A supplementary experiment was made on the'effect of autoclaving
soil before irradiation for two reasons. Firstly, to ensure that
insterility and residual enzyme activity did not contribute to both
formation of nitrite and 1ts removal, and aeeondly, to examine whether
ammonla release and degradation of organic matter by heat influenced
~the rate of nitrite loss. Fyfield so0il was autoclaved (15 lbs / sq. in,
for 1 hr) before receiving 12 Mrad, and other conditions ware identical
tv the main tracer experiment except that 1?Nklabelled nitrite was not
added, Table 11-1.3 shows that autoclaving did not j;eeent the format-
ion of nitrite, or serioesly éféect the rate at which it was lost in

comparison with either of the previoﬁe tests.

Table 11=1.3 Effect of autoclaving on loss of exiractable nitrite
in Fyfield soill subsequently treated with 12 Mrad

Pepent, nitrite~N loass

Time after PeDelle autoclaved+€ . 5’on1y only

irradiation nitrite-N present expt., tracer expt. tial expte
- ‘ - (11=-1.2) - (10-2.1)

Immediately 80.6 ' - - . | -

7 days v ! "’904 . 31.2 - 29.5

14 da'ys ' 24.2 56.1" ' 56-3 '51e2

L.S.D. P 0.05 = 6.5' P 0:,01 = 15.0
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112 Decomposition of nitrite to oxides of nitrogen after 12 Mrad
' Following the observation that 11.5% of the nitrite initially

present in heavily irradiated ryfieldraoil was lost by volatilisation
over 14 days, it is aﬁproﬁriate to consider some chemical reactions
which couid be responsibléz various mechanisms leading to deconposition
aﬁdivoiatilisation of nifrite have been proposed by several autho:a.‘

In the first instance, Bremner and Nelson (1968) have describéd
the self-decomposition of nitrous acid, especially in soils of low pH;
‘they found that it was best represented by the equation:

2 HNO, ——> NO + NO, + H,0
rather than the reaction generally described:
3 ENO,, — HNO, + 2 NO + H,0 |

ﬁitrous acld is stable abovéApH 74 but evolution of small but
significant amounts of nitrogen dioxide from soils with pﬁ 7.1 = 7.8,
led Bremner and Nelson (1968) to conclude that it is difficult to
assess thg;extent to which self-decomposition contributes to production
of the gas at éuch high pHe It was suggested that the existence of
. regions of lower pH, perhaps at surfaces of clay partlcles, may
encourage the reaction to a limited extent. .

Secondly, Bremner (1957), Stevenson and Swaby (1964), Bremner
and Nelson (1968) and Nelson and Bremner (1969) have established that
humic acids,(liénins and low molecular welght model phenolic compounds
can promote fixatibn of nitrite, and.they propose that nitrosation .
takes place to form nitrosophenols which then react with nitrous acid
to yield nitrous oxlde and gaseous nitrogen; soil inorganic compounds
did not participaﬁe in these procesées. and the majority of their
experiments were made in Qolution at pH 5. Furthermore, methyl nitrite

has been ldentified as a product of the reaction between nitrous acid
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and aromatic methoxyl groups in lignin (Stevenson and Swaby, 196h4;
Bremner and Fuhr, 1966):

R-OCH3 + O=N-OH <=-> R-0OH + 0==N’-OCH3

but'tha occurrence of this reaction with soil organic matter has not

yet been established, Nitroaation is the process of replacing a
hydrogen atom in a molecule by the nitroso (~N=0) group, and when phenol
for example is treated with nitrous acid, it forms mainly p-nitrosophendl

and a small amount of the o-compound:

OH ' HN‘?Z OH ‘ _ .
— (90%) -
(xo+) - o :
- NO

Thirdly, Porter (1969) recently studied the reactions of
synthesised soil organic matte; oxine coﬁpounds with nitfous acid, |
because it was thought that they may decompose according fo the reaction:

| R,CaNOH + HNO, —=p R,C=0 + N,0 + H,0
Oximation was présumed to occur primarily by reaction of carbonyl groups
(>C=0) from humic acide with hydroxylamine to form >C=NOH., However, the
synthesised organic matter oximes released greater amounts of nitric
oxide than nitrous oxide, whereas the reverse was generally true for
model oxime compounds; it was pointed out that the mechanisms involved
in the formation of nitric oxide in these circumetances are not‘well
understood.

Fourtﬁly. it has beon stated that oxides of nitrogen and gaseous
nitrogen can be formed froﬁ reduction of nitrite in acidic and basic
solution by ferrous iron (Chao and ﬁroontje, 1966; Wullstein and Gilmour,

1966), and also by sulphur compounds such as sodium hydrosulphide (Chag,
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Finally, according to Allison (1963), nitrite can react

spontaneously with ammoﬁia, especially in acid soils:

| Ny + HNO, ey NH,NO, —wy N, + 2 Hy0
but in alkaline scils the reaction-ia dependeht on very ﬁigh concentrat-
ions of reactants (Ewing and Bauer, 1966). The true Van Slyke reactionm,
which is used for the quantitative assay of alpha-amino acids by
reaction with nitrous acid in an ‘atmosphere of nitric oxide, proceeds
according to the equation:

RNEZ + HNO2 w=e3> ROH + HZO + Né

‘but it is not thought to'bé iﬁportéﬁt in aéi& soils owing to the
instability of nitrous acid in the presence of air (Allison, 1963).
The addition of amino acids, amides and proteins had ro effect on
decomposition of nitrite in solution at pH 5 (Bremner and Nelson, 1968).
Having cénsidered some opinions and findings on processes which
may lead to decomposition and volatilisation of nitrite in soil, it was
decided'to test for the presence of nitrous oxidey nitrogen dioxide and
nitric oxide in the atmosphere above Fyfield soil in which the nitrite
concentration was falling as incubation progressed.

Materials and Methods:

Three sets of duplicate samples each containing Fyfield soll
equivalent to 30 g dry weight were adjusted to 200 p.p.m. nitrate-N and
30% moisture. After equilibration they were treated with 12 Mrad at a
dose rate of 0,608 Mrad / hr, and the first set was analysed inmediately
for nitrite. The second set of samples was connected to the infra.red
apparatus for detection of nitrous oxide, and the third set was used
for measurement of nitrogen dioxide and nitric oxide by means of the
flow-through technique (Section 2-3.4). The evolution of oxides of

" nitrogen was recorded at frequent (24 - 48 hr) intervals over a total
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period of 3 weeks at 20°C, and after this time the residual nitrite
was determined. '
Results:

Nitrous oxide did not accumulate above the detection limit of
20 pé nitrous oxidcgﬁ over the whole 1neﬁbafion time, and infra-red
absorption peaks for methyl nitrite failed to appe;ié' Nitrogen dioxide
and nitric oxide were detocted, ‘and the amounts are shown in Table 11-2-‘
Howevor. ‘when the total amount of nitrogen released 1n the form of
th’ae'gases over 1# dayg was comparcd uith the loss 1n_extractable
n;frité#ﬁ by volatilisation (from Sestion 1i41.2).’i§ only amounted to
18% 1 thus the formation and cvblutién of gaseous nitrogen was probably
réaponaible for 82% of the loss by vélatiiisationc;. | .

Analysia for nitrite after 21 days revealed that there had been
a dacrease of 59;0 p.p.m. extractable nitrite-Nl from the amount present
immediately after irradiation.'cauaod by fixation and volatilisatidn;
this figure agreed fairly well with 55.2 p.i.h{ decrease which was
found in Section 10-2+1. The fact that the incubation temperature in
the present study was 5°G lowar.than in previous work madenlittle
difference to the rate of nitrite loss.

11;-3 Degomposition of nitrite in the presence of nﬂ-n and catechol

The effect of compounds known to promote the decompoaition of

pitrite 1n pure solution ($tevenson and Swaby, 1964; Breomner and Nelson,
1969) was studied in heawily irradiated Fyfield soil, which was already
found to lose a large amount of nitrite during subsequent incubation.
Mﬁtorialsianﬁ Methods: 4

Moist samples containing 10 g dry weight of soll were railsed to
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Table 11-2 Evolution of nitrogen dioxide and nitric oxide

from Fyfield soil after 12 Mrad

cumilative total of

Days of nitrogen dioxide + nitric oxlde~N*
$ncubation released from 30 g dry soll
1 2642
2 6043
3 74,8
I 87.6 A .
7 109.3 * 17,25 of N from .
; piigosss wosds,
11 162.5 nitric oxide
1% 171.5
16 185.7
18 © 195.2
21 201.9

'L.S.D. p 0.05 = 235.2, P 0.01 = 53.h

Table 11=3 Decomposition of nitrite in the presence of

indulin and catechol

Treatment applied

loss in pep.n. nitrite«N after:

to Fyfield soil 7 days 14 days

12 Mrad + 005 nl water 23.1 42.8

12 Mrad + 0.1 g indulin k1.0 64,2
+ 0.5 ml water

12 Mrad + 0.5 ml Molar 69.0 69.0

catechol

L.5.D. p 0.05 = 3.8, p 0.01 = 8.9
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200 pepents nitrate-N and treated with 12 Mrad.’ Inmad;ately afterwards,
Os1 g of ldgnin ("Induliﬁ A") + 0.5 ml of water, or 0.5 ml of molaf
catochglvéoluéion, 0634(03)2 » was mixed with each sample and increased
the'mgisture level to 30%. “Indulin A" 15 the trade name given to a
pine wood lisnin proparation aold by thc Wbst Virginia Pulp and Paper
Company ; it has a methoxyl contant of 14.0% and 0-03% nitrogon.

