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ABSTRACT
The role of NH, f-N diffusion in a flooded soil on nitrogen (N) loss

through the nitrification-denitrification process was investigated under
laboratory conditions. The distribution of applied NHr-N in both the
aerobic and anaerobic soil layers of a flooded soil was experimentally
determined and compared with the values obtained from theoretical
equations. The total loss of NH4

+-N from the flooded soil system (15-
cm depth) by nitrification-denitrification was equivalent to 12.43 g
N/m2 for a 120-day incubation period when the initial concentration of
NH4

+-N was 44.84 g N/m2. Diffusion of NH4
+-N from the anaerobic

soil layer to the aerobic soil layer accounted for more than 50% (7.16 g
N/m2) of the total NH4

+-N loss with the remainder being lost from
NH/-N originally present in the aerobic layer. The NH4

+-N that dif-
fused upward into the aerobic soil layer was nitrified to NO3~-N, which
readily diffused back down into the anaerobic soil layer and was
subsequently denitrified. The experimental distributions of NH,+-N
were not in close agreement with calculated distributions in the surface
aerobic soil layer, but were in close agreement in the anaerobic soil
layer. It is possible that the rate constant (k) for NH4

+-N oxidation
varied considerably with depth in the aerobic soil layer and thus
resulted in the disagreement. The total NH/-N loss calculated from
the experimental distributions tended to agree with the values ob-
tained theoretically from rate constant (k) values of 3.18, 5.00, and
6.67 /*g cm~3 day"1. The first rate constant value was obtained from
an independent experiment (for same soil), the second from matching
the concentration of NH4

+-N at the aerobic-anaerobic layer interface
of the theoretical and experimental distribution at 90 days after flood-
ing, and the third from the NH4

+-N disappearance in the aerobic soil
layer of the soil columns described in this study. These rate constants
indicate that the rate of nitrification is one of the factors controlling N
loss from flooded soil.

Additional Index Words: NH/-N oxidation, NO3~-N reduction, wa-
terlogged soil, aerobic soil layer, anaerobic soil layer.

INORGANIC NITROGEN is much less stable in flooded soils
than in aerobic soils. In many flooded soils and shallow

lake sediments, conditions exist under which both nitrifica-
tion and denitrification can proceed at the same time. The
instability of inorganic nitrogen in flooded systems is ap-
parently due to the presence of an aerobic zone that supports
nitrification and an anaerobic zone that supports denitrifica-
tion. In flooded soils and shallow water bodies, molecular
oxygen (O2) in the water overlying the soil surface pene-
trates a short distance into the soil before being consumed,
creating a thin aerobic surface layer. Flooded rice soils and
many shallow lake sediments are therefore characterized by
two distinct soil layers; (i) a surface aerobic (oxidized)
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layer, ranging from a few mm in thickness in soil with high
biological activity to 2 cm or more in thickness in soils with
low biological activity, and (ii) an underlying anaerobic
(reduced) soil layer (Pearsall and Mortimer, 1939; Mitsui,
1954; Alberda, 1953; Howler and Bouldin, 1971; Patrick
and Delaune, 1972).

Ammonium-nitrogen reactions in a flooded soil are
greatly influenced by the presence of the aerobic and an-
aerobic soil layers. Several studies have shown that the
NH4

+-N present in the surface soil layer will be oxidized to
NO3~-N, which in turn will readily diffuse down into the
anaerobic soil layer where it undergoes denitrifi cation
(Pearsall, 1950; Mitsui, 1954; Abichandani and Patnaik,
1955; Patnaik, 1965; Patrick and Tusneem, 1972; Broad-
bent and Tusneem, 1971). Considerable amounts of N have
been shown to be lost by this mechanism, especially where
NH4

+-N was applied to the overlying floodwater or on the
surface aerobic soil layer.

Experiments with 15N have shown that more NH4
+-N is

lost from a flooded soil than is actually present in the
aerobic soil layer at any one time (Tusneem and Patrick,
1971; Broadbent and Tusneem, 1971). Apparently NH/-N
diffuses from the anaerobic soil layer to the aerobic soil
layer where it undergoes nitrification and denitrification
(Patrick and Delaune, 1972; Patrick and Reddy, 1976).
Ardakani et al. (1974a, 1974b) have shown that rate con-
stants for NH4

+-N oxidation to NO3~-N were proportional
to the numbers of NH4

+-N oxidizing organisms. No experi-
ments reported to date, however, have verified this process.
The present study was initiated to determine the net trans-
port of NH4

+-N from the anaerobic soil layer to the overly-
ing aerobic soil layer that takes place as a result of the con-
centration gradient established by NH4

+-N oxidation to
NO3~-N in the aerobic soil layer. Another objective was to
compare the experimental values obtained for NH4'f-N dis-
appearance resulting from nitrification-denitrification reac-
tions with those calculated from theoretical equations devel-
oped to describe the NH4

+-N loss from flooded soil.

