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ABSTRACT: Sophisticated laboratory equipment and procedures are developed and used in controlled experi-
ments to measure nitric oxide (NO) emissions ranging from 42 to 75 ng N/m2 ?s from sludge-amended soil of
concern to environmental engineers because nitric oxide emitted to the troposphere is a precursor to troublesome
ozone formation and also of concern to agricultural engineers because valuable nitrogen as fertilizer is lost from
the soil. Water-filled pore space is confirmed to be of critical importance to NO flux, and the upper layers of
soil are determined to contribute the larger portion of the NO fluxing from the soil to the troposphere. More
than 42% of the total NO flux comes from the top 1 cm of soil, with NO contributions decreasing exponentially
with soil depth and very little if any tropospheric NO contributed from soil at a depth of 20 cm or greater. The
results are discussed in terms of microbiological, chemical, and soil transport processes that influence NO flux
from sludge-amended soil.
INTRODUCTION

Nitrogen oxide (NO) emissions from unamended and en-
gineered soils can adversely impact local and regional air qual-
ity in the lower troposphere and can directly impact public
health and vegetation as subsequent ozone (O3) formation; ac-
cumulation leads to pulmonary congestion, disorientation, al-
tered breathing, headaches in humans, and decreased crop
yields. In addition, these emissions are a direct economic con-
cern because nitrogen valued as fertilizer is lost from the soil.
Consequently, these emissions are studied here to gain a better
understanding of their net formation, transport, and transfor-
mation in the form of NO flux from the soil. With the ability
to measure nitric oxide emissions under controlled conditions
in the laboratory, it can be possible in the future to gain a
better understanding of the mechanisms responsible for NO
formation, transport, and transformation with a view to the
control of NO emissions from soil into the lower troposphere.

Whether or not increased NO emissions lead to ozone prob-
lems in the lower troposphere is dependent on other important
atmospheric variables, most notably the NOx and volatile or-
ganic compounds ratio. However, the southeast United States
as well as other parts of the country appear to be NOx limited
with volatile organic compounds already in abundance in the
lower levels of the troposphere. Consequently, various sources
of NO emissions have been studied, and their daily and sea-
sonal variations noted in urban lawns, public parks, forests,
and non-sludge-amended agricultural settings (Davidson et al.
1993; Aneja and Robarge 1996; Aneja et al. 1997a,b). Fur-
thermore, the importance of the movement of rural NO and
O3 into urban airsheds is well documented (Lindsay et al.
1989; Aneja et al. 1996; Baumgardener and Edgerton 1998).

In the lower troposphere any increase in NO can lead to an
increase in the concentration of photochemical oxidants, par-
ticularly O3, which will in turn adversely affect human health,
animals, and plants. The Office of Technology Assessment es-
timates that high O3 concentrations cost the United States be-
tween $1 billion and $5 billion annually in added human
health costs and reduced crop yields. The impacts are not lim-
ited to the United States: between 10 and 35% of the world’s
total grain production occurs in regions of the northern mid-

1Assoc. Prof., Dept. of Civ. and Envir. Engrg., Box 90218, Duke Univ.,
Durham, NC 27708.

2Res. Prof., Dept. of Earth, Marine, and Atmospheric Sci., North Car-
olina State Univ., Raleigh, NC 27695.

Note. Associate Editor: Peter Fox. Discussion open until August 1,
2000. To extend the closing date one month, a written request must be
filed with the ASCE Manager of Journals. The manuscript for this paper
was submitted for review and possible publication on December 22, 1997.
This paper is part of the Journal of Environmental Engineering, Vol.
126, No. 3, March, 2000. qASCE, ISSN 0733-9372/00/0003-0225–0232/
$8.00 1 $.50 per page. Paper No. 17245.
latitudes where nitrogen fertilizer is being applied to the land
with O3 concentrations high enough to decrease crop yields
(Chameides et al. 1994). Thus the NO → O3 pollution asso-
ciated with soil-atmosphere interactions is a problem, which
is truly global in nature (Jacobs et al. 1993).