.' Nitrite vas dctermined after ncubation for '7 and 1# days, and
the concentrationa found were deducted from nitrite present immaﬁiatoly
after 12 Hrad. The lonsas vere then compared with the nitritc deficit
,.in an irradiated but unamondcd aamplo. o
| The ratio of addcd 1ndu11n and catcchol to nitrite presont
'immediataly after irradiation was approximately the same as that naod
by Bremner and Nelson (1968) for their studies with pure solutions
at pH 5.

Results: . '

There was a signiticént inorease in fhe loss of nitrite in
the presencs of 1ignin'and oapocially;eat;cﬁoi. excaading the losas
detected after irradiaéiog alone (Table 11-3); Tho»resulte'indicatod
that nitrite can be removed by chemical decomposition in heavily

irradiated soll.
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12 DISCUSSION

12-1 Bioldgicai‘formation and decomposition of nitrite in scil

after irradiation in the region of 0,75 Mrad

The reduction of nitrate to nitrité.in irradiaﬁed soil
maintained under conditions of mediumAmoisturé has been shown to be
favoured by factoré which encou;agé microbial act;vify in the sample,
and further reduction of the nitrite formed appears to beAprimarily
the resuit‘gf biologlcal mechanisms rather than chemical decompositioﬁ.
A point of majof interest is £hat exteisive biological reductiqn of
nitrate to nitrite and oxides of nitrogen occurs at an oxygen concent- .

ration of 16%, in an atmosphere which is ciréulated through the soil
eiery 24 hours. . .

It is difficult to explain why radiatién ahbuld atimﬁlate
&reduction mechanisms under apparently aerobic conditions, although‘
gseveral authors have presented evidence for'the o&currence of
Adenitritication at medium to low soil moistqfé levels, Corbet and
Wooldridge (1940) concluded that a biologleal system”exiats which is

capablé of causlng aerobic losses of nitrate and nitrite in the presence

of glucose, and Meiklejohn (1940) found that two species of Pseudomonas

denitrified 75% of added nitrate in aerobic culture. Broadbent (1951)
reported a loss of 76 pep.n. nitrate-N when a soil of pH 7 was aerated
with Zﬁ% oxygen and incubated with oclover tissﬁe for 9 days,'and -
experiments by Broadbent and Stojanovie (1952) with another soil proved
that 16% of 15N';lahelled nitrate was lost over 10 days at 19% ox&gen,
even without addition of organic-C. Ekpete and Cornfield (1964) found

nitrate losses at 20% MWHC, a moisture level whi;h should certainly
have allowed good diffusion of oxygen.

To discuss some mechanisms which may account for the
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accumulation and decomposition of nitrite in irradiated soils at -
high congentrations of oxyéen, there are sgveral aspects of the soil
responge to radiation which require consideration, as well as studies
made by other workers on enzyme systems of denitrifying bacteria,

It was originally suggested (Cawse and Crawford, 1967) that
extension of the radiation dose to the region 0.6 - 0.8 Mrad selectively
inhibited nitrification to a pgreater extent thar nitrate reductién.
 with the latter process becoming dominant and leading to formation of
nitrite. Incorporation of 15N;1abellad nitrite with irradiated Icknield
soil has noﬁ shown (Section 9) that nitrification removes 57% of the
nitrite during inocubation for 14 daya;'compared with a loss of 28% by
volatilisation; it is therefore reasonable to expect that increased
‘radlation damage to nitrifying'organisms wiil upsét theiﬁalanCe between
ammopium oxidation to nitrate and the reduction_ofAn;traté. A high
initial population of nitrifying organisms in a soil (and therefore
survival of more bacteria after 0,75 Mrad) would lessen the amount of
nitrite a&ailable\for reduction and organic matter fixation pathways,
and may partly explain why Icknield soil produced fewer oxides of
nitrogen than other series, However, it must be borne in mind that
less intensive reduction.of nitrate by an irradiated soll would also
lovwer the size of the nitrite pool relative to other =so0il types, and
produce a similar effect with regard to the yield of nitrogenous gases.

x Tﬂe stimulation of nitrate and nitrite reduction under appar-
eﬁtly aeroblc conditlons may result from improved accessibility of
reducing enzymes within cells of denitrifying bacteria to nitrate and
nitrite, A stimulatory affgct of radiation on soll urease activity
has already been reported (Skujins and McLaren, 1969), and it was

proposed that either release of urease from damaged cells or faster
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diffuaion of substrate into cells could ﬁave been responsible. The
fact that deoreasing the molsture content of irradiatad soll gradually
‘ limits reduction of nitrite to nitrous oxide (Seotion 7-2.3) is in
aggeement with restriction of enzyme and substrate mobility, and
' furth;rmore. improved diffusion of ok&gen atllow soil moisture may
also inhibit evolution of nitrous oxide by decreasing the number of
anaerobic microzones in which reducing enzymes are thought to operate
(Hauck, 1968). An increase in soil respiration rate after irradiation
(Cawse, 1967a) may encourage ahaeroﬁic conditions, but it is known that
saturation with carb§n dioxide.stimulates reduction so much that the
nitrite coﬁcentration falls (Section 4-6). |

| Irradiation of waterlogged soil greatly stimulates nitrate and
nitrite loss, and the'p;oducyién of nitrous oxide exceeds that detected
ﬁnder‘aerobic conditions (Sectibn 4.5), With an overall deficiency of
oxygen under waterlogging, the sites availéble for reduction to proceed
are unrestricted and radiation-released carbon compoﬁnds could diffuse
readily; reduction would ‘therefore be s0 rapid that nitrite has little
ohaﬁce to accumulate during incubation, as observed in Section 4-1.
However, when the irradiated soil is at medium moisture, improved
diffusibn of oxygen would restrict the extent of anaerobic miorozones
(Hauck, 1968) available for reduction of nitrate, thus an increase from
57 = 72% MWHC in Broad soil increases nitrite accumulation (Table 4-3).
Poofer diffusion of carbon compounds could also cause nitrate reduction
to be slower than in waterlogged soil.

It is interésting to note the findings of Jordan et al. (1967)

in rela;ionxto the accumulation of nitrite; they reported that

Arthrobacter simplex reduced all nitrate to nitrite before reduction

of nitrite began, and that Bacillus polymyxa showed a lag in reduction
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of nitrite but not nitrate. Their observations support the results
ohtained from increasing the moisture of irradiated soil (Figures 4«1.1
and 4;1.2). Qhere nitrate was reduced before nitrite as the moisture
level rose ahove 75% MWHC.

Campbell and Lees (1967) discussed the reduction of nitrate
unde; aerobic and anaercbic conditions in relatioh to the behaviour of
enzyﬁe aystems possossed by denitrifying organisms. Nitrate reductase
is a complex enzyme system involving flavin adenine dinucleotide (FAD),
cytochrome ¢ and molybdenum, and it is thought that it competes with
the cytochrome o;idaae ~y oxygen reduction system characteristic of
aerobic respiration'for electrons passed to cytochrome c during metabol-
isn, acoording to the relative concentrations of oxygen and nitrate in
the media. It is known that certain denitrifying organisms possess an ‘
esgpeclally active nitrate reductase system (Campbell and Lees, 1967),
but it is not yet possible to specify the precise oxygen concentration
or oxygen : nitrate ratio at which slgnificant reduction of nitrate
occurs. The large amount of nitrate usually produoeé by calcareouo
solls after 0,75 Mrad (Cawse and Vhite, 1969a) may stimulate the
nitrate reductase system:. Apart from the possibility of anaerobic
microzones in soils, McKee (1962) remarked that there may be regions
within baoterial cells where leéss oﬁygen is present compared with the
main volume of the cell,

Rapid proliferation of denitrifying bacteria which survive
irradiation might be considered responoible for increasing nitrate
reduction and accumulation of nitrite. As far as nitrifying bacteria
are concerhéd. experiments have shown that they do not proliferate
until 25 days after 0.2 Mrad (Cawse, 1968), therefore rapid division

of denitrifying cells seems to be very unlikely within 3 days after
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0.75 Mrad, which is the average time / dose relationship for maximum
nitrite accumulation.

