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Clinoptilolite Zeolite Influence on Inorganic Nitrogen
in Silt Loam and Sandy Agricultural Soils

David D. Tarkalson and James A. Ippolito

Abstract: Development of best management practices can help im-
prove inorganic nitrogen (N) availability to plants and reduce nitrate-
nitrogen (NO;—N) leaching in soils. This study was conducted to
determine the influence of the zeolite mineral clinoptilolite (CL) addi-
tions on NO3;—N and ammonium-nitrogen (NH;—~N) in two common
Pacific Northwest soils. The effects of CL application rate (up to
26.9 Mg ha™') either band applied or mixed with a set rate of N fertil-
izer on masses of NO3—N and NH;~N in leachate and soil were in-
vestigated in a column study using a Portneuf silt loam (coarse-silty
mixed mesic Durixerollic Caliciorthid) and a Wolverine sand (Mixed,
frigid Xeric Torripsamment). All treatments for each soil received a
uniform application of N from urea fertilizer, with fertilizer banded
or mixed with CL. In the Portneuf soil, band application of CL and
N contained 109% more total inorganic N (NO3;—N + NH,;—N) in the
soil/leachate system compared with mixing. In both soils, CL application
rate influenced the quantity of NO;—~N and NH4—N in the leachate and
soil. Application of CL at rates of 6.7 to 13.4 Mg ha™' resulted in the
conservation of inorganic N in the soils. Band applying CL and N seems
to conserve available inorganic N in the soil compared with mixing CL
and N possibly because of decreased rates of microbial immobilization,
nitrification, and denitrification.
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N itrogen (N) from fertilizers is needed to optimize and sustain
crop production in agronomic systems but is susceptible
to leaching and denitrification loss from soils. Nitrogen losses
caused by leaching and denitrification from agricultural land,
especially in sandy soils, are an environmental and economic
concern (Perrin et al., 1998). Nitrogen loss from irrigated
cropland can significantly contribute to nitrate levels in surface
water and groundwater and can subsequently lead to waterway
impairment and eutrophication. On a national scale, agriculture
accounts for 50% and 60% of impaired lakes and rivers, re-
spectively (US EPA, 2006). Thus, preventing off-site nutrient
movement is of paramount importance.

A means of lessening off-site N movement into waters, and
in particular N from land-applied N fertilizer, is by application
timing and placing N fertilizers in bands below the soil surface.
For example, band application of urea-N and anhydrous NH; —N
in moist soil will result in less NH;—N volatilization losses
compared with surface applications because of the ability of
moist soils to retain ammonium-nitrogen (NH;,—N) and a greater
distance before it reaches the atmosphere at the soil surface
(Bouwmeester et al., 1985; Tisdale et al., 1985). Band applica-
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tion of N fertilizers also removes it from surface runoff path-
ways. Williams et al. (2003) broadcast or band applied 350 kg
of urea-N ha™' approximately 3 weeks after sowing spinach
(Spinacea oleracea L.), followed by a 50-kg N ha~' (again
broadcast or band) 4 weeks later. The authors noted that N
leaching losses were greater with the broadcast fertilizer treat-
ment (246 kg N ha ' lost) as compared with banded (186 kg
N ha™' lost). Prasertsak et al. (2002) either surface applied or
drilled N-labeled urea 3 to 4 days after sugarcane (Saccharum
officinarum L.) harvest. Although banding increased denitrifi-
cation and leaching losses as compared with surface application,
the total N loss was reduced from 59.1% to 45.6% with dril-
ling as compared with surface application, resulting in an extra
10% of applied N assimilated in the crop. These management
practices have been studied and introduced to directly or indi-
rectly reduce N leaching in many agricultural systems. However,
other new technologies associated with soil conditioners, such
as zeolite minerals, have the potential to further reduce soil N
leaching losses.