THEORETICAL CONSIDERATIONS
In a flooded soil NH4

+-N is stable in the anaerobic soil layer, but
may be nitrified in the aerobic soil layer. If the entire flooded soil
profile is initially at a uniform concentration of NH4

+-N, nitrifica-
tion in the aerobic soil layer causes a concentration gradient to de-
velop between the aerobic-anaerobic layers. Therefore, NH4

+-N
diffuses from the anaerobic soil layer to the aerobic soil layer. As
nitrification proceeds, the increase in concentration of NO3~-N in
the aerobic layer results in a diffusive flux of NO3~-N from the
aerobic soil layer to the anaerobic soil layer. The NO3~-N in the
anaerobic soil layer may then be denitrified and eventually lost
from the system as N2 gas.

Laboratory experiments were conducted in order that the mea-
sured concentration distribution of NH4

+-N and loss of NH4
+-N

from a flooded soil could be compared to the theoretical concentra-
tion distribution and loss of NH4

+-N. The geometry of the dif-
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Fig. 1 — The geometry of the diffusion problem.

fusion problem is shown in Fig. 1. The second-order differential
equations describing concentration of NH4

+-N as a function of soil
depth and time and the initial and boundary conditions are as
follows:

Aerobic soil layer:

dC/dt = Dd*C/dx2 - k, -a < x < 0

C(x,0) = C0, -a<x<0

DdC(-a,t)/dx = Q, t>0

Anaerobic soil layer:

8C*/dt = Dd2C*/dx2,0<x< + °°

C*(x,0)=C0,0<x + ™

lim C*(x,t) = C0,t>0

Aerobic-anaerobic soil layer interface:

, t>0
x, t>0

[l]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

where
C = concentration of NH4

+-N in aerobic layer, jitg/cm3 of
soil;

C* = concentration of NH/-N in anaerobic layer, ^g/cm3 of
soil;

D = apparent diffusion coefficient of NH4
+-N in soil,

cm2/day; since the soil is saturated, D should remain con-
stant and be the same value in both the aerobic and
anaerobic layers;

k = rate constant of zero-order reaction for nitrification in
aerobic layer, /u.g cm~3 day"1;

C0 = initial concentration of NH4
+-N in soil column assumed

to be constant, /ug/cm3 of soil;
x = space coordinate, cm;
t = time, days; and
a = thickness of aerobic layer, cm.

Equations [1] and [4] are the same except [1] accounts for ni-
trification in the aerobic soil layer (and is in effect a sink for
NH4

+-N), while Eq. [4] contains no sink term since NH4
+-N is sta-

ble in the anaerobic layer. Equations [2] and [5] state that the con-
centration of NH4

+-N in the soil column is uniform and of constant
value C0 at time equal to zero. Equation [3] states that there will be
no flux of NH4

+-N from the aerobic soil layer to the overlying
floodwater; the depth of the floodwater is assumed to be infinitely
small. Equation [6] states that the concentration of NH4

+-N at the
lower end of the soil column will not change during the duration of
the experiment. Equation [7] insures that the concentration func-
tions at the interface of the aerobic-anaerobic layer are equal and
continuous. Equation [8] insures that the diffusive flux of NH4

+-N
out of the anaerobic soil layer equals the diffusive flux into the
aerobic soil layer.

The solutions of Eq. [1] and [4] subject to the initial and bound-
ary conditions (Eq. [2], [3], [5], [6], [7], and [8]) are as follows:
Aerobic soil layer, -a < x < 0

C(x,t) = C0-kt + £{[f + (-x)2/(2D)] erfc [-*/2(£>/)"2]

[9]
(x + 2e)2/(2D)] erfc[(* + 2a)/2(Dr)1/2]
2a)(t/irDY/2 exp[-(x + 2a)2/4Dt]}

Anaerobic soil layer, 0 < x <+ oo

C*(x,t) = C0- {(f + x2/2D) erfc [

•exp[-x2/4Dt]
- [t + (x + 2a)2/(2D)] erfctU + 2a)/(2(£>f)"2)]

X)"2exp[-U + 2a)2/(4£»/)]} [10]

The quantity, F(t) of NH4
+-N which has diffused from the

anaerobic layer into the aerobic soil layer at any time, t, can be
found by the use of Eq. [11].