‘Reports on the emission of nitrogen dioxide and nitric oxide
from.soil appear to have been solely concerned with the formation of
these gases by chemical decomposition of nitrous aclid at low pH (Cady
and ﬁartholomew, 1960; Reuss and Smith, 1965; Makarov, 1969), and
Alexander (1§61) claims that nitric oxide is only released in acid
surrougdings. In alkaline golls treated with 0.75 Mrad, extensive -
formation of nitrogen dioxide and especially nitric oxide appears to.
take: place by blological. mechanisms, but it should be stressed that
the continuous flow of ailx through the soil nO‘dpubt helped to prevent
re-absorption of the gases., If the soil<atmos§here.was und;sturbed,
nitrogen dioxide would be bétter aﬁsorbed in the soll water, and nitric
oxide could be removed by oxidatlon to nitrogen diloxide and nitrate or
by nitration reactions with lignin (Mortland and Wolcott, 1965).

Reduction of nitrite to nitrogen by cell free extracts of

Bacillus subtilis gave nitric oxide as the first major product (Najjar

and Allen, 1954), and work with pure ocultures of Thiobacillus

denitrificans has shown that nitric oxide appears during the reduction

of nitrite (McKee, 1962)¢ It is therefore not surprising that biolog-
ical mechanisms for production of nitric oxide should exist in soil,
and tho radiation-stimulation of nitrite formation b& rapid nitrate
reductase activity-may in turn encour#ge nitrite reductase to produce
nitric oxide; it was found that the yleld of this gas could be increased
by addition of extra nitrite to irradiated soill, and that a blologlcal
mechanism was involved (Section 8).

The production of nitric oxide by nitrite reductase in cell-

;ree preparations of denitrifying bacteria has been discussed by
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Nason (1962), as well as the existence of nitric oxide reductase
vwhich yields gaseous'nitrogen. The exact position of nitrous oxide
in the‘pﬁthway of denitrification to gaaeoué nitrogen is controvérsial,
and some work with cell-frée extracts indicates that it is not an
obligate intermediate in the formation of niirogen éas (Nason, 1962).
- waever, measurement of the sequence of gaseous products during
denitrification in soil closely cérrelates a decline in concentration
"of nitrous oxide with an increase in gaseous nitrogen (Cady and -
Barthplomew, 19603 Cooper and Smith, 1963). |

‘ The reduction of nitrate and nitrite when radiation causes
death and 1ysia of cells in an serobic soll system suggeats that
climatic faotors such as freezing or drought, which adversely affect
' microorganisms, could have a similar but perhaps far less obvious
action when £he soil thaws or is re-wetted. McGarity (1962) reported
that denmitrification in waterlogged soll was increased by prior freezing,
hﬁt other investigators who have studied freezing and drying effeots
under more aerobic conditions do not appear to have measured the evolut-
ion of nitrous oxide or nitrogen (Stévenson, 19563 Gasser, 1958; Alian .
and Grimshaw, 1962).

12-2 Non-biologgcalv(radiolzﬁic) formation and décoggosition of

nitrite in soil irradiated with high doses, up to 12 Mrad
The relative unim@ortanée of nitrous oxide in the process of

nitrite volatilisation from sterile soil agrees with the studies made

by Bremner and Nelson (1968); they recovered as much as 53% of volatil-
"ised nitrite in the form of nitrogen dioxide (45% recovered as nitrogen
and 2% as nitrous oxide) from soil at pH 7, usipg 2 dagaﬁ incubation in

a helium / oxygen atmosphere. The corféaponding figure for Fyfiel&
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soi; is 18% when calculated over the firat 1 days, yut it does possess
alhigherlpn of f.6 which is known to decrease the formation of nitrogen
digxide (éremner and Nelson, 1968). ‘

: o fhere i8 a considerable difference in the ratio of 11 5 for
fixed : volatiliaad N in America# soils (Nelaon and Bremnar, 1969) and
that of 1 1 1.3 observed for Fyfield series (Table 11~1.2). This -,
diacropapcyAmight have ariseg ffom thf,uae‘qf gutoclaviqg gor sterilis-
'ationlby‘Ne;son and Bgemner‘(1969),vbecaﬁae it would encourage. greater
re1§§s€ 6f ammonia.than irradiation, and provide more favourable condit-
ions ror volatiliaation by dacomposition of ammonium nitrite (Allison,
1963, Ewing and Bauer, 1966). In a¢ditiqn.‘1eqs extgnsiya_degradation.
_ of organic matﬁqr‘in Fyfield soil following thq‘uag of radiation as a
sterilising ﬁgénﬁ ;oqld have permitted better fixation of nitrite, but
the fact that none of the American soils with pH 7.1 - 7.8 was inéubate@r
for lonéar tﬂan 4 days allows qh;y a tentative tdrecast that they wuﬁ;d
produce a éimilqr ratio of nitrite fixa@ion';lvélatiliéatién over a
longer period, whioh has éreater practical.bearing.

Regults obtained by Nelson and Bremner (1969) trom autoclaved
alkaline soils over 24 hours only. indicate that the influence of
ammonia and organic matter on transformation of nitrite is unimportant,
but their behaviour beyond this time is unknown; an increase in ammonia
after sterilisation would be certain. Another limitation is the
inadequacy of information. concerning the effect of organic matter on
nitrite removal in soils abave pE 7. Investigators have concentrated’
on acid soils in which nitrite disappears rapidly, and where loss is
encﬁuraged by the presence of organic matter. However, as far as the
current irradiation experiments are concerned, the decline in

extractable nitrite in four solls of pH 7.4 - 8.0 was not highest in
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the two most organic soils (Table 11-1.1), which also happen to be
the most ecalcarcouss This behaviour is partly supported by Wullstein
(1969), who reduced soil nitrite deficits by adding amlkaline metal

carbonates, but did not evaluate the role of ofganio matter.

%2;3 Possibilifies-fof future research

Research on pathways of nitrate reduction to gaseous nitrogen
in irradiated soil and the fixation of nitrite to organic matter, ia
Justified on the grounds that such mechanlams are lzttle underatood;
and are of economic 1mportance o Vorld agriculture (Wullstein, 1967;
Hauck, 11968). They are responsible for severe losses of fertiliaer
nitfogen; certainly under anaerobic conditions, and possibly at medium
levels of soil molsture as well. The Appendix to this thesis dlscusses
the aﬁplication of radiation as a tool in agricultural research, and
to enable the use to be entirely successful, one must be full& aware
of the r;sponse which soils give to various levels of radiation,

Application of 0,75 Mrad to certain solls appears to be a
convenient pre-treatment for detalled study of nitrate and nitrite
reduction mechanisms operating at medium soil moisture. More exact
information on the activity of reducing enzymes over a wide range of
oxygen coancentration could be obtained by the conbinuoup passage of
known gas mixtures through the soil during irradiation, and in the
course of subsequent incubation. To examine whether high nitrate
concentration affects competition between cytochrome oxidase and

nitrate reductase at mediun moisture, increasing amounts of nitrate

ogmdmbe
could be added to irradiated (0.75 Mrad) soil, followed by meaauremenﬁl
and formation of oxides of nitrogen. Further experiﬁents with 15N;

labelled nitrite are needed to ascertain if some irradiated soils
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produce fewer oxides of nitrogen than others owing to more extensive
re~oxidation of nitrite by nitrifying organisms.

The successful colonisation of radiation-sterilised soil by
nitrifying bacteria (Section 6) suggests that it may also be possible
to inoculate with pure cultures of denmitrifying bacteria, and then
study their felhtive efficlency in reducing nitrate and nitrite, and
perhaps nitrous oxide as well, in a goll enviromment,

Although a good correlation Qas obtained between nitrite
accunulation after 0.75 Mrad and the denitrifying potentiﬁllfor sonme
British soils (Section 5), it has not yet been established to what
extent solls from other Continents accumulate nitrite and oxides of
nitrogen on irradiation, and if biological reduction of nitrite im
more prevalent than chemical decomposition pathways in neutral to
alkaline series. .

It has not been possible to account for the smaller yield of
nitrite obtained from application of 12 Mrad to soil solutions and
pure solutions of nitrate salts relative to similarly irradiated soil,
except that expsriments closely connect the solid phase of soll with
the stimulatory effect on yleld of nitrite (Section 10-2.3). This
problem could be investigated by mixing pure clay minerals and
extracted moil organic matter separately with nitrate solutions, and
measuring the effect on nitrite yield after 12 Mrad.

The application of high gamma doses in the region of 12 Mrad
would seem to be useful for studies on nitrite fixation to organie
matter, and volatilisation of nitrite (Section 11); radiation is
likely to cause less damage to soil physical and chemical properties
compared with sterllisation by autoclaving, and the radiolytic product-
ion of nitrite avoids the danger of mierobial contamination when
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nitrite is added after heat treatment.