Zeolites are naturally occurring aluminesilicate minerals
(Kithome et al., 1998). More than 50 different types of zeolite
minerals have been found (Tsitsishvili et al., 1992). They are
composed of tectosilicates with isomorphous substitution of
AT and Si** and have high cation exchange capacities (CEC)
(Perrin et al., 1998) because the clinoptilolite (CL) framework
structure consists of interlinked four and five tetrahedral rings
that create a layer; between these layers are 8 and 10 open tet-
rahedral ring channels (Vaughan, 1978). This open structure
leads to increased CL surface area and has been measured at
9.25 x 10° m* kg™! (Kithome et al., 1998). Consequently, in-
creased surface area produces a material with increased CEC.
The theoretical CEC of the zeolite mineral CL is 220 cmole kg™
(Ming and Mumpton, 1989). Furthermore, the structure of CL
makes the mineral highly selective for K™ and NH," and less
selective for Na” and divalent cations such as Ca*? (Perrin et al.,
1998). Theoretically, the affinity of CL for NH," along with CL
open mineral structure can potentially protect NH,* from mi-
crobial access and thus reduce nitrification rates.

A number of research projects have shown increased
growth and/or yield of a variety of crops caused by either an
effect of zeolites on improved N use efficiency or reduced NH,*
toxicity (Huang and Petrovic, 1994; Minato, 1968; Torri, 1978;
Moore et al., 1982; Stoilov and Popov, 1982). Research evalu-
ating the effect of CL on NH;—N and nitrate-nitrogen (NO; —N)
leaching through soil has also been reported. MacKown and
Tucker (1985) found that mixing CL into a loamy sand at rates
of 50, 105, or 210 Mg ha”!, with a constant rate of ammo-
nium sulfate applied at 440 kg NH,—N ha™!, reduced NH,~N
leaching through columns compared with a control. Nitrate-N
was not measured because of the addition of a nitrification in-
hibitor with the N source. However, Huang and Petrovic (1994)
found that mixing CL into simulated sand-based golf course
greens at a rate equal to 10% of the soil mass (414 Mg ha™")
reduced NO;—N and NH,;—N leaching through lysimeters
compared with a control. The purpose of the present study was
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to determine NO; —N and NH,—N leaching potential through
common agricultural soils in the Pacific Northwest United States
amended with an agronomic rate of N fertilizer and various rates
of CL obtained from a local source.

MATERIALS AND METHODS

Soils

A Portneuf silt loam (coarse-silty mixed mesic Durixerollic
Caliciorthid) was collected from a depth of 0 to 30 cm in an
agricultural field at the USDA-ARS Northwest Irrigation and
Soils Research Laboratory in Kimberly, ID. A Wolverine sand
(Mixed, frigid Xeric Torripsamment) was collected from a depth
of 0 to 30 cm in an agricultural field near Firth, ID. Both soils
are found in row crop production areas. The Portneuf soil is
primarily found in southern Idaho and occupies approximately
117,000 ha (NRCS, 2009a). The Wolverine soil is primarily
in southern Idaho and Oregon and occupies approximately
11,000 ha (NRCS, 2009a). Although the Wolverine soil does
not occupy as large of an area as the Portneuf soil, soils similar to
the Wolverine series (Xeric Torripasamment soils) occupy more
than 5 million ha from the western United States to the Great
Plains (NRCS, 2009a). Afier collection, the soils were air-
dried and passed through a 5-mm sieve before analysis. Soil
NO;~N and NH;—N concentrations were determined using
the method of Mulvaney (1996). The Portneuf soil contained
25.2 kg NO;—N ha™! and 7.9 kg NH,—N ha™'. The CEC of
the Portneuf soil in the surface 4 cm ranges from 9.7 to
17 cmol(+) kg ™! (NRCS, 2009b). The Wolverine soil contained
10.5 kg NO;—N ha™ ' and 1.1 kg NH4—N ha™'. The CEC of
the Wolverine soil in the surface 2.4 cm ranges from 4 to
7 cmol(+) kg ™' (NRCS, 2009b).