F(t)=D ^ [dC*(Q,t)/dx]dt

[11]

= (2/3)*{[(3/2) (at) + (a*/D)] erfc[a/(Z»)"2]
+ (D/Tr)1'2*3'2 [1 - exp[-(a)2/(D/)]]

The erfc (Z) used above is standard notation for the complemen-
tary error function; e.g., erfc Z = 1 — (2/7r1/2)//exp(-.y2) dy. It
should be noted that Eq. [11] is independent of C0, the initial con-
centration of NH4

+-N in the soil. It should be pointed out that Eq.
[9] and [10] cannot be used indiscriminately since Eq. [1] assumes
that nitrification is a zero-order reaction; for example, for suf-
ficiently long times, small C0 values and/or large k values, nega-
tive values for C or C* can be calculated from Eq. [9] and [10]. If
this happens, one must realize that NH4

+-N cannot be nitrified if
there is no NH4

+-N present.
The solutions, Eq. [9] and [10], were found with the use of the

Laplace transformation. The procedure of using the Laplace trans-
formation can be found in Operational Mathematics textbooks
such as Churchill (1958) or in Carslaw and Jaeger (1959). The
derivation of Eq. [9], [10], and [11] will be furnished to the reader
upon request.

MATERIALS AND METHODS
The soil used in the present study was Crowley silt loam ob-

tained from the Rice Experimental Station, Crowley, Louisiana.
Air dried soil samples were passed through a 40-mesh sieve,
thoroughly mixed and stored in tightly sealed containers until
used. Some pertinent properties of the soil used are shown in Table
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Table 1—Certain soil properties of Crow ley silt loam used in the
present experiments.

Total carbon
Total nitrogen

NH4
+-N

N03~-N
Soil pH (1:1 soil water ratio)
Cation exchange capacity

Clay
Silt
Sand

0.70%
0.08%
8.0 pg/g

18.0 /ug/g
5.6
9.4 meq/100 g soil

10.8%
70.7%

9.5%

1. Finely powdered ammonium sulfate was used as the N source
and was mixed with the dry soil on a roller mixer for several hours.

Plexiglass columns (24 cm long and 4.5 cm diameter) were used
to prepare soil columns such that all initial and boundary condi-
tions imposed by the theoretical model were satisfied. The plexi-
glass columns were provided with a 1-cm thick base of a paraffin-
petroleum gel (2:1 ratio). Soil containing 200 /^g NH4

+-N/g of soil
was added to the columns with enough water to completely satu-
rate the soil. The soil in the columns had a bulk density of 1.145
g/cm3 and an NH4

+-N content of 229 /tg/'cm3. The atmosphere
above the soil in the columns was completely displaced with argon
and incubated for a period of 1 week to insure uniform anaerobic
conditions throughout the soil column. The soil columns were then
covered with a thin layer of floodwater and incubated in the dark
for periods of 7, 15, 30, 60, 90, and 120 days at 28°C under the at-
mosphere level of 02 (21%). At the end of each incubation period
the soil columns were horizontally sliced into 2-mm sections
without freezing the soil (unpublished method). Each sectioned
sample was rapidly dried at 40°C and analyzed for NH4

+-N by
direct steam distillation as described by Bremner (1965a). This
method consisted of addition of 2N KC1 (pH 2.5) plus excess MgO
and distillation of NH3. The NH3 was collected in 0. IN H2SO4 and
determined by nesslerization. The NO3~-N in the soil was ana-
lyzed using the phenoldisulfonic acid method. The total carbon
was determined by dry combustion (Allison et al., 1965) and total
nitrogen was determined by macro-Kjeldahl method (Bremner,
1965b).