‘ To study the release of gaeeoue nitrogen in addition to
nitrogen dioxide and nitric oxide, soil treated uith 12 Mrad could
be immediately fluehed through with an atmosphere of pure helium, or
perhaps 80% helium / 208 oxygen mixture, provided that the subsequent
loes of nitrite was undieturbed- there sppears to be no major problem
in this respect, becauee Bulla et al. (1970) recently reported the
releeee of nitric oxlde and nitrogen in large amounts when autoclaved
soils were incubated uith nitrite in an atmosphere of pure helium,
~,Samples of the .atmosphere above irradiated eoil could be removed |
after different periods of incubation, and analysed for nitrogen by

gas chronmatography.
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1 . INTRODUCTICN

The historical background to studies concerning the effects of gamma
radiation on soils is frequently neglected and little appreciated, no doubt
because of the association of radiation with atomic energy production which
is a.relatively new technology. Howsever, Atkinson (1897) carried out brief
experiments to determine the effects of radiation on plants only two years
after the discovery of X-rays by W. C. Roentgen.

Stocklasa (1913a) reported increases in the yield of plants when radio-
active materials were mixed with soil, and subsequently (Stocklasa 1913b) he
stated that nitrogen fixation could be increased by passing radiocactive air
containing the alpha-emitter Radon-222 over the soil. When pure cultures of

Azotobacter chroococcum, nitrogen mineralising bacteria and denitrifying bac~-

terla were treated with alpha, beta and gamma radiations from pitchblende
(uraninite), nitrogen fixation was increased by alpha particles but beta and
gamma radiations were found to exert a harmful effect on all three processes.

Stimulation of Azotobacter agile was later confirmed by Kayser (1921), and

for three separate species of the bacteria by Kayser and Delaval (1924).

Although the discovery of artificial induction of radiocactivity in 1934
by Joliot-Curie had resulted in the use of particle accelerators for produc-
tion of over 200 radioisotopes by 1939, there was little further investigatim
of the response of soil to radiations.emitted from these isotopes. With the
construction of prototype power reactors, cobalt-60 could be produced at far
~ less cost and in sufficient quantity to permit the development of large gamma
sources of the type described by Jefferson and Rogers (196L4). Such install-
ations have been used for a wide range of biological and chemical research,
and various aspects of s0il irradiation have been presented by approximately
sixty papers in the world literature since 1950.

Cobalt-60 emits two gamma quanta at 1.17 and 1.33 MeV, and has a half-



life of 5.6 years; for sterilisation purposes it is preferable to the longer
lived caesium-137 because the radiation is of higher energy and thus more
penetrating. At these gamma energies there is no induction of radiocactivity
in the irradiated sample, which is absolutely safe to handle.

Some workers have sterilised thin layers of soil in an electron bean,
but the penetration of 5 MeV electrons is very poor if the soil thickness is
greater than 1.2 cm (McLaren et al., 1962) and gamma radiation is far mere
satisfactory. The present review is not concerned with the research value

of radiation measurements to trace radioisotope behaviour in soils.

RELATIVE MERITS OF STERILISATION BY RADIATION

Radiation can be used to sterilise or partially sterilise soil as a
preliminary treatment to a wide range of soil research experiments which will
be mentioned later. It is preferred to heat or chemical treatments such as
'D-D' (dichlorOpropenqbrbpane mixture), methyl bromide, chloropicrin or form-
alin for several reasons.

First, the degree of sterility for experiments that require only partial
sterilisation can be very accurately controlled by varying the radiation dose.
Because different soil organisms show a wide variation in radiosensitivity,
the selective nature of the process also has considerable significance, and
several workers have emphasised this point (Stotzk& and Mortensen, 1959;
Popenoe and Eno, 1962; Monib and Zayed, 1963; Kashkina and Abaturov, 1967).

In general, an increase in gamma dose will affect the major groups of
soil organisms in the order microfauna, fungi, bacteria, viruses and enzymes.
One would not expect many invertebrates to survive 0.2 Mrad (Megarads, where
rad = "radiation absorbed dose", eguivalent to deposition of 100 ergs per
gram of absorbing material), and 0.2 - 0.5 Mrad would inactivate the majority
of fungi. While 1-2 Mrad should inactivate practically all soil bacteria,

enzymes are extremely radioresistant and can easily tolerate 5 Mrad. However,



variation in the numbers of organisms present from one soil to another and
differeﬁoes in radiosensitivity make over-generalisation dangerous.

The effectiveness of any sterilisation procedure depends upon the
numbérs of organisms that are initially present (Ley and Tallentire, 1965;
Jackson et al., 1967), and it is impossible to guarantee that a soil sample
will be sterile after 2.5 Mrad, which is the accepted dose for sterilisation
of medical goods in the U.K. As manufactured articles, the latter obviously
support a very small microbial population compared with soil, where 108 bac-
teria per gram may have to be eliminated. From the experience gained in
sterilisation of soils at Wantage for outside research institutes, it can be
said that 2.5 Mrad has rarely resulted in unsatisfactory sterilisation; it
is reoommended that sterility is always tested separately for each soil type
in order to allow for high population densities.

Use of the term "inactivation" may lead to confusion unless it is real-
ised that it refers to prevention of cell proliferation and not to the com-
plete cessation of metabolic activity within the cell. This situation can
be misleading in the case of chemoautotrophic organisms whose activity is
most conveniently measured by biochemical means (Starkey, 1962). For exampl,

Nitrosomonas and Nitrobacter cells can still carry out extensive oxidation of

ammonium to nitrate after 1 Mrad, even though proliferation of the bacteria
is prevented by 0.2 Mrad (Cawse, 1968); analysis for nitrate would not
reflect inactivation but only total inhibition, which most probably occcurs
above 1 Mrad. A similar result would be expected for sulphur oxidising bac-

teria of the genus Thiobacillus, and these organisms were almost certainly

present in experiments described by Popence and Bno (1962), where sulphate
production from elemental sulphur was measured after irradiation. Further-
more, it is known that doses sufficient to inactivate Azotobacter fail to
prevent nitrogen fixation (Sokurova, 1956), and that the microbial reduction

of nitrate to nitrite proceeds rapidly at 0.8 Mrad (Cawse and Crawford, 1967;
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Cawse and White, 1969b); this is a dose well above the region of 0.1 - 0.2
Mred reéuired to prevent proliferation.

Secondly, radiation may be preferred if there is any danger that the
phytotoxicity of chemical residues could prevent any useful ;xperimental con~-
clusions from being reached, with wasted research effort. At the outset
there must be a minimum delay of 30 days for chloropiorin and 10 days for
formalin befars experimental work can begin, whereas irradiated soil can be
used at onos. Jenkinson et al. (1968) compared the growth of wheat and rye-
grass in soil treated with either 2.5 Mrad, or methyl bromide, or formalin.
The irrediated treatment produced most dry matter with or without added
nitrogen fertiliser, and at the highest level of fertilisation both chemical
treatments depressed wheat growth below the control. Analysis revealed that
the soils treated with 1000 p.p.m. methyl bromide still contained 121 p.p.m:.
bromine at harveat, and it was concluded that non-volatile degradation pro-
duots were almost certainly responsible for the depression of growth. Aldrich
and Martin (1952) previously reported that 'D-D' and chloropicrin can decom-
pose to give chlorides, and plant damage is liable to follow.

The presence of phytotoxic substances in some heat-sterilised soils has
long been recognised (Johnson, 1919), and in a comparison of heat, propylene
oxide and radiation sterilisation of red-brown earth and sand soils by Bowen
and Rovire (1961), subterranean clover (Trii'olii.;.m subterraneum L.) was severe-
ly retarded by both heat and chemical methods. Hervey and Williams (1963)
rreferred gamma sterilisation because autoclaved soils used as growth media

‘for cotton root rot fungus (Phymatotrichum omnivorum) showed toxicity to

the organism.
Bowen and Cawse (1962) found that two soils treated with 2 Mrad gave a

superior yield of lettuoe (Lactuva sativa) compared with steam sterilisation,

the increases being 1.5 and 3 times greater. Analysis of eight sterilised

soils for exchangeable Cu, Fe, Mn and Zn showed that manganese was increased

_h__



by seven-fold to 121 p.p.m. after steaming, but only two-fold after 2 Mrad.
The other trace elements were little affected. Presumably, so much mangan-
es® was reduoed to available valency states by steaming that it had a harmful
effect on ‘plant growth. Lapensee (1959) found that more manganese was
released by steaming than by chloropicrin or D-D, and on two soils growth of
so'y‘bean (S0ja hispida) was less than control; 10-30 p.p.m. Mn was toxic to
'I;h‘i.s plant in culture solution, and it was known that the concentration in
heat-treated soils could reach 155 p.p.m. Mn.