Column Study

This study was separately conducted for each soil, with
32 soil columns for the Portneuf soil and 40 columns for the
Wolverine soil used. Each column was constructed from poly-
vinyl chloride with a diameter of 10.6 cm and a height of
31 cm. Each column had nylon mesh glued to the bottom with
a 10.6-cm-diameter ring of filter paper. For the Portneuf soil, a
2.5-cm layer of acid (1 M HCI) washed sand (475 g) was added
above the nylon mesh and filter paper to retain soil in columns
and filter soil particles from leachate. For the Wolverine soil, no
sand was added to the bottom of the columns because of the
coarse texture of the Wolverine soil. For each soil, half of the
total soil (1.5 kg) was added to each column.

Clinoptilolite was obtained from the Zeocorp LLC—owned
mine located in Hines, OR. The properties of the CL are found
in Table 1. Treatments for the Portneuf soil consisted of four
CL rates (0, 6.7, 13.4, and 20.1 Mg ha™') and two application
methods of CL and N fertilizer (mixed and band). Treatments for
the Wolverine soil consisted of five CL rates (0, 6.7, 13.4, 20.2,
and 26.9 Mg ha™!) and the two CL/N application methods. For
each soil type, all CL rate treatments received an N fertilizer
application rate of 224 kg N ha™! as urea (46% N) on an area
basis. The N fertilizer application rate was based on University
of Idaho N fertilizer recommendations for Russet Burbank
potatoes. The quantity of NO;—N plus NH;—N added to each
soil with the CL was small compared with the N added in urea.
The NO;~N plus NH;—N applied in the CL to the Portneuf
soil represented from 0.03% to 0.08% of the N applied in urea
and CL. The NO;—N plus NH,;—N applied in the CL to the
Wolverine soil represented from 0.03% to 0.10% of the N
applied in urea and CL.
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TABLE 1. Selected Properties and Composition of
Clinoptilolite Used in the Study

Property

CEC, cmol(+) kg™ 155
Charge density, meq A™° 10.17%
Bulk density, g cm™> 0.76
pH 7.5-8.0
Pore size diameter, angstroms 5
Permeability, m sec™! 1073
Pore volume, % maximum 51
External surface area, m* g™ 14-15
Thermal stability, °C 650
Compeosition

Nay0, % : 4.08
MgO, % 0.44
ALO;, % 11.5
$i0,, % 68.2
P,0s, % 0.05
K0, % 3.34
Ca0, % 0.4
MnO, % 0.03
FCz(Oj,), % 1.6
NO,—N, mg kg ™' 22
NH,—N, mg kg ' 6.1

In the mixed treatment, CL and N fertilizer were mixed into
the top half of the soil in each column (1.5 kg soil). In the band
treatment, CL and N fertilizer were mixed and placed in a band
on top of the bottom half of the soil and the remaining half of the
soil placed on top (1.5 kg soil). The N application methods
mirrored the CL application methods because it would be logical
in the field to apply the N with the CL. The total amount of soil in
each column was 3 kg. Each treatment combination and the
control were replicated four times in a complete randomized
design and placed in a climate-controlled growth chamber. The
growth chamber was maintained at a temperature of approxi-
mately 21°C during the study.

Leachate Analysis

Reverse osmosis water was applied to all columns weekly
for 11 weeks for each soil type. For the Portneuf soil, approxi-
mately 13 mm of water was applied at Weeks 1 and 2, 53 mm
at Week 3, and 26 mm from Weeks 4 to 11. For the Wolverine
soil, 26 mm of water was applied each week. The total water
applied during the study for both soil types was 286 mm. This
depth of water was approximately 33% of the total irrigation
water applied to many crops in south-central Idaho during a
growing season.