RESULTS AND DISCUSSION

Development of Aerobic Soil Layer

The thickness of aerobic soil layer was measured in the
anaerobic soil columns after exposure to the aerobic atmo-
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sphere overlying floodwater for different periods of incuba-
tion. This was done based on the reddish-brown color de-
veloped by ferric iron in the soil, the thickness of this
colored layer being directly related to the thickness of the
aerobic soil layer (Pearsall and Mortimer, 1939; Howler and
Bouldin, 1971). The difference in color of this layer and the
dark grey color developed by the anaerobic soil layer was
easily detected. During the first week of incubation, a very
thin aerobic soil layer developed on the surface of the
anaerobic soil. After 15 days the aerobic soil layer increased
to a depth of 0.5 cm and further increased to 1.25, 1.5, 1.6
and 2.0 cm after 30, 60, 90, and 120 days incubation, re-
spectively. The thickness of the aerobic soil layer was prob-
ably determined by the supply of 02 and the readily decom-
posable amount of organic matter (Engler and Patrick 1974;
Patrick and Delaune, 1972). The thickness of the aerobic
soil layer as measured by the ferric iron color development
was in close agreement with the NO3~-N distribution in the
soil columns.

Distribution of NH4
+-N and NO3~-N in the Aerobic and

Anaerobic Soil Layers

The distribution of NH4
+-N in the aerobic and anaerobic

soil layers is presented in Fig. 2a, 2b, and 2c. The distribu-
tion of extractable NH4

+-N was fairly uniform throughout
the soil column after 7 days, except for a slight disappear-
ance at the surface. After 15 days NH4

+-N steadily de-
creased in both aerobic and anaerobic soil layers. The disap-
pearance was more striking in the columns incubated for 30
to 120 days. Brujewicz and Zaitseva (1972) observed low
NH4

+-N concentration in the aerobic layer (brown layer)
and high NH4

+-N concentration in the anaerobic layer (gray
layer) in the cores obtained from ocean sediment.

The possible mechanisms involved in the disappearance
of NH4

+-N are explained as follows. The NH4
+-N present in

the surface aerobic soil layer was readily oxidized to NO3~-
N. This is a biological reaction, which requires 02 since the
NH4

+-N oxidizers are obligately aerobic autotrophs (Alex-
ander, 1965). The NH4

+-N oxidizers were shown to occur

NH^-N, (jg/cm3

200 100 290

Fig. 2—The distribution of applied NH4
+-N in the aerobic and anaerobic soil layers of flooded soil columns. The horizontal dashed lines show the

thickness of aerobic layer and the vertical dashed lines show the point of maximum concentration of NH4
+-N.
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Fig. 3—The distribution of NO3~-N in the aerobic and anaerobic
layers of flooded soil columns after different incubation periods.

in large numbers in the surface layer of the soil column
(Volz et al. 1975). Immediately following nitrification in
the aerobic soil layer a concentration gradient of NH/-N
was established across the aerobic and anaerobic soil layers.
The NH4

+-N present in the anaerobic soil layer diffused
across the aerobic soil layer and was further subjected to ni-
trification and subsequent denitrification reactions. Similar
cyclic oxidation and reduction of N was observed by Volz
et al. (1975) even under unsaturated conditions. The
amount of NO3~-N in the aerobic soil layer was low at any
given time and decreased with depth as shown in Fig. 4, in-
dicating denitrification of NO3~-N. The aerobic soil layer
acts as a sink for NH4

+-N diffusing from the anaerobic soil
layer, whereas the anaerobic soil layer acts as a sink for the
NO3~-N diffusing from the aerobic soil layer (Fig. 1). The
presence of an aerobic surface layer in a flooded soil, lake,
and ocean bottom is of great importance, as it also acts as a
sink for several other nutrients such as phosphate, iron, and
manganese (Armstrong, 1965; Mortimer, 1971; Fitzgerald,
1970; McKee et al. 1970), and the presence of an underly-
ing anaerobic soil layer aids in the removal of NO3~-N from
the overlying floodwater (Engler and Patrick, 1974).

The diffusion coefficients (D) for NH4
+-N and NO-f-N

and the rate of nitrification in the aerobic layer were experi-
mentally measured in independent experiments (un-
published results) for Crowley silt loam. The D value for
NH/-N and NCV-N was found to be 0.216 and 1.33
cm2/day, respectively, whereas the rate of nitrification was
found to follow zero-order kinetics with a rate constant of
3.18 g cm"3 day"1. The denitrification rates are generally
high compared to the nitrification rate for Crowley silt loam
(Patrick, 1960). A combination of rapid NO3~-N diffusion
and high NO3~-N reduction rate was the probable factor for
low accumulation of NO3~-N in the aerobic layer (Fig. 3).
Thus the sequence of events regulating the loss of applied
NH4+-N from flooded soil include NH4

+-N diffusion, ni-
trification, NO3~-N diffusion, and denitrification.