Thirdly, the choice of radiation may depend upon the rela'tively slight
effect it has on humus. Any sterilisation technique will cause extra nitro-
gen mineralisation following death and lysis of the susceptible microbial
population, and to a lesser extent from damage to humus. One would expect
nitrogen release from the biomass to be greatest with the most effective
sterilisation procedures, i.e. radiation or heat rather than chemicals, and
damage to the humus fraction would be most severe after heating.

The work of Bowen and Cawse (1962) and Bno and Popenoe (1964) has shomn
that steaming gives greater ammonium release than irradiation, especially in
very organic soils. Salonius et al. (1967) reported that an autoclaved clay
soil contained more soluble organic matter, soluble carbohydrate, and water-
extractable electrolyte than did soil treated with.5 Mrad, and it was toxic
to mioroorganisms. These toxic substax;oes were not identified, but it is
k'nmm that normal soil breakdown of organic matter can produce growth inhibi-
tors such as vanillin and benzoic acid (McCalla and Haskins, 1964).

Radiation damage to humus has certainly been detected, but there is very
little release of nitrogen compared with the production from the biomass
(Jenkinson, 1966; Cawse, 1968), and when Bowen and Cawse (1964b) irradiated
soil organic matter obtained by sodium pyrophosphate extraction, it was eal-
oulated that only 4% of the increase in nitrogen after 4 Mrad originates from
humus .



Finally, it is necessary to consider the effects of radiationm, heat and
chemicals on soil structure. Bowen and Cawse (1964a) observed that irradia-
ted soils had a slower water percolation rate and dried out less rapidly than
the éontrols, and Boyer et al. (1966) discussed a decrease in structural
stability in several irradiated soils. Salonius et al. (1967) found that
3 Mrad reduced aggregate stability by 6%, but autoclaving increased the
stability by 12%. On the other hand, Griffiths and Burns (1968) exposed
natural aggregates to 2.5 Mrad without harmful effect. It seems that if
physical damage does ocour, it is very minor and less harmful to experiment-
ation than chemical changes brought about by heat and chemical treatments,
and this contention is supported by the continued success of microbial colon-
isation and plant growth experiments in irradiated soil. As far as chemical
treatments are concernmed, Aldrich and Martin (1952) found that D-D and chloro-
picrin did not affect aggregation.

A di;advantage of radiation treatment lies in the immobility of large
sources that are required to deliver a high dose rate. The sample must
always be transported to the source, and large scale field trials are impos-
sible. It is quite feasible to treat 20-1b. packs of soil with 2.5 Mrad as
a contimious process in a gamma-installation such as the Package Irradiation
Plant at Wantage Laboratory. The cost is about 30/- per cwt. not including
transport or paoking costs estimated at £8 per ton‘, but it is very probable
that a lower dose of 1 Mrad, which costs 12/- per cwt. plus handling charges,
would be equally as effective as steam or chemicals. It is a dear process
when compared with costs of about £600 per acre (7d per cwt*) for steaming,
and £200 per acre (2d per cwt‘.) for chloropicrin or D-D, but the high cost
of research experiments and the moderate quantities of soil usually required
still make radiation an attractive proposition. With chemicals, hazard to
the operator must also be considered. There is also the advantage that soil
can be irradiated in the experimental pots, which reduces subsequent handling
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and contamination to a minimum.

If only sub-sterilising doses of radiation were needed for certain
types of investigation, a mobile gamma source could be employed. Dietz and
Lafferty (1966) have described a mobile irradiator intended for fruit treat-
ment in the U.S.A. which contains 100,000 curies of cobalt-60, weighs 59
tons complete, and can process 1000 1b. per hour with 0.2 Mrad. At present,
| irradiation facilities of this type are extremely rare, and a recent review
of irradiation pilot plants (de Zeeuw, 1968) lists only two other mobile ~

sources situated in Canada and France.

EXPERIMENTAL APPLICATION OF RADIATION
Owing to some clear advantages of radiation sterilisation which have
Just been mentioned, the technique has recently been recommended by Muller
(1968) for application in soil research. There are already a considerable
number of reports in the literature which mention the use of radiation in
the following types of investigation:

(a) Soil Enzymes

The strong adsorption of soil enzymes to clay minerals makes
extraction so difficult that thelir presence and behaviour is frequently
investigated by addition of substrate to soil which has undergone some treat-
menf to prevent microbial proliferation. In the past, toluene has often
been employed for this purpose, but there are conflicting reports of its

usefulness (Skujins, 1967). Certain bacteria, e.g. Streptomyces, are

resistant, and up to 20% toluene is needed to sterilise some soils.

Radlation sterilisation has been successfully used for research into
the activities of soil urease (McLaren et al., 1957) and phosphatase
(Skujins et al., 1962; Mclaren et al., 1962), but it is still impossible
to say whether enzyme activity that occurs after irradiation proceeds

within inactivated cells, or if released enzymes are operating extracellu-
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larly, or if original naturally aﬁsofbed enzymes are responsible. Work by
Ramirez;Martinez and McLaren (1966) on phosphatase activity in irradiated
s80ils does indicate that there is a relatively stable extracellular enzyme
component attached to humus. Furthermore, McLaren (1963) has suggested that
urea is a sufficiently small molecule to diffuse into inactivated cells con-
taining urease, and the reaction products, ammonia and carbon dioxide,
diffuse out again. Stevenson (1964 ) has emphasised the findings of Peter-
son (19623), that respiration continues in radiation-steriliséd soil, and -
points out that the bactericidal effect of radiation is probably due to
inhibition of enzyme synthesis by the cell rather than to inactivation of
enzymes already within it; in this situation, diffusion of the substrate
molecules to intracellular enzymes would be a critical factor controlling
activity.

Voets et al. (1965) have used radiation to confirm results obtained from
treatment with toluene. It was reported that amino acids were not attacked
by free enzymes after either method of sterilisation, which implies that the
direct conversion of these compounds is only accomplished by living micro-
organisms. In addition it was shown that 2 Mrad did not affect the activity
of urease, saccharase, acid phosphatase and proteolytic enzymes in an arable
sandy loam.

Van Niekerk (1964 ) has developed an improved method for determining
urease in soil by pre-treatment with 1 Mrad before addition of the urea-
buffer. The radiation dose must ensure sterility and should be previously
tested. Reproducibility was superior to existing methods which use toluene
as a sterilising agent.

(b) Degradation and Adsorption of Compounds in Soil

Sterilisation by radiation has been utilised in a study on adsorp-
tion of ‘'disulfoton' (diethyl S - 2 - (ethylthio) ethyl phosphorothiolothio-

nate) by soil (Graham-Bryce, 1967). Application of 2.5 Mrad permitted better
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recovery of the insecticide, and indicated that microbial decomposition was
taking ﬁlace in the control soil, thus preventing correct interpretation of
the adsorption phenomena.

Radiation could be particularly useful in pesticide and herbicide adsorp-
tion work because it has little effect on soil organic matter, which is
itself closely related to adsorption. In work of this kind, it is first
essential to examine the effect of radiation on the pure compound, unless it
can be separately sterilised by membrane filtration and then added to gamma-
sterilised soil.

Corey et al. (1967) have sterilised soil columns contained in acrylic
plastic cylinders in order to study movement of nitrate. Normally, denitri-
fication makes this experiment impossible so that chloride must be used to
simulate nitrate, but in many other cases substitution will be impossible.
The authors suggest a wide application for their technique in research on the
movement of herbicides, fungicides and waste products through soils; carbon
dioxide and oxygen flow could be examined in a more elaborate apparatus.

Bowman et al. (1967) have treated soil columns with 3 Mrad in experiments
which show that there is little movement of added phytic acid; 92% of the
organic phosphorus was recovered, and the slight deficit indicates that phos-
rhatases were still active. The disadvantage of experiments of this type in
unsterile soil is that organic phosphorus compounds may be synthesised by
microorganisms in the lower horizons of a profile, making it impossible to
assess the extent of downwards movement.

" (e) Introduction of Selected Organisms into Sterile Soil

The successful colonisation of sterile soil with selected organias
is necessary for research into the inter-relationships of microbes, and some
preliminary experiments have been made to assess the value of radiation.

Peterson (1962b) proved that Arthrobacter sp., Bacillus megaterium, Pseudomo-

mopas sp., and Xanthomonas vesicatoria could easily be established in an
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irradiated silty clay loam, but extended lag phases were frequently observed

in autoclaved soils. One organism, Myxococcus fulvus, failed to grow in

either heat- or radiation-sterilised soil.