Leachate was collected in 500-mL glass bottles from each
column during each water application date for each soil type.
The volume of leachate was determined during each leaching
event, and a subsample from each column was filtered (45-pm
filter) and analyzed for NO;—N and NH,—N using a flow in-
jection analyzer. Masses of NO;—N and NH,—N were calcu-
lated by multiplying the concentrations by the volumes of
leachate collected. The masses were reported on an area basis.
The total NO;—N and NH;—N mass data (summed over all
leaching events) are presented in this article for both soils. In-
cluding data by leaching event did not add significantly to the
conclusions inferred from the data.
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TABLE 2. Cumulative Leachate Volume and Mass of NO3;—N, NH4—N, and Inorganic N (NO3—~N + NH,—N) in Leachate From
CL Rate and Application Method Treatments in Portneuf and Wolverine Soils

Band Mixed
CL Rate Leachate Volume NO;—N NH,—N NO;-—-N +NH,;—N Leachate Volume NO;—~N NH;—~N NO;—~N+NH,—N
Soil Mg ha™! mL  -eeeeee--- kgha ‘oo mL  ---e-oe--- kgha ' -cocoaoaoon
Portneuf 0 1,371 32.8 0.297 33.1 1,402 11.2 0.338a 11.5
6.7 1,338 19.2 0.221 19.4 1,225 13.6 0.178b 13.8
13.4 1.275 25.8 0.362 26.2 1,246 8.8 0.185b 8.9
20.2 1,319 26.2 0.317 26.5 1,337 12.5 0.121b 12.6
Mean 1,326 26.0 0.299 26.3 1,303 11.5 0.205 11.7
........................................ 2 U
ANOVA 0.619 0.691  0.645 0.689 0.225 0.910  0.005 0912
Wolverine 0 1,498 404c 220 62.4b 1,498 404b  22.0 62.4b
6.7 1,559 422bc 175 59.7b 1,559 4226 175 59.7b
13.4 1,523 518 17.8 69.7a 1,523 51.8a 17.8 69.7a
20.2 1,569 50.1a  19.0 69.1a 1,569 50.1a  19.0 69.1a
26.9 1,519 49.4ab  20.0 69.4a 1,538 503a 19.8 70.1a
Mean 1,534 46.8 19.3 66.1 1,537 47.0 19.2 66.2
ANOVA 0.336 0.024  0.281 0.011 0.373 0.015 0.254 0.006

Within soils and columns, values with the same letter are not significant at the 0.05 level based on mean separations using the 1.SD method.

Soil Analysis

After the leaching portion of the study, soils were collected
from each column in 5-cm increments from 0 to 25 cm. Soils
were air-dried, sieved through a 5-mm screen, extracted with
2 M KCl, and analyzed for NO;—N and NH,—N (Mulvaney,
1996) using a flow injection analyzer. Total N was determined
by combusting a 100-mg sample using a FlashEA1112 CNH
analyzer (CE; Elantech, Lakewood, NJ) (Nelson and Sommers,
1996). Organic N was determined by difference (Total N —
Inorganic N). Masses of NO;—N and NH,—N for each depth
were calculated by multiplying the concentrations by the soil
masses. The masses were reported on an area basis. As with the

leachate data, the total NO; —N and NH,—N mass data (summed
over all soil depths) are presented in this article for both soils
because data by depth did not significantly add to the inferred
conclusions. Combined data from the soil and leachate will be
addressed as the soil/leachate system.

Statistical Analysis

Analysis of variance (ANOVA) for the comparison of CL
application rate for each soil type and application method was
conducted using the-Completely Randomized Factorial Model
from Statistix 8 (Analytical and Software, 2003). The least sig-
nificant difference method was used for mean separations.