Application of nitrogen-containing fertilizers, including mu-
nicipal wastewater treatment sludge applied to human food
and nonfood chain land, is a practice followed throughout the
United States that can lead to the utilization of the nitrogen
by crops but could also lead to ozone pollution. For example,
previous research documents that soil NO emissions increase
in direct proportion to the nitrogen application rate in non-
sludge-amended soils (Aneja et al. 1996). Globally, by the year
2025, the continuing usage of nitrogen fertilizer could lead to
soil-biogenic NOx emissions approaching 20 TgN (Yienger and
Levy 1995; Aneja and Robarge 1996).

The focus of this research is on land spreading municipal
wastewater treatment sludge. Much of the sludge produced
nationwide is not contaminated with harmful heavy metals or
persistent organics and thus is potentially useful; it is used as
a nitrogen fertilizer and soil conditioner. More than 6,000,000
dry metric tons of municipal sludge are generated annually in
the United States with nearly 30% spread or injected into the
land. In the future more sludge will be produced as the nec-
essary by-product of the growing number and increased effi-
ciency of municipal wastewater treatment systems. Addition-
ally, the practice of land spreading municipal sludge could
become more prevalent as local decision makers strive to con-
trol sludge disposal costs while taking advantage of its nitro-
gen content, potentially compounding the NO → O3 problems
associated with the application of nitrogen-containing fertil-
izers to soil.

Thus the objectives of this research can be summarized as
follows: (1) Develop laboratory equipment and procedures to
study NO emissions from unamended and engineered soil sys-
tems under controlled conditions; (2) conduct controlled lab-
oratory experiments, for a range of soil moistures, to study
NO flux from unamended soil and sludge-amended soil; (3)
compare the laboratory results to previous observations of NO
flux made during field studies of non-sludge-amended agri-
cultural soils under uncontrolled environmental conditions;
and (4) discuss the findings in terms of factors responsible for
the formation, transformation, and transport of NO in soil.

EXPERIMENTAL EQUIPMENT AND MATERIALS

The laboratory equipment used in these experiments was
designed and fabricated based on information obtained at
Duke University, Durham, N.C., during 17 years of laboratory
tests on fluid flow through soil (Peirce et al. 1986, 1987a,b,c;
Manila and Peirce 1994; Ormeci and Peirce 1999) coupled
with information obtained during field observations made by
JOURNAL OF ENVIRONMENTAL ENGINEERING / MARCH 2000 / 225



FIG. 1. Dynamic Test Chamber

researchers at North Carolina State University, Raleigh, N.C.
(Aneja et al. 1995, 1996). The newly designed dynamic flow
test chamber illustrated in Fig. 1 is a cylindrical test vessel
constructed of chemically inert materials. Viton O-rings main-
tain an airtight fitting between the glass cylinder and the Teflon
top and bottom plates. Teflon tubing is connected to the cham-
ber with threaded Teflon fittings. Reactions taking place within
the chamber are thus limited to those reactions taking place in
the soil in the chamber, as the result of interactions between
the samples and the test materials. A homogeneous headspace
above the soil is maintained with a Teflon mixer rotating at
60 rpm.

This test chamber is configured in the test system seen in
Fig. 2 to permit a regulated 2.0 L/min constant flow of zero-
grade air (National Welders Inc. zero-grade air: 0% hydrocar-
bons, 0% moisture, 0% NO) into the test chamber with sub-
sequent continuous extraction of headspace gases by the NO
analyzer’s gas pump. The NO analyzer is the Thermo Envi-
ronmental Instruments Incorporated Chemiluminescent High
Sensitive Model 42S (sampling each 10 s, mean reported each
60 s, with a sensitivity of 50 parts per thousand by volume).
This pump is fixed at 1.5 L/min with inflow zero-grade air
provided at 1.7 L/min to maintain a small positive pressure in
the test chamber to ensure that ambient atmospheric gases con-
taining NO do not leak into the test chamber and alter the
system.