Salonius et al. (1967) established that Pseudomonas fluorescens and

Arthrobacter globiformis colonise gamma-irradiated better than autoclaved

s0il, but no explanations have been offered for the toxicity of the latter,
although it was shown that radiation increased the conductivity of aqueous
extracts by 16% compared with 62% after autoclaving. Van Groenewoud (1958)
suggested that radiation sterilisation should be very suitable for examining
the antagonism of microorganisms in natural media; he found that irradiated
humus had practically no effect on the action of several antibiotics on

Staphylococcus.

Skyring and Thompson (1966) set out to examine whether variation in the
microbial population or organic matter release during air-drying was respons-
ible for the well known "air-drying effect" (Birch, 1958), manifested by

increased microbial aetivity in the re-moistened soil. Pseudomonas denitrifi-

cans was introduced into irradiated soil so that reduction of nitrate could
be used as an index of organic matter availability.

Hering (1967) compared the decomposing abilities of several species of
fungi on gamma-sterilised and asutoclaved oak leaf litter. Three strains of

Trichoderma viride tended to give higher rates of decomposition on the auto-

claved material, probably because of nutrient release and breakage of cellu-
lose fibres by the sterilisation.

Part of a study by Merzari and Broeshart (1968) on loss of nitrogen from
N-15 labelled ammonium sulphate involved the inoculation of sterile irradiated
so0il with nitrifying organisms, a denitrifying organism, and the total flora.
This was followed by addition of labelled fertiliser and culture of rice.
Unfortunately, inoculation was unsuccessful and prevented the collection of

some valuable data. Further effort seems to be required on the feasibility
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of inoculating irradiated soil with economically important organisms, and
eluoidation of the reasons for failure to proliferate.

The inoculation of sterile soil with a selected organism for continuous
flow investigations of the type described by Macura (1961) could be a useful
teohnique to evaluate the contribution of various organisms towards mineral-
isation of carbon and nitrogen.

(d4) Nitrogen Mineralisation and Denitrification

The nitrification of ammonium released by death, lysis and mineral-
isation of radiation-susceptible microorganisms occurs rapidly in many soils,
and the nitrate concentration reaches a maximum between 0.2 and 0.8 Mrad
(Cawse, 1968; Cawse and White, 1969a). A significant increase in nitrifi-
cation has even been reported after 0.002 Mrad (Cawse, 1967). The oxidation
process is thought to be carried out by non-proliferating cells of the nitri-
fying bacteria (Cawse, 1968), and the ammonium release is greatest under
conditions of high so0il moisture (Bowen and Cawse, 1964a).

Such radiobiological studies also provide information which may assist
Interpretation of the soil response to chemical sterilants and herbicides
that may inactivate nitrifying bacteria without affecting their oxidation
processes; 1in this case, measurement of nitrate concentration would not
neoessarily be proof of the long term survival of the organisms.

The release of total mineral nitrogen in an irradiated clay loam showed
a sharp rise up to 0.6 Mrad, followed by a distinct plateau, which implies
that there is no further damage to the biomass (Cawse, 1968); it may be
possible to utilise this feature for estimating the relative size of micro-
bial populations in different éoils, otherwise a notoriously difficult task.

If soils are treated with 3 Mrad, nitrification is inhibited and ammon-
iun will accumulate (cawse, 1968). This situation is advantageous for ex-
periments Bp the merits of ammonium or nitrate nutrition of crops, which must

otherwise be confined to solution culture. Nitrification inhibitors such
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as 2-chloro-6-(trichloromethyl) pyridine can be applied to soil, but in many
cases problems of adsorption and volatilisation do not permit a satisfactory
block to ammonium oxidatiom.

| Rovira and Bowen (1969) have found it possible to study the ammonium
nutrition of wheat in a soil treated with 2.5 Mrad, and then inoculated with
soil suspension: heterotrophic organisms recolonised much faster than

Nitrosomonas and Nitrobacter, and ammonium was not nitrified for at least 11

weeks after irradiation. Restoration of heterotrophic activity was
required to approach conditions in the unsterilised soil, because these
organisms can affect plant nutrient uptake by mineralisation of organic
matter and development in the root rhizosphere.

Nitrite can accumulate under aercbic conditions in some soils treated
over the range 0.6 - 2.5 Mrad, and the greatest concentrations have been
detected in organic calcareous types, even up to 115 p.p.m. N02-N (Cawse and
Crawford, 1967; Cawse and White, 1969b). It appears that a mechanism of
microbial nitrate reduction is mainly responsible, and two ways in which this
could be carried out are by non-proliferating bacteria, perhaps Bacillus and
Pseudomonas spp., or by a residual enzyme fraction bound to clays. Further
research into nitrite formation and decomposition to oxides of nitrogen aftar
irradiation should add useful information to the scant knowledge of nitrate
loss as gaseous nitrogen, and perhaps help to characterise the soil types
that have a high denitrifying potential. It is also essential to obtain
further information on the fluctuations in mineral nitrogen after irradiatim
to enable more accurate experimentation with this sterilisation technique.
Problems of nitrite toxicity to plants could now be evaluated in soil which
has been irradiated to prevent nitrification, whereas previous work on this
subjJect was restricted to solution culture, and extrapolation to soil condi-
tions is f?equently criticised.

In experiments on nitrogen mineralisation by Overrein (1967), gamma -
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sterilised humus has been used to investigate the rate of chemical fixation
of fertiliser nitrogen; this was very rapid, and would be completed before
biological assimilation of nitrogen could begin.
(e) Soil Irradiation and the Microfauna

Researoh on the litter-soil ecosystem by Coleman and MacFadyen
(1966) involved the inoculation of gamma-sterilised cores of socil with sel-
ected fungi, and replacement in the field to assess recoclonisation by mioro-
arthropods. Heat or chemical sterilants were considered unsuitable, and the
authors concluded that their technique should be promising for future work
of this kind.

Edwards (1969) investigated the effect of 0.01 - 0.2 Mrad on soil inver-
tebrates, and has accumulated some useful basic information on the response
of this section of the soil ecosystem. He remarked that radiation might be
used to study ecological interactions by eradication of certain animal groupms
such as parasitic mites which are more sensitive than isotomid, onychiurid
and podiurid Collembola; the latter group even increased in numbers after
0.01 Mrad. 1In addition, to assess the harmful effects of a scil inhabitant
on plant growth it would be feasible to apply 0.2 Mrad, and then recolonise
the soil with selected insects or nematodes; yields would be compared with
an irradiated but uncolonised treatment.

(£f) sterile plant Cultures and Fungal Effects on Plants

An attempt has been made to utilise irradiated soil for experiments
on the uptake of large molecules, such as proteins, by plants (Ulrich et al.,
196#). There was nc evidence that protease activity remaining in the steri
lised soil would change beta-lactoglobulin (M. Wt. 37,000) into compounds
which oould be taken up by tomato plants, but the extreme radioresistance of .
enzymes might well be a disadvantage in similar studies where different
soils and/br other enzyme systems are involved. For example, the persist-

ence of phosphatase in irradiated soil and its presence in sterile roots
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frustrates experiments on the uptake of organophosphates by plants (McLaren,
1967).
The selective nature of radiation has allowed the removal of a plant

pathbgen, Plasmodiophora brassicae, by treatment of soil with 0.050 Mrad

(Lur'e and Ter-Simonyan, 1959). Similarly, radiation could be applied to
work on mycorrhizal relationships by removal of the specific fungus from
soil; normally, the more radioresistant bacterial population would be rela-
tively unharmed. As an alternative, soil could be treated with a sterili-
sing dose before inoculation with selected fungi. The potential value of
radiastion in this field has been forecast by Barber (1968) in his review on
microorganisms and the inorganic nutrition of higher plants.

(g) Response of the Ecosystem

There have been few reports on the effect of chronic irradiation
on the soil microflora relative to those dealing with acute dosages, and
experiments on the behaviour of plants in gamma fields have frequently ig-
nored the soil reaction. It has been pointed out that some cases of plant
stimulation in gamma fields could arise from the extra nitrogen mineralisa-
tion (Bowen and Cawse, 1964a). McCormick (1963) irradiated a natural plant

community and noticed that the competitive vigour of Arenaria brevifolia was

so increased between 0.008 and 0.035 Mrad that it became dominant; +the soil
nitrogen response may well have contributed to this observation.

Rambelli (1962) examined the microflora in a gamma field, and found
increased nitrogen fixation and ammonifying capacity but reduced nitrifica-
tion and denitrification. In a subsequent trial (Rambelli, 1963) rapid
seasonal fluctuations in the microflora complicated interpretation of the
exact influence of radiation,but it was clear that various physiological
groups were greatly disturbed.

The possibility of environmental contamination by reactor waste has

prompted some soil studies (Davis et al., 1956; Auerbach, 1958) which again
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emphasise the differential response of various microbial groups. Blumenfeld
(1966)‘has considered that a thermonuclear war would not serious affect the
microflora in the long term, and two years after nuclear tests, Durell and
Shields (1960) isolated 41 species of fungi from soils within 1 mile redius
of ground zero. These types of study give little help to soil research pro-
grammes, except perhaps for rare cases where nuclear detonations are used for
modifying the topography, as in river diversion, and an idea of soil behav-
iour is advisable.