TABLE 3. Mass of NO3—N, NH4—N, Inorganic N (NO;—N + NH,—N) in Portneuf and Wolverine Soils at the End of the Study

for CL Rate and Application Method Treatments

Band Mixed
CL Rate NO;—N NH,—N NO;—N + NH,—N NO;—N NH,—N NO;—N + NH4—N
Seil Mgha™ ' e Kgha -t
Portneuf 0 54.5 35.6 90.1b 58.3 13.8 72.1
6.7 85.7 80.3 165.9a 50.0 19.4 69.4
13.4 74.0 52.1 126.1ab 42,0 35.0 77.0
202 82.3 81.4 163.7a 56.4 152 71.6
Mean 74.1 62.4 136.5 51.7 20.9 72.6
.................................... 2 2
ANOVA 0.699 0.188 0.044 0.661 0.242 0.378
Wolverine 0 16.6 27.4 440 18.2ab 303 48.5
6.7 19.8 40.5 60.3 15.6b 19.5 35.0
13.4 19.5 44.7 64.2 17.7ab 28.6 463
20.2 16.8 422 59.0 20.8ab 23.8 44.6
26.9 17.6 33.7 51.2 19.7a 27.6 472
Mean 18.0 37.7 55.7 18.4 259 443
ANOVA 0.121 0.288 0.222 0.040 0.679 0.469

Within soils and columns, values with the same letter are not significant at the 0.05 level based on mean separations using the LSD method.

’
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Comparison of CL and N application methods for each soil type
at each CL application rate was conducted using a Completely
Randomized Factorial Model from Statistix 8. Significance was
determined at the & = 0.05 probability level for all statistical
analyses.

RESULTS AND DISCUSSION

Portneuf Soil

Data on the effects of CL application rate for each appli-
cation method on NO;=N, NH;—N, and total inorganic N
(NO;~N + NH;—N) masses in leachate, soil, and the soil/
leachate system are shown in Tables 2, 3 and 4, respectively. For
the band and mixed treatments, there were no differences in the
leachate volume between the different CL application rates
(Table 2). This suggests no effect of CL on water-holding ca-
pacity up to an application rate of 20.2 Mg CL ha™t.

Under band application, CL application rate did not affect
of NO3—N, NH;—N, and total inorganic N masses in leachate
(Table 2). Under mixed application, compared with the control,
application of CL decreased NH,—N mass in leachate by 52%
(Table 2). However, there were no differences in NO;—N and
total inorganic N masses in leachate over CL application rate.
The amount of NHy—N in leachate was low compared with
NO;~N. The ratios of NO;—N to NH;—N masses under band
and incorporation application were 87:1 and 56:1, respectively.
Ammonium likely was adsorbed onto either soil or CL exchange
sites and thus not readily leached. Because of the negative charge
location, charge density, and specific open-ring structure, CL is
highly selective for NH,* (Ming and Mumpton, 1989). Solution
pH may also have affected NH,—N adsorption, as shown by
Kithome et al. (1998) who subjected CL to NH4—N and showed
that NH," adsorption on CL increased with increasing pH from
4 to 7. The authors suggested that the formation of new sorption
sites and decreased ionic competition caused an increase in
NH,;—N adsorption.

Under band application of CL, compared with the control,
inorganic N mass in the soil was greater (Table 3). Compared

with the control, 20.2 Mg CL ha™! increased total inorganic N
mass in soil by 82% (Table 3). There were no CL application rate
differences in NO;—N or NH,—N masses in the soil. Under
mixed application, NO;—N, NH;—N, and total inorganic N
masses in the soil were the same under all CL application rates
(Table 3). The ratios of NO3;—N to NH;—N under band and
mixed application were 1.2:1 and 2.5:1, respectively. These re-
sults support the contention of increased adsorption of NH,;—N
on to soil or CL exchange sites.