All NO reaching the analyzer thus is assumed to be the net
result of NO produced, transformed, and transported through
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the test soil/headspace interface. The NO analyzer is capable
of measuring oxides of nitrogen from sub-parts per billion by
volume (ppbv) to 200 ppbv. The minimum detectable limit for
NO is 0.50 ppbv and the precision is 60.50 ppbv. The ana-
lyzer is calibrated following the guidelines prescribed by the
vendor.

The mass balance for NO in the chamber is calculated as

dC Q[C] JA LA[C] Q[C]0 f f= 1 2 1 1 R (1)F G F Gdt V V V V

where C = NO concentration in the chamber (as measured by
the analyzer as ppbv); [C]0 = NO concentration at the inlet of
the chamber ([C]0 = 0 with the use of the zero-grade air); [C]f

= NO concentration at the outlet of the chamber ([C]f = C with
complete mixing in the gas headspace); A = measured surface
area of the soil column; V = measured volume of the gas
headspace above the soil sample; J = flux of NO from the soil
(ng N/m2 ?s); L = loss of NO on the chamber and exit tube
walls (first order with C and calculated L = 0.02 with the use
of the Teflon/glass system); and R = chemical production/de-
struction rate for NO in the chamber and exit tubes (assumed
to be zero for the seconds of residence time in the test system).
When the test chamber reaches steady state the change of [NO]
with time is zero and the NO flux is controlled by the micro-
biological/chemical formation and transformation of NO in the
soil as well as the transport of NO through the soil prior to
the fluxing. Eq. (1) simplifies to

Q
J = [C] 1 L (2)f F GA

North Carolina Piedmont soil was obtained and aggregated
from the first 30-cm plow layer at randomly selected sites
within an agricultural field located in central North Carolina.
The field generally experiences a warm, temperate climate re-
ceiving rainfall throughout the year with a frost-free season
extending from April into October. The mean monthly air tem-
perature is 5.27C in January and 24.27C in July. The field has
been amended with unidentified fertilizers, herbicides, and
pesticides through the past 10 years though not during the past
12 months. The nitrogen content of the soil is estimated at
total Kjeldahl nitrogen (TKN) = 2,200 mg/kg dry weight; other
characteristics of this unamended soil are summarized in Ta-
ble 1.

Anaerobically digested sludge was obtained from a 7.8-mgd
municipal waste water treatment facility located in central
North Carolina. This facility utilizes a sequence of unit oper-
ations including the following: screen, primary clarifier, trick-
ling filter, activated sludge, secondary separation, and final dis-
infection of the treated water prior to discharge to a receiving
stream. Approximately 30,000 gpd of sludge from the primary
clarifier and secondary separator are combined and anaerobi-
FIG. 2. Experimental System



TABLE 1. Characteristics of Non-Sludge-Amended Soil

Characteristic
(1)

Value
(2)

Humic mattera 0.18%
Weight/volumea 1.28
CECa 5.6
CEC occupied by basesa 88.0
pHa 6.3
TKNb 474
Ammonia-Nb <28.6 (below detection)
Nitrate-Nb <28.6 (below detection)

Note: CEC = cation exchange capacity.
aNorth Carolina Department of Agriculture, 1999.
bBurlington Research Laboratory 1999.

TABLE 2. Characteristics of Anaerobically Digested Munici-
pal Wastewater Treatment Sludge

Component
(1)

Value
(mg/kg dry weight)

(2)

As 3.0
Cd 2.5
Cr 37
Cu 327
Pb 50
Hg 3.1
Mo 3.1
Ni 13
Se <0.59
Zn 762
TKN 94,000
Ammonia-N 25,400
Nitrate-N <249
Total P 42,000

Total solids 2.6%

cally digested to produce approximately 25,000 gpd for land
spreading. The characteristics of this sludge as it exits the fa-
cility are summarized in Table 2.