(h) Miscellaneous Applications

Johnson and Osborme (1964 ) isolated certain species of fungi from
s0il treated with 0.25 - 1 Mrad, whereas the same organisms were absent on
dilution or soil plates from normal soil. They suggest that radiation might
be used to isolate certain rare fungi that occur in low numbers, if they are
resistant to radiation. Bovard and Grauby (1963) stated that experiments
were in progress on irradiation of soil to induce bacterial mutants which may
be suitable for the production of antibiotics.

Griffiths and Burns (1968) established that although the stability of
natural aggregates in four soils was unaffected by 2.5 Mrad, that of synthet-
ic aggregates prepared with microbial polysaccharides was significantly re-
duced. This observation led to the suggestion that radiation may be of use
in assessing the importance of microbial polysaccharides in soil aggregation.

Sterile kaolin pellets and aggregates containing soluble and insoluble
‘organic substrates are valuable for investigation into localised microbial
development and biochemical changes in soil. Sterilisation is best achieved
by radiation since autoclaving is liable to permeate them with moisture

(Webley and Jones, 1968).
0jima et al, (1963) considered that if a toxic material was produced in

irradiated soil it might be extracted and used for weed control, but a search

for such compounds was negative.
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Summary—Increases in nitrite which were previously observed in four soils from different

series after treatment with y-radiation, particularly over the dose range 0-5-0-8 Mrad, have

been further investigated by a **N tracer technique. It was thought that nitrate reduction to

nitrite was taking place, and this mechanism was confirmed by reduction of 1*NO; to **NO,

in all of the irradiated soils at medium moisture levels. However, three soils had a lower per-

centage of !N tracer than expected in the nitrite pool, and it is considered that direct oxidation
of unlabelled ammonium to nitrite is the most likely explanation.

INTRODUCTION

RAPID accumulation of mineral nitrogen has been observed in many fresh soils after treat-
ment with y-radiation, and the stimulatory effect on plant growth is well established (Bowen
and Cawse, 1964; Cummins and McCreery, 1964; Rovira and Bowen, 1969). The relative
amounts of ammonium, nitrite and nitrate which are formed show great variation with the
dose employed over the range 0-25-2-5 Mrad, and with soil properties. Maximum accumu-
lation of nitrate occurs between 0-25-0-75 Mrad, but a further increase in dose inhibits
the oxidation processes of nitrifying organisms and the ammonium concentration rises
(Cawse and White, 1969a).

The formation of nitrite was first reported by Cawse and Crawford (1967) following the
irradiation of two calcareous soils from Broad and Icknield series, and it was suggested that
there might be a selective effect of radiation which results in greater damage to nitrification
compared with nitrate reduction. Subsequent experiments have shown that nitrite fails to
accumulate when the soils are waterlogged, probably because it undergoes more rapid
microbial reduction. In a survey of the response of ten soil series to radiation, Cawse and
White (1969b) found that 24 hr after y-treatment under aerobic conditions, large accumu-
lations of nitrite (26-60 ppm N) appeared only in soils containing carbonate. The optimum
dose region for nitrite to accumulate was always between 0-5-0-8 Mrad, and when these
soils were leached with water, or ammonium or nitrate solutions immediately after irradia-
tion, only the last treatment allowed nitrite to form. This strongly suggested that microbial
nitrate reduction was the principal cause of nitrite formation. The object of the present
investigation was to obtain more substantial evidence for the occurrence of this mechanism
by the use of SNQ,, especially as the microbial reduction of nitrate to nitrite is the first
major step in the true (dissimilatory) denitrification pathway to gaseous nitrogen.
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MATERIALS AND METHODS

The soils were sampled from the top 6 in. of the Broad, Broadmoor, Colthrop and Ick-
nield series located in the Reading district (Jarvis, 1968). The Broad series was under
arable cultivation, the remainder being under grass. Some of their major properties are
given in Table | together with the experimental conditions.

The fresh soils were passed through a 2 mm sieve, and distilled water was added with
!N-enriched potassium nitrate solution (96-71 atom % !N excess) to samples of 50 g
so that the final moisture levels were as indicated in Table 1. The aliquot of added nitrate
contained 214-2 ug N, and it was ascertained from previous nitrate analyses that this
would give at least 4 atom 9/ 1*N excess in the nitrate pools of all soils at irradiation.

Irradiation and extraction

After equilibration for two days at room temperature, one set of duplicate samples was
irradiated with a source of ®°Co giving a dose rate of 0-82 Mrad/hr then incubated at 25°C.
Finally, analysis was carried out for nitrate and nitrite and the distribution of >N tracer
within these fractions. The doses and incubation times appear in Table 1, and were chosen
separately for each soil to achieve maximum formation of nitrite in the shortest possible
time. Another set of duplicate samples (without tracer or irradiation) was analysed for nitrate
and nitrite immediately before and after incubation, the latter to ensure that nitrite did not
accumulate without irradiation.

Nitrate and nitrite were extracted by shaking the soil three times with 60, 20 and 20 ml
of water respectively in a 200 ml centrifuge bottle, and centrifuging for 10 min at 1000 g
after each shake of 15 min. Clay particles in the supernatant fraction were removed by
further centrifugation at 30,000 g for 40 min.

Steam distillation and evaporation of extracts

Total nitrate and isotope ratio analysis of nitrate was determined in a 25 ml aliquot of
the extract by steam distillation in an apparatus similar to that described by Bremner and
Edwards (1965). An exception was replacement of the glass condenser by a silver one, as
recommended for *SN work by Newman (1966) to avoid chemisorption of ammonia by
the cold glass surface. After nitrite had been removed by mixing 1 ml of 2% (w/v) sulphamic
acid with the aliquot, 0-4 g magnesium oxide was added for distillation of any ammonia
present; the distillate was rejected. Nitrate was reduced to ammonia by a second distillation
with 0-6 g Devarda’s alloy (< 300 mesh), passing the distillate into 15 ml 0-01N sulphuric
acid containing Tashiro’s indicator [a 1:4 mixture of 0-19% (w/v) solutions of methylene
blue and methyl red]. When the total volume reached 40 ml, nitrate was determined by
back titration with sodium hydroxide. The titrate was re-acidified with 0-5 ml N sulphuric
acid, and evaporated down to approximately 2 ml at 28-30°C for isotope ratio analysis.

Total nitrite was determined in a 0-1-0-5 ml aliquot of extract by the colorimetric method
of Crosby (1967). For isotope ratio analysis of nitrite 60 ml of extract was required, and
preliminary tests indicated that when evaporated extracts were reacted with sulphamic
acid to release nitrogen, foaming proved very troublesome. This was avoided by mixing
the extract with 2 g of alumina cream, which had been found effective for the removal of
interfering organic substances from soil solutions required for nitrate analysis (Cawse,
1967). After centrifugation to remove the alumina cream and organicmatter, the supernatant
fraction was evaporated to approximately 2 ml at 28-30°C with a current of warm air
passing over the surface; 0-1 ml N potassium hydroxide was added to ensure at least a



TABLE 1. DESCRIPTION OF SOIL SERIES USED FOR IRRADIATION, AND EXPERIMENTAL CONDITIONS

Experimental conditions

Moisture
pH in: Total Organic Inorg. Moisture at Dose Incubation

Soil series water CaCl, N (%0 C(%) CD at MWHC irradiation (Mrad) time
0] 6] (hn)
Broad 8-0 7-4 0-78 6-6 1-2 97-3 70 0-8 64
Broadmoor 8-0 75 0-53 5-7 4-0 110-8 65 05 24
Coilthrop 7-9 7-3 0-65 6:6 2-9 93-4 45 0-5 24
Icknield 8-0 7-4 1-20 10-2 0-7 89-0 70 0-6 64
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neutral reaction. It was found that such conditions allowed 95 per cent recovery of nitrite,
but evaporation at 50°C reduced this to 81 per cent.

Conversion of nitrate and nitrite to gaseous nitrogen

The evaporated extracts contained 0-7-1+5 mg of either nitrate- or nitrite-N, and nitrogen
gas was produced from them essentially by the technique of Bremner (1965). However,
difficulty was experienced with the gas sample tubes of inverted “Y” shape; cracking often
occurred during the freezing and thawing cycles which were needed to de-gas the extract
placed in one arm of the tube before mixing with the reactant, which was either hypobromite
or sulphamic acid, contained in the other arm. A gas sample tube was therefore designed (Fig.
1) to hold the solutions in a thin layer. It had a cross wall to prevent mixing of extract with
reactant until de-gassing was finished.