Under both band and mixed application, rate of CL did not
influence NO;—N, NH;—N, or inorganic N masses in the soil/
leachate system (Table 4). Data suggest that N applied in a band
conserved inorganic N in the soil/leachate system more than when
mixed. Comparing band and mixed application at each application
rate, when CL and N were applied in a band, greater inorganic
N mass was in the system compared with when CL and N were
mixed into the soil (Fig. 1). Averaged over CL application rates
(minus the control), inorganic N mass in the soil/leachate system
was 109% greater when N was applied in a band than when
mixed. The mass of inorganic N accounted for in the soil/leachate
system represented 63% and 32% of the total N applied in fer-
tilizer plus the total initial inorganic N in the soil for the band and
mixed treatments, respectively. Differences between the two ap-
plication methods were possibly caused by a greater rate of NH,"
adsorption as previously mentioned or caused by microbial im-
mobilization and denitrification when N was mixed. Protecting
NH,—N in the CL matrix could have reduced the effects of ni-
trifying and denitrifying microorganisms or microorganisms
simply using NH;—N as an N source. Although organic N anal-
ysis of the soil showed no indication of greater microbial immo-
bilization in this study (data not shown), other studies have shown
that urea incorporation into soil increases microbial immobiliza-
tion compared with band applications (Malhi et al., 1995; Lamond
and Moyer, 1983). The relatively small quantity of inorganic N
compared with organic N in the soil likely masked any microbial
immobilization effects that could be seen with a total N analysis.
Additional research will be needed to determine the influence of
microbial immobilization as related to results of this study.

TABLE 4. Mass of NO3—N, NH4—N, Inorganic N (NO3—N + NH4—N) in Leachate and Soil for Portneuf and Wolverine Soils
at the End of the Study for CL Rate and Application Method Treatments

Band Mixed
CL Rate NO;—N NH,—-N NO;—N + NH;—N NO;—N NH,—N NO;—N+ NH;—N
Soil Mgha ! ceemmem e kg ha~'(% of Total N Applied) - - = === == ----=---ccemcoonon-
Portneuf 0 87.3 (25) 35.9 (10) 123.2 (36) 69.5 (20) 14.1 (4) 83.6 (24)
6.7 104.9 (31) 80.5 (23) 185.3 (54) 63.6 (19) 19.6 (6) 83.2 (24)
134 99.8 (29) 52.5(15) 152.3 (44) 50.8 (15) 35.2 (10) 85.9 (25)
20.2 99.8 (32) 81.7 (24) 190.2 (55) 68.9 (20) 15.3 (4) 84.2 (25)
Mean 100.1 (29) 62.6 (18) 162.8 (47) 63.2 (18) 21.1(6) 84.2 (25)
------------------------------------- J 23 S e e L L R Rk
ANOVA 0.912 0.188 0.109 0.511 0.244 0.997
Wolverine 0 55.1(22) 451 (18) 100.2 (40)b 58.6 (24)b 523 (21) 110.9 (45)
6.7 62.5 (25) 65.4 (26) 127.9 (51)a 57.8 23)b 37.0(15) 94.8 (38)
13.4 67.4 (27) 71.8 (29) 139.1 (56)a 69.6 (28)a 46.4 (19) 116.0 (47)
20.2 65.0 (26) 75.2 (30) 140.2 (56)a 70.9 (28)a 42.8(17) 113.8 (46)
26.9 68.5 (28) 64.6 (26) 133.1 (53)a 70.0 (28)a 47.4(19) 117.4 (47)
Mean 63.7 (26) 64.4 (26) 128.1 (51) 65.4 (26) 45.2 (18) 110.6 (44)
ANOVA 0.232 0.166 0.024 0.005 0.410 0.093

Within soils and columns, values with the same letter are not significant at the 0.05 level based on mean separations using the LSD method.
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FIG. 1. Total inorganic N in soil/leachate systems of Portneuf
and Wolverine soils for band and mixed application methods at
each CL application rate. Statistical comparisons are between
application methods within CL application rates.

Although microbial immobilization and denitrification were
not directly measured, a partial N budget of the soil/leachate
system (as shown in Table 4) indirectly lends evidence that de-
nitrification could have influenced differences in NO;—N and
NH,4—N masses between application methods. Increased access
to and the use of the mixed urea-N by microorganisms and more
rapid nitrification were potential reasons for greater microbial
immobilization and denitrification (Malhi et al., 1996).