EXPERIMENTAL DESIGN AND PROCEDURES

Unamended soil and sludge-amended soil samples at three
different moisture contents [ 3, 20, and 40% water-filled pore
spaces (WFPS)] were studied in the laboratory at 227C. Iden-
tical experimental procedures were followed for each soil-
WFPS combination tested in duplicate with the NO flux from
each soil sample determined using (1).

Prior to each NO experiment the soil was prepared follow-
ing standard procedures developed at Duke University de-
signed to produce homogeneous soil samples (control and
sludge-amended) from which NO flux measurements could be
taken and compared. All soil from the field site was stored in
airtight plastic containers at 107C. The soil was passed through
a No. 10 U.S. Standard sieve (2-mm openings) to achieve a
uniform particle-size distribution for all experiments. Imme-
diately, the soil was air dried for 24 h to approximately 3%
WFPS. The goal was to produce soil with similar particle size
and moisture characteristics from which samples could be
taken for controls and for amending prior to the NO flux ex-
periments. This preparation process uniformly released mois-
ture and possibly nitrogen from the soil. Individual soil sam-
ples (;1 kg) were then taken from this homogeneously
prepared soil and either designated as a control or sludge-
amended soil and brought to the desired water content.

Soil samples were amended with distilled deionized water
or with municipal wastewater treatment sludge as prescribed
in the experimental design. The sludge was incorporated into
the respective soil samples at an application rate of 30 lb
TABLE 3. NO Flux from Soil

Soil sample
(1)

WFPS
(%)
(2)

pH
(3)

NO flux
(ng N/m2 ?s)

(4)

Unamended soil 2.1 6.13 2.0
19.2 5.96 3.0
38.3 6.18 17.0

Sludge-amended soil 3.7 7.82 42.0
20.7 7.54 30.0
36.8 7.96 75.0

N/acre appropriate for high yield production of grain crops on
sandy loam soil with appropriate irrigation (Tucker et al.
1999). Desired soil moisture content was then achieved
through either air-drying or a spray bottle irrigation.

The WFPS is the metric used here to define the moisture
content of the different soil samples and is a potentially useful
measurement for at least three reasons. Initially, it indicates
the amount of water available to support microbial activity in
the different soil samples. Second, WFPS indicates the air/
water ratio in the soil and thus contributes to the availability/
unavailability of oxygen that controls the mix of aerobic/an-
aerobic microbial activity. WFPS also indicates the potential
for pore spaces to transport NO gas from the lower levels of
the soil to the troposphere either relatively rapidly by diffu-
sion/advection through air-filled pore spaces or relatively
slowly by diffusion through WFPS. WFPS is determined as

%WFPS = (Q /TP)100 (3)v

where Qv = percent volumetric water content

Q = (%Q )(P ) (4)v m b

TP is total soil porosity

TP = (1 2 P /P )100 (5)b p

Pp is soil particle density

3P = 2.65 g/cmp

Pb is soil bulk density

3P = 1.3 g/cmb

and Qm is gravimetric water content measured in grams.
The WFPS of the soil collected in the field was determined

to be 18%. Thus the soil samples were air-dried at 207C to
obtain soil samples at lower WFPS, irrigated with spray bot-
tles, and permitted to equilibrate over 24 hours to obtain soil
samples at higher WFPS.

Each soil sample was then placed into a test chamber in two
sequential 5.5-cm layers to achieve the target 10-cm-high sam-
ple once a standard 1-kg mass had been placed on top of the
soil column for 1 h. The dynamic test chamber was sealed
with hand-tightened wing nuts, and all necessary connections
were made to the zero-grade air source, the mixer, and the NO
analyzer. The soil-WFPS combination was determined and re-
corded just prior to and immediately after each experiment.
Additionally the temperatures in the headspace of the test
chamber and the soil sample were monitored throughout se-
lected experiments and observed to be near 227C (room tem-
perature) throughout those experiments. Room temperature
was maintained near 227C.