Freezing and thawing could be performed more rapidly and with less danger of breakage;
furthermore, the melting ice showed no tendency to jump into the opposite arm as entrapped
air was released. De-gassing the solutions four times produced nitrogen samples with
< 0-1Y% air contamination, and no correction of mass spectrometer results was deemed
necessary (Bremner, 1965).

Evaporated extracts containing ammonium were reacted with 2 ml sodium hypobromite
solution to release nitrogen. The hypobromite contained 0-1%; (w/v) potassium iodide to
prevent oxygen formation (Sims and Cocking, 1958).

Extracts containing nitrite were reacted with 1 ml of 49/ (w/v) sulphamic acid:

NH,SO;H 4+ HNO, — N, + H,SO, + H,0.
As the evolved nitrogen would be derived in equimolar proportions from the sulphamic
acid and nitrite, the spectrometer analyses for 1*N were adjusted accordingly.

The released nitrogen was passed through a liquid nitrogen trap to remove moisture,
nitrous oxide, amines and carbon dioxide, and was transferred to 10 ml break-seal tubes to
avoid leakage and air contamination before analysis on an Atlas CH4 mass spectrometer.

Miscellaneous methods of analysis

Total nitrogen was determined by a semi-micro method (Bremner, 1960). Organic
carbon was analysed by a modified Tinsley wet oxidation procedure (Bremner and Jenkin-
son, 1960), and inorganic carbon was determined by acidification and gravimetric assay of
carbon dioxide (Allison, 1960). pH was measured in both water and 0-01m calcium chloride
mixtures which had been shaken for 30 min at a 1:2-5 soil:solution ratio. Maximum water
holding capacity (MWHC) was determined by the technique of Ekpete and Cornfield (1965).

RESULTS

The isotopic composition of nitrate and nitrite in the irradiated soils is shown in Table 2.
From the appearance of **N in the nitrite pools of all four series it was concluded that
nitrate can be reduced to nitrite under aerobic conditions, thus confirming the indications
of leaching tests (Cawse and Crawford, 1967; Cawse and White, 1969b).

The atom %, excess 1*N in the nitrate pool before irradiation was calculated.from the
following relationship, After incubation for time ¢ following irradiation, analysis showed the
gross inorganic nitrate and nitrite pools represented as N, and N, pg N respectively, with
C, and C, atom 9 *°N excess. The recovery of 1°N was then calculated as

(Ca X Na) + (Cb X Nb)
100







TABLE 2. THE 1SOTOPIC COMPOSITION OF NITRATE AND NITRITE PRODUCED AFTER IRRADIATION OF SOILS CONTAINING !3NO; TRACER*

Total pg mineral-N in sample

Total pg 5N excesst in sample

Nitrate pool Nitrite pool Nitrate pool Nitrite
pool
(i) (i) (iii) i) (i) (ii) (i) (ii) Lowest %, (ii) Y%
Soil Series 15N added expected Recovery
after SN
dilution

Broad 4851 7572 4956 7-7 1429 63:9 214-2 186-6 23-0 97-9
(4-40) (2-46) 2:31) (1-61)

Broadmoor 5340 6507 5424 11-0 1747 7-2 214-2 196-2 28:7 105-0
(3-99) (3-02) (2-52) (1-64)

Colthrop 4783 5890 4677 35-6 1643 7-9 214:2 193-8 27-0 103-1
(4-46) (3:29) 2:75) (1-64)

Icknield 2648 4492 2542 6-5 1381 22-8 214-2 169-5 75-4 114-3
(8-08) @3- (3-50) (5-46)

Where (i) = before irradiation, with contribution from tracer-NO; added.

(ii) = after irradiation and incubation with tracer.
(iii) = after incubation only, without tracer.

* Figures in parentheses denote atom % 5N excess.
+ Natural abundance of >N = 0-366 atom %,
Coefficient of variation of *>N analysis = 0-77%.
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and was expressed as a percentage of the tracer initially added. These figures appear in the
final column of Table 2, and the satisfactory recoveries obtained indicate that there was
little decomposition of nitrite during incubation by chemical or microbial action.

It was thought that faster reduction of thenitrate pool, before it became diluted by nitrifica-
tion, may have accounted for the higher percentage >N found in the nitrite pool of Icknield
series compared with the Broad soil. To investigate this possibility, both series were treated
with the same doses of radiation as before, and analysed after 3, 6, 12 and 24 hr. Very little
difference in nitrite accumulation rates was apparent, and after 24 hr the Broad series
contained 267 ppm against 23 -6 ppm NO,—N for Icknield.

Rapid nitrification of radiation-released ammonium would certainly dilute the tracer in
the nitrate pool during incubation. The extent of such dilution and the lowest atom % 15N
excess expected in the nitrate pool was calculated on the assumption that all nitrite was pro-
duced by reduction of nitrate, thus nitrite was added to the total nitrate-N. The results
show (Table 2) that nitrite pools in Broad, Broadmoor and Colthrop series have 0-7-1-1
atom % 15N excess under these values. One explanation could be the direct contribution
of ammonium oxidation to the nitrite pool. It was impossible to resolve this point with
13NHj; because nitrification would occur and  NO, could arise from nitrate reduction as well
as ammonium oxidation.

However, it was noticed that when 100 ppm NH,-N (soil dry wt. basis) was added to
soils immediately before irradiation, under identical conditions to the main experiment,
more nitrite accumulated than in irradiated soils alone. With Broadmoor and Colthrop
series, nitrite even formed after ammonium was added to un-irradiated soil, probably by
toxicity towards Nitrobacter (Stojanovic and Alexander, 1958). It was therefore very likely
that direct ammonium oxidation to nitrite was partly responsible for lowering the atom %
15N excess in the nitrite pools of these series.

DISCUSSION

To be strictly correct in the calculation of *5N, the atom percentage figures should be
transformed to weight percentage. However, Jansson (1958) points out that samples con-
taining between 1 and 5 atom 9 *>N only show a deviation between atom %} and wt % of
6-8 and 7-1 relative per cent, and can be considered constant; therefore no transformations
were made. Furthermore, the normal atomic weight of nitrogen was used for calculation of
titration results, but at the levels of 1-5-3-0 atom % *>N the error in nitrogen weight would
only be 0-1-0-2% low. In the calculation of >N added and recovered, atom 9 has been
used, and there would be little difference from using weight percentage figures (Jansson,
1958). :

Apart from oxidation of ammonium to nitrite, two other processes may be considered
responsible for lowering the percentage * SN excess in the nitrite pools of three series. They
are nitrate assimilation by microorganisms and isotopic discrimination, and all three path-
ways may operate either separately or in combination.

Nitrate assimilation was responsible for rapid immobilization of **NOj; in experiments
by Overrein (1967), regardless of the presence of ammonium. This mechanism is not favoured
in the present study owing to the high recoveries of tracer from the inorganic pools of
nitrate and nitrite.

Wellman, Cook and Krouse (1968) have shown that there is discrimination between
14NO; and *SNO; in the reduction of nitrate by Pseudomonas stutzeri, Bacillus sp., and
Alcaligenes sp., and *NO; was utilized 2 per cent faster than the labelled anion. It is cer-
tainly well established that single cells can discriminate against other isotopes, and frac-
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tionation has been reported between D,0/H,0, ¢Li/7Li, 13C/14C, *¢0/*80 and 32S/3*4S
(Bowen, 1960). Owing to the small percentage of the nitrate pool reduced to nitrite in the
present work, slight discrimination effects are possible.

Previous reports suggest that nitrate reduction to nitrite after 0-5-0-8 Mrad occurs
mainly by microbial action, and the accumulation of nitrite declines as the radiation dose is
increased to 2-5 Mrad (Cawse and Crawford, 1967; Cawse and White, 1969b). The rapid
nitrification which follows treatment of many soils with 0-2 Mrad appears to result from
oxidation processes maintained by non-proliferating cells (Cawse, 1968), therefore it seems
reasonable to propose that nitrate reduction is carried out by radio-resistant enzyme systems
of denitrifying bacteria which are prevented from proliferation by 0-5-0-8 Mrad.

Bremner and Nelson (1968) have discussed the decomposition of nitrite in steam-sterilized
soils, and have found that chemical decomposition (‘chemodenitrification’) can proceed by
the reaction of nitrite with phenolic constituents of soil organic matter to form nitroso-
phenols. The latter are subsequently decomposed by nitrous acid to form nitrous oxide and
nitrogen. Although the good recovery of *>N tracer in the present investigation means that
nitrite reduction has not occurred to a significant extent, it does not preclude the possibility
that nitrite undergoes microbial or chemical reduction to oxides of nitrogen and finally
gaseous nitrogen over longer periods of incubation lasting 7-14 days. The eventual fate of
the nitrite which is formed in some irradiated soils is thus receiving further attention, together
with experiments to determine how factors such as temperature, moisture, pH, aggregate
size and available carbon can influence the extent of nitrite accumulation.
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