There was likely little loss of urea-N through volatilization
as NH; in the band or mixed treatments. Research has shown that
incorporation of urea into the soil and precipitation or applica-
tion of irrigation water to broadcast urea shortly after application
at rates as low as 5 mm can greatly reduce or eliminate NH;
volatilization (Malhi et al., 1996; Fenn and Miyamoto, 1981;
Harper et al., 1983). In our study, the urease activity was likely
low because the soil was air-dried when urea was applied, the
urea was thoroughly mixed into the soil, and 13 mm of water was
applied shortly after urea application.

Wolverine Soil

Data on the effects of CL application rate on NO;—N,
NH,4—N, and total inorganic N masses in leachate, soil, and the
total soil/leachate systemn are shown in Tables 2, 3, and 4, re-
spectively. Similar to the Portneuf soil, there were no differences
in the leachate volume between the different CL application

'
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rates (Table 2). This suggests that there was no effect of CL on
water-holding capacity in this soil up to an application rate of
269 Mg CL ha™".

Under both band and mixed application, compared with the
control and the lowest CL application rate, applying CL at rates
of 13.4 t0 26.9 Mg ha ™! increased NO; —N and total inorganic N
leachate masses (Table 2). Rate of CL did not influence NH;,—N
leachate mass losses. Under band and mixed application, com-
pared with the control and the lowest CL application rate, appli-
cation of CL at rates of 13.4 to 26.9 Mg ha™' increased total
inorganic N leachate masses by 14% (Table 2). Similar to the
Portneuf leachate data, the amount of NH;—N in leachate was
low compared with NO; —N. The same explanation given for this
difference with the Portneuf soil applies to the Wolverine soil.

Under both band and mixed applications, CL application
rate did not affect NO;—N, NH;—N, and total inorganic N
masses in the soil (Table 3). The ratios of NO3;—N to NH,—N
under band and incorporation application were 0.48:1 and 0.71:1,
respectively. These results support the contention of increased
adsorption of NH,—N on to soil or CL exchange sites.

Under band application, compared with the control, apphi-
cation of CL increased the total inorganic N mass in the soil/
leachate system by 35% (Table 4). There was not an influence of
CL rate on NO3;—N and NH;—N masses in the soil/leachate
system. Under incorporation application, compared with the
control and the lowest CL application rate, applying CL at rates
of 13.4 10 26.9 Mg ha™' increased NO; —N soil/leachate system
mass by 21% (Table 4). There was not an influence of CL rate on
NH4—N and inorganic N masses in the soil/leachate system.
Data suggest that N applied in a band may conserve total inor-
ganic N in the soil/leachate system more than when N was
mixed. The evidence is not as clear as with the Portneuf soil,
but there is a consistent trend for greater total inorganic N in the
soil/leachate system when CL is band applied than when mixed
(Fig. 1). The total inorganic N mass accounted for in the soil/
leachate system represented 54% and 47% of the total N applied
in fertilizer plus the total initial inorganic N in the soil for the
band and mixed treatments, respectively.

CONCLUSIONS

Applying CL influenced inorganic N in both soils, likely
caused by NH," adsorption on to soil and CL exchange sites as
well as being protected within CL pores from microorganism
assimilation. In the Portneuf soil, applying N fertilizer in a band
conserved available soil inorganic N in the soil/leachate system
compared with when it was mixed. When N fertilizer was mixed,
a greater rate of microbial immobilization, nitrification, and
denitrification potentially resulted compared with when the N
fertilizer was banded. In the Wolverine soil, it is less clear what
the effect of application method was on available inorganic N in
the soil/leachate system, although there was a trend for greater
inorganic N conservation under band application. In these soils,
application of CL at rates as low as 6.7 to 13.4 Mg ha™" can help
conserve available inorganic N. Based on the results, we suggest
evaluating the use of CL in the field on a range of different
textures to increase the amount of available inorganic N con-
served in the soil system.
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