RESULTS

Eq. (1) was used to relate measurements of NO concentra-
tions in the headspace of the test chamber to the NO flux from
the soil samples. The results of the different experiments are
summarized in Table 3. The NO flux results in Table 3 are
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FIG. 3. NO Flux from Unamended Soil

FIG. 4. NO Flux from Sludge-Amended Soil
reported at a standard 30 min into each experiment as seen in
representative Figs. 3 and 4. NO flux observations from du-
plications of each experimental combination varied <1%.

The dynamic test chamber is an active, essentially closed,
reactor never really approaching a steady state except in gen-
eral terms of its flow dynamics. To make standard comparisons
across all experiments, 30 min of testing time was selected to
represent approximately 60 residence times of zero-grade gas
passing through the headspace of the chamber. The decrease
(slight, <1%) in NO flux with the passage of time is attributed
to many changes taking place in the reactor, but most notably
the drying observed in the upper levels of the soil sample as
dry zero-grade air continually was input to the headspace of
the test chamber as the analyzer pump continually extracted
gaseous samples from the headspace for NO analysis.

DISCUSSION

Nitrogen oxide formation, transformation, and transport in
chemically fertilized (non-sludge-amended) soil, including di-
rect application of ammonia or nitrate, is well defined in the
literature, and thus its anthropogenic perturbations to the var-
ious components of the biogeochemical nitrogen cycle are rea-
sonably well understood. In particular, the mineralization, ni-
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trification, and denitrification processes in chemically fertilized
soils have been widely studied in the past (Aneja et al. 1997b).
However, the composition and characteristics of sludge-
amended soils are very complex and very different from chem-
ically fertilized soils in terms of basic concerns [e.g., micro-
biology (organic content and microbial populations), chemistry
(form, availability and transformation of nitrogen), and me-
chanics of transport (soil porosity, pore size distribution, and
NO transport within the soil matrix)]. This complexity and
uncertainty of sludge-amended soil systems prevent the trans-
fer of the understanding of NO emissions from ordinary ag-
ricultural land to an understanding of NO emissions from land
receiving sludge. It is erroneous to make the leap of faith and
assume that these two vastly different nitrogen sources will
perturb the biogeochemical nitrogen cycle in a similar manner.
NO formation, transformation, and transport through sludge-
amended soil is highly unpredictable and thus is studied here
for the first time.

Factors Contributing to NO Flux

A wide range of factors contribute to the microbiological,
chemical, and transport processes in soil, sludge, and sludge/
soil mixtures that form, transform, and transport NO to the



TABLE 4. Temperature Ranges Influencing Growth of Bacteria
in Municipal Sludge (Benefield and Randall 1980)

Classification
(1)

Temperature
range for

reproduction
(&C)
(2)

Optimal range
(rapid growth,

12–24 h)
(&C)
(3)

Obligate psychrophile 25–20 15–20
Facultative psychrophile 25–35 30–45
Mesophile 15–50 30–45
Obligate thermophile 45–75 55–75
Facultative thermophile 40–74 45–55

soil/troposphere interface. The most important factors include
moisture, temperature, pH, microorganism population(s), ni-
trogen source, application rate, as well as plant root structure.
For example, based on the temperature range conducive to
metabolism and growth in sludge, bacteria are classified as
seen in Table 4. Similarly, the growth of bacteria in sludge
and soil generally is limited to pH conditions between 4 and
9, with optimal metabolism and growth occurring between pH
6.5 and 7 (Benefield and Randall 1980). The target pH for
crop production is between 6 and 6.5 (Tucker et al. 1997);
thus anticipated maximum NO flux could occur in the agri-
culturally preferred range. The effects of moisture are studied
and reported here; future research is indicated to address how
the other factors influence NO flux from unamended and en-
gineered soils.

