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(ABSTRACT) 

Successful renovation of wastewater and sludge via land application 

depends upon sludge-induced soil changes associated with carbon (C) 

and nitrogen (N) cycles within the soil/plant system. The C, N and 

hydrologic cycles within a soil/sludge system receiving a year- 

round, daily application of papermill sludge were studied. Soil 

samples were collected from three locations on a land application 

site in the Piedmont of Virginia that had received papermill sludge 

applications for six, two, and no prior years. The average 

application rate was 4.4 cm/wk, each week of the year, with a N 

loading of 700 kg N ha''yr-1. The column study showed that C and N 

were still accumulating on the land application site after 6 years, 

but at a decreasing rate. Based on this study, C accumulation will 

level out after 13 years of application, but N will continue to 

accumulate for almost 30 years. As application period increased, 

soil bulk density increased in the O, A, and B horizons, the 

percentage of non-capillary porosity fell below 10% in the A horizon 

and approached zero in the B horizon, and there was a dramatic 

decrease in the soil's hydraulic conductivity in both the A and B 

horizons. Nitrogen leaching is expected to increase with time due to 

high amounts of N in the papermill sludge, a continued narrowing of



the C:N ratio, a high percentage of nitrification, and low 

denitrification rates. Experimental timing and rates of sludge 

additions were imposed to alter the aerobic/anaerobic properties of 

the soil system to determine the conditions under which optimum C 

and N mineralization, nitrification, and denitrification would occur. 

Application rates were factorially arranged for single or multiple 

doses on a daily or alternating schedule. The C decomposition and N 

mineralization processes were both optimized with an increase in 

the length of cycle; they were maximized with an alternating 9 days 

on/9 off application schedule. The nitrification potential also 

increased with the length of cycling, with an average nitrification 

rate of 96%. Denitrification was minimal in all treatments, with an 

average denitrification rate of 16%. This was primarily attributed 

to movement of nitrate-N below the most biologically active zone in 

the soil column. Sludge renovation will ultimately depend upon the 

excess N being sequestered in plant biomass or denitrified. Proper 

management of these processes will ensure that wastes decompose, 

and that N is stored or evolved as a benign gas rather than leached at 

unacceptable levels.
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INTRODUCTION 

The need for utilizing soil-plant systems for renovating and 
disposing of wastes and wastewaters is increasing. This is due to a 
dramatic decrease in landfill accessibility, and public health and 
environmental quality concerns caused by municipal and industrial 
waste treatment facilities that discharge treated wastewater 
directly into surface waters. According to Coleman (1990), 

“effluent from pulp and paper mills affects the quality of 
approximately 40% of all the rivers in North America, Europe, and 
south America". Examples of environmental problems related to 

wastewater discharge into surface waters include algal blooms 
caused by nutrient enrichment, and contaminant levels that exceed 
drinking water standards. 

To date, research efforts show that land irrigation using 

wastewaters, and land spreading of solid wastes, are feasible and 
safe provided that the capacity of the soil-plant system to retain 

and cycle the waste contaminants is not exceeded (Sopper, 1975). 
Therefore, the successful renovation of wastewater on land depends 

on the soil-plant system's ability to safely sequester or dissipate 

excess nutrients and contaminants. 

Soil processes on sites irrigated with municipal wastewater 

have been studied extensively. However, few studies on the efficacy 
of renovating papermill sludge via land application have been 
undertaken, even though landfill space for this waste is scarce. The 

bulk of research on land application of papermill sludge has involved 
the determination of optimum loading rates of single applications 
(Bockheim, et al., 1988; Brockway, 1983; Zibilske, 1987). No studies 

have been conducted to determine biologically feasible loading rates 
for daily applications of papermill sludge. Furthermore, there has 
been little work towards understanding soil carbon (C) and nitrogen 

(N) transformation processes that are changed dramatically by this 
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sludge application. Monitoring work to establish acceptable 

application rates does not provide an adequate understanding of 
recycling processes and biological feasibility on which system 
success ultimately depends. This is especially true because sludge 
renovation is site specific due to the large variation found among 
wastes, plant systems, and soils. Application criteria appropriate 

for one system cannot be safely transferred to another (Nutter and 
Red, 1985). 

A persistent problem in land application systems is the high N 
level in most sludges. High nitrates (NO3°) in drinking water 

supplies can cause death in babies by a disease called 

methemoglobinemia, often referred to as blue baby syndrome (Shuval 
and Gruener, 1977). Therefore, managing elevated N levels in soil 

systems is essential for protection of the groundwater from NO3- 
contamination. 

During 1990 and 1991, a soil column study was conducted to 

better understand the C, N and hydrologic cycles within a soil/sludge 
system receiving a daily application of papermill sludge. Soil 
columns from a papermill-waste land-application site were 
incubated in a controlled climate. Experimental timing and rates of 
sludge additions were imposed to alter the aerobic/anaerobic 

properties of the soil system to determine the conditions under 
which optimum C and N mineralization, nitrification, and 
denitrification would occur. Proper management of these processes 
will ensure that wastes decompose, and that N is stored or evolved 

as a benign gas rather than leached at unacceptable levels. 

The specific objectives of the study were to: 

1. Determine if and when a given operational application rate of 
papermill sludge will reach a decomposition equilibrium under 
controlled climate conditions. 

2. Determine the extent to which daily applications of papermill 
sludge change soil properties, that in turn affect water 
infiltration and flow, soil gas exchange, and soil drainage.



Determine if mineralization, nitrification, and denitrification 
processes could be maximized by varying the timing of 

papermill sludge addition. 

Determine whether C is limiting the denitrification process.



LITERATURE REVIEW 

HISTORY OF LAND APPLICATION SYSTEMS 

The practice of applying wastes to the land has been performed 

for many years; land application of wastes dates back to ancient 

Athens. The use of wastewater for irrigating crops was practiced 

as early as 1559 in Europe (Reynolds et al., 1980). Land spreading of 

wastes to enhance soil fertility became fairly widespread during the 

1800's. However, during the early twentieth century, conventional 

wastewater treatment facilities replaced land application systems 

(Reynolds et al., 1980). 

Today, conventional wastewater treatment facilities that 

discharge wastewater directly into surface waters are causing 

nutrient enrichment and other pollution problems that have created 

public health and environmental quality concerns. Therefore, other 

means of disposing wastes are again being sought. Continual land 

application of municipal wastewaters on cropland and forestland is 

thought to be one viable alternative and has been the subject of 

much research (e.g., Broadbent and Reisenauer, 1985; Burton and 

Hook, 1979; Cole et al., 1986; Hook and Kardos, 1978; Kardos and 

Sopper, 1973; Reynolds et al., 1980; Urie, 1986; Woodwell, 1977; 

Woodwell et al., 1976). 

Wastewater irrigation of crops used for human consumption 

has caused public health concerns because plants, in some cases, 

take up and store wastewater contaminants. Forest products, on the 

other hand, are not usually consumed as food by humans or domestic 

animals. This makes forests an attractive land-application 

alternative to agricultural or grassland. 

Since 1963, Pennsylvania State University has researched the 

feasibility of land application of municipal wastewater