Distribution of NH4
+-N as predicted by the theoretical

equations did not agree well with the experimental distribu-
tions in the aerobic soil layer for the 90-day incubation
period, but did agree more closely in the anaerobic soil
layer (Fig. 4). The experimental values showed much
greater depletion of NH4

+-N in the aerobic soil layer as

f a

10

12

14

16

Concentration of NH -̂N, pg/cm^
40 80 120 180 200

Expt. Data

k=6.67ng/cm3/day*

k=5.00 ng/cm3/day«

t=90 days
C0=229pg/cm3

D-0.216cm2/day

Fig. 4—Comparison of the experimental and theoretical distributions
of NH.,+-N in the aerobic and anaerobic layers of flooded soil col-
umns after 90-day incubation period.

compared to the theoretical values. A reasonable explana-
tion for the disagreement of the experimental and theoretical
distributions of NH4

+-N concentration in the aerobic soil
layer is that the k value (oxidation of NH4

+-N to NO3~-N)
decreased with depth in the aerobic soil layer; in other
words, the oxidation of NH4+-N to NO3~-N decreases as
redox potential decreases or as O2 concentration decreases.
However, this explanation has not been validated. Another
reason for the disagreement of the two distribution curves is
that the depth of the aerobic soil layer was assumed to be
constant (1.5 cm) in the theoretical distributions while in the
experimental columns the depth of the aerobic soil layer
increased as a linear function of t112. The influence of the
moving boundary of the aerobic soil layer on NH4

+-N loss
from flooded soils and sediments is presently being inves-
tigated in this laboratory.

The total NH4
+-N disappearing from the soil column was

calculated for the experimental distributions by the follow-
ing equation (Fig. 5):

Nt = SS+-a(C0-Ct)dx

where
Nt = total NH4

+-N disappearance,
C0 = initial NH4

+-N concentration,
C, = concentration of NH4

+-N at the end of incubation
period,

S = cross sectional area of the soil column,
x = depth (cm), and

fta (C0~ Ct) dx represents the amount of NH4
+-N

disappearance and was calculated graphically.

The values obtained are presented in Fig. 6. Similarly the
NH4

+-N disappearing in the aerobic soil layer was also
calculated using the same equation, where /-?„ (C0- Ct) dx
represents NH4

+-N disappearance in the aerobic soil layer
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Fig. 5—Typical distribution curve used in the calculation of NH4
+-N

loss in the aerobic and anaerobic layers of flooded soil columns.
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Fig. 6—The loss of NH4
+-N from flooded soil columns after different

incubation periods.

only. The net loss of NH4
+-N due to diffusion was calcu-

lated from Nd — Nt_ N0, where, Nd = NH4
+-N disappearing

due to diffusion only, Nt = total NH4
+-N disappearing from

the soil column, and N0 = NH4
+-N disappearing in the

aerobic soil layer. It was assumed that no loss of NH4
+-N

occurred either through NH3 volatilization or NH4+ fixation
in the clay lattice. It was also assumed that no NH4

+-N was
converted to NO3~-N in the anaerobic soil layer.

The total loss of NH4
+-N obtained experimentally was as

high as 0.34, 1.33, 5.06, 7.15, 8.93, and 12.43 g N/m2 oc-
curring at 7, 15, 30, 60, 90, and 120 days incubation, re-
spectively, as compared to 44.84 g N/m2 present at the
beginning of the experiment. The loss of N as a result of dif-
fusion from the anaerobic soil layer at the end of the 120-
day incubation was 7.16 g N/m2, compared to a total loss of
12.43 g N/m2. This estimate is equivalent to a total NH/-N
loss of 124.3 kg N/ha during the 4-month incubation period,
which amounts to about 1 kg N/ha/day. This value is higher
than would occur under natural conditions, since the soil or
sediment system usually does not have such a high initial
concentration of NH4

+-N. The contribution of NH4"I"-N dif-

fusion to N loss at low NH4
+-N concentration in a flooded

soil or sediment system should be approximately in the
same proportion as was shown by the above calculation for
high NH4

+-N concentrations.
The theoretical NH/-N losses F(t) (Eq. [11]) in the soil

columns were calculated for three nitrification rates (k val-
ues) after 30, 60, 90, and 120 days of flooding. These data,
along with NH4

+-N losses from the experimental soil col-
umns, are shown in Table 2. The F(t) values were calcu-
lated from Eq. [11]. The total loss of NH4

+-N was calcu-
lated from the product of k, t, and a. These calculations
assumed that a, the depth of the aerobic soil layer, was 1.5
cm throughout the incubation period. A D value (diffusion
coefficient of NH4