NO from Sludge Amended Soil

The observed higher NO flux from the sludge-amended soil
is not surprising; the soil samples amended with municipal
sludge contain more nitrogen than the unamended soil sam-
ples, and the additional nitrogen is available for conversion to
NO. However, the enhanced NO flux from sludge-amended
soil is a result of complex changes in pH, temperature, micro-
organism population(s), water in the soil that is available for
NO production and transformation, as well as nitrogen source
and application rate. For example, the chemical decomposition
of dissolved NO2 under acidic conditions can be suggested as
2H1 1 2NO2 → 2NO 1 NO3 1 H2O and/or 2H1 1 2NO2 →
NO 1 NO2 1 H2O. Similarly, microbiological respiratory de-
composition can be summarized as NO3 → NO2 1 NO. The
study of a range of factors, including pH, temperature, micro-
organism population(s), water in the soil that is available for
NO production and transformation, as well as nitrogen source
and application rate, individually and in concrete, is outside
the scope of this research project. Further research must be
conducted to compare the mechanisms responsible for NO
production in sludge-amended soil to those mechanisms avail-
able in chemically fertilized soil and in unamended soil.

Comparison to Field Observations

In field studies of a variety of (non-sludge-amended) agri-
cultural lands under uncontrolled environmental conditions,
NO was observed to move from the soil in eastern North Car-
olina and elsewhere into the lower levels of the troposphere
and contribute to the formation of troublesome ozone (Slemr
and Seiler 1984, 1991; Penkett 1988; Kim et al. 1994; Aneja
et al. 1995, 1996, 1997a; Sullivan 1995). The information pre-
sented in Table 5 suggests that the NO fluxes seen during this
research are within the range of field observations that reflect
seasonal and other environmental variations.

Soil Moisture

The results of the controlled laboratory experiments re-
ported here confirm previous observations made during un-
TABLE 5. Field Observations of NO Flux

Field use
(1)

NO flux
(ng N/m2 ?s)

(2)
Reference

(3)

Soybean 3.8 Aneja et al. (1995)
Soybean 1.2–3.0 Sullivan (1995)
Cotton 1.8 Aneja et al. (1995)
Cotton 0.6–8.0 Sullivan (1995)
Corn 5.6–239 Williams et al. (1987)
Corn 8.1 Aneja et al. (1995)
Urban parks 1.4–16.1 Aneja et al. (1997b)

FIG. 5. NO Flux Related to WFPS in Non-Sludge-Amended
Soil

controlled field investigations reported in the literature: mois-
ture content clearly has an important effect on NO flux from
soil (Aneja and Robarge 1996; Aneja et al. 1997a; Ormeci et
al. 1999). When dry soil is wetted even slightly, NO flux in-
creases drastically. Nitrifying (obligate aerobe autrophs) and
denitrifying (anaerobic heterotrophs) bacteria are able to sur-
vive extreme drought conditions and can become active as
soon as the soil is wetted (Conrad 1990; Davidson et al. 1993).
As WFPS increases from these dry to wetter conditions, NO
flux seems to reach a plateau until soil moisture is considerably
above field capacity and NO flux decreases. Extreme wetting
of the soil stimulates the denitrification processes in the soil
thus contributing to NO production. However, large increases
in soil moisture decrease the oxygen available in the soil pore
spaces and thus begin to limit the activation of the obligate
aerobe nitrifying bacteria. This biological nitrification can be
a greater contributor to NO than can be denitrification (Conrad
1990; Hutchinson et al. 1993). The results reported in Table 3
indicate that the 3% WFPS was slightly above the lower
threshold for enhanced NO flux, whereas the 40% WFPS was
slightly below the upper threshold for decreased NO flux as
seen in Fig. 5.

To further complicate the analysis in relatively dry soil, NO
gas transport occurs as NO diffuses through the air in the pore
spaces. As water fills the pore spaces, the NO gas transport
occurs as NO diffuses much more slowly through the water
than through the air. Consider the simplest case where the soil
is assumed to be homogeneous in all three dimensions. The
soil is bounded at the soil-atmosphere interface where z = 0.
With the important processes at steady state, the diffusion
equation for the vertical transport of [NO] in the pore spaces
of the soil is given as

F = 2Dd[NO]/dz (6)

where F = vertical flux of NO to the atmosphere; and D =
JOURNAL OF ENVIRONMENTAL ENGINEERING / MARCH 2000 / 229



FIG. 6. Contributions of NO from Different Depths of Soil

diffusivity of NO in the pore spaces. NO diffusivity in air is
0.18 cm2/s, much faster than NO diffusivity through air, which
is on the order of 105 cm2/s (Weast et al. 1984; Galbally and
Johansson 1989). Thus, both the production and soil transport
of NO are inhibited at much higher WFPS.

Changes in pH

The pH of the soil and sludge-amended soil samples were
not controlled during the experiments; thus only general state-
ments on the importance of pH can be made with reference to
previous research. Soil pH can affect the chemical and micro-
biological processes contributing to NO production in the soil.
Under acidic conditions NO2 and other forms of nitrogen in-
cluding HNO2 tend to decompose and produce NO, which be-
comes available for transport to the troposphere. This che-
modenitrification is suggested as a primary source of NO in
such soils (Galbally 1989). Increased NO production in higher
pH ranges can be attributed to both the chemical decomposi-
tion of N compounds and more active microbiological pro-
cesses that produce NO. Previous research indicates that NO
from nitrification can be enhanced by increasing soil pH as
the total number of Nitrosomonas and Nitrobacter increase
(Chase et al. 1968). This previous research helps explain to
some extent the NO flux observations from the different sam-
ples studied in the laboratory.

NO Contributions from Underlying Soil Layers

To understand the NO contributions from underlying layers
of soil, additional laboratory experiments were conducted with
unamended soil samples of different thicknesses in the test
chamber: 1, 3, 6, and 10 cm. Expressing flux from each thick-
ness as a percent of the total flux observed from the 10-cm
sample, the contribution of NO from soil above each depth is
summarized in Fig. 6. Note that 42% of NO is contributed by
the top 1 cm of the soil with the contribution of each suc-
ceeding lower layer decreasing exponentially as

2kxY = B ?e (7)

where Y = contribution of NO from each layer (%); x = depth
of the soil (cm); and B (=49.7) and k (=0.17) = fitted values
with R2 = 0.94. The extrapolation of the data using (7) suggests
that very little if any NO is produced in soil depths below 20
cm: Y ; 1% at depth of 20 cm and Y ; 0 at a depth of 100
cm. These results highlight the importance of selected factors
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that control the formation and soil transport of NO in the ex-
periments reported and discussed here. Closer to the surface
of the soil samples more oxygen is available for aerobic mi-
crobiological activity; water for microbiological and chemical
NO production is available in quantities that enhance NO for-
mation but do not preclude NO transport to the soil surface;
and shorter distances with shorter transport times and conse-
quently fewer opportunities for NO transformation prior to
flux are found.

Ozone Control Strategies

Previous research indicates that chemical and microbiolog-
ical decomposition of nitrogen in soil contributes to the avail-
ability of the NO as a precursor to the formation of the O3 in
the lower levels of the troposphere (Chase et al. 1968; Muller
et al. 1980; Linn and Doran 1984; McKinney et al. 1984;
Williams et al. 1987; Kaplan et al. 1988; Ronen 1988; Galbally
1989; Conrad 1990; Drury et al. 1992; Davidson et al. 1993;
Hutchinson et al. 1993; Aneja et al. 1995). With nitrogen ox-
ides available in the troposphere, ozone can readily be formed
as NO 1 Hx 2 Cy 1 O2 → O3 1 Carb 1 H2O and/or NO2

→ NO 1 O (hv) with O 1 O2 → O3. Other previous research
suggests that O3 management strategies in the southeast United
States and other parts of the country that focus on NO emis-
sions will be more effective in decreasing O3 concentrations
in the lower levels of the troposphere than will be O3 man-
agement strategies, which focus on decreasing anthropogenic
emissions of volatile organic compounds (Slemr and Seiler
1991). In addition, ozone nonattainment events occur when
NO/O3 plumes from a variety of sources intersect and produce
a cumulative ozone concentration in excess of an ambient air
quality standard. Consequently, all sources of NO emissions,
including NO from chemical fertilizer and sludge-amended
soil, must be studied and accounted within an airshed.