+-N in saturated Crowley silt loam) of
0.216 cm2/day was used in the calculations. The k value of
3.18 /ag/cm3/day was measured in an independent experi-
ment; the other value of 5.00 jug cnT3 day""1 was chosen ar-
bitrarily and 6.67 /u.g cm"3 day"1 was calculated from the
NH4

+-N disappearance data in the present experiments (for
zero-order reaction and a = 1.5 cm). The theoretical F(t)
values (total amount of NH4

+-N diffusing from the anaero-
bic layer to the aerobic layer in time (t) for a k value of 5.00
Hg cm~3 day"1 agreed reasonably well with the corre-
sponding values obtained from the experimental columns
for 60, 90, and 120 days. The theoretical and experimental
values for total disappearance agreed best for the experi-
mental k value of 6.67 /ug cm"3 day"1. The use of second
and third rate constants points out that the value 3.18
Mg/cm3/day (first rate constant) was apparently smaller than
the k values operating in the column experiments reported;
thus they do serve useful purpose. The disappearance of
NH4

+-N from a flooded soil system for appreciable time
periods is dependent upon the diffusive flux of NH4

+-N
from the anaerobic soil layer to the aerobic soil layer. From
Eq. [11], it is seen that F(t) is directly proportional to k.
Considering that the diffusion coefficient of NH4

+-N in
water-saturated soil is about 0.216 cnvVday, the rate of ni-

Table 2—Comparison of NH4*-N loss from experimental soil columns,
(see Fig. 2) and theoretical loss for three k values at 30, 60, 90,

and 120 days (values of a = 1.5 cm and D = 0.216 cm7day
were assumed for theoretical calculations).

Time
days

30

60

90

120

30
60
90

120

k

/Jg/cm3/day

3.18
5.00
6.67
3.18
5.00
6.67
3.18
5.00
6.67
3.18
5.00
6.67

TD, total
F(t), disappearance,

Eq. [11] - kta

Theoretical
0.76
1.19
1.59
1.81
2.85
3.80
2.94
4.63
6.18
4.12
6.49
8.65

Soil columns, Fig.
3.10
3.50
5.00
7.20

—— g/m2 ———

1.43
2.25
3.00
2.86
4.50
6.00
4.29
6.75
9.00
5.72
9.00

12.01
2

5.00
7.25
8.95

12.35

Nitrification of
NH4

+-N initially
in aerobic layer
TD - F(t)

0.67
1.06
1.41
1.05
1.65
2.20
1.35
2.12
2.83
1.60
2.51
3.35

1.95
3.75
3.80
5.20



trification, k, is the rate-controlling factor in determining N
loss.

The transport of NH4
+-N through ionic diffusion from the

anaerobic soil layer to the aerobic soil layer can be influ-
enced by several factors such as organic matter status of the
soil, cation exchange capacity of the soil, presence of re-
duced Fe and Mn, bulk density, and moisture content. In
this experiment all the above factors were conducive to a
high rate of NH4

+-N diffusion. The organic matter status of
the soil was low which increased the thickness of the aero-
bic surface soil layer. The thicker the aerobic soil layer, the
greater the nitrification of NH4

+-N because of the greater
activity of nitrifying organisms (Ardakani et al. 1974a,
1974b). Since the anaerobic soil layer is devoid of O2 and
NO3~-N, Fe3"1" and Mn4+ were reduced during microbial res-
piration. Large quantities of reduced Fe and Mn occupy
most of the exchange complex enabling the NH4

+-N ions to
be in the soil solution and therefore result in a high diffusion
rate of NH/-N in flooded soils (Gotoh and Patrick, 1972,
1974). Low cation exchange capacity of Crowley silt loam
and water saturation of the flooded soil columns also in-
creased the diffusion of NH4

+-N from the anaerobic soil
layer to the aerobic soil layer. These factors have been dis-
cussed by several workers for ion diffusion in well-drained
soils (Barber, 1962; Olsen and Kemper, 1968; Gardner,
1965).

The mechanism of NH4
+-N diffusion from the anaerobic

soil layer to the aerobic soil layer explains the large losses
of applied NH4

+-N encountered by Tusneem and Patrick
(1971); Broadbent and Tusneem (1971); Patrick and Gotoh
(1974); Yoshida and Padre (1974). The mechanisms of
NH4+-N loss from flooded soil or shallow lake bottom are
shown in Fig. 1.
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