CONCLUSIONS

With the development of sophisticated experimental equip-
ment and procedures the results of this research suggest how
complex factors act together to produce NO flux to the tro-
posphere. NO flux from unamended soil and soil amended
with municipal wastewater sludge is the result of complex in-
teractions among microbiological, chemical, and mechanical
transport factors that produce the NO in the soil and subse-
quently transform and transport it to the soil-atmosphere in-
terface. The importance of soil WFPS and nitrogen source and
form are focused on and discussed here in terms of changes
in NO production and transport through the soil. Specific con-
clusions of the research are as follows:

1. Newly designed sophisticated experimental equipment
and procedures can provide insight into very small
(ppbv) changes in NO flux as complex experimental con-
ditions are controlled and changed in the laboratory. The
laboratory results are reproducible and are generally con-
sistent with observations made during uncontrolled field
studies of non-sludge-amended soils.

2. Sludge-amended soil tends to flux more NO to the tro-
posphere than unamended soil: 42 ng N/m2 ?s compared
to 3 ng N/m2 ?s for 3% WFPS. Enhanced NO flux from
sludge-amended soil is suggested to be a result of com-
plex changes in WFPS, pH, temperature, microorganism
population(s), as well as nitrogen content and form.

3. Soil water content, as measured by WFPS, is extremely
important in the formation, transformation, and soil
transport of NO. At low WFPS (<2%), NO flux is all but
precluded. In midrange WFPS (>2 and <40%), NO flux
reaches a plateau. At high WFPS (>50%), NO flux de-



creases with increasing WFPS. Microbiological activity
requires water, but too much water closes the soil pore
spaces. Pore spaces filled with water limit the diffusive
transport of NO.

4. The results generally support the findings of previous
research focused on field observations of agriculture soil
under uncontrolled environmental conditions (Chase et
al. 1968; Davidson et al. 1993; Hutchinson et al. 1993;
Aneja et al. 1995, 1996). For example Aneja et al. (1996)
reported NO fluxes in the range of 3–8 ng N/m2 ?s for
agricultural soil in eastern North Carolina. The ranges of
NO flux reported here for non-sludge-amended soil are
between 2 and 17 ng N/m2 ?s.

5. The upper layers of soil contribute the larger portion of
the NO flux from the soil to the troposphere. More than
42% of the total NO comes from the top 1 cm of soil,
with soil depths >20 cm contributing very little if any
NO to the troposphere. These respective source layers of
NO reflect important oxygen, water, and transport factors
that lead to NO movement from the soil to the lower
levels of the troposphere.

6. Future research is suggested to better understand the fac-
tors involved with the formation, transformation, and soil
transport of NO, particularly in sludge-amended soils.
Future research should consider pH, temperature, micro-
organism population(s), water in the soil that is available
for NO production and transformation as well as nitrogen
source and application rate, the changing vertical soil
moisture profile, and plant root uptake of nitrogen. Con-
nections between NO flux from sludge-amended fields
and O3 formation in regional airsheds must be studied.
The goal must be to develop this understanding to the
point where NO flux to the atmosphere can be controlled
thus conserving nitrogen in the soil for plant utilization
while limiting NO as a precursor to troublesome O3 for-
mation in the lower troposphere.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

A = measured surface area of soil column;
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B = fitted constant;
C = NO concentration in chamber (as measured by analyzer);

[C]f = NO concentration at outlet of chamber;
[C]0 = NO concentration at inlet of chamber;

J = flux of NO from soil;
k = fitted constant;
L = loss of NO on chamber and exit tube walls;

Pb = soil bulk density;
Pp = soil particle density;
Qm = gravimetric water constant measured (g);
Qv = percent volumetric water content;
R = chemical production/destruction rate for NO in chamber

and exit tubes;
TP = total soil porosity;

V = measured volume of gas headspace above the soil sample;
x = depth of soil (cm); and
y = contribution of NO from each layer of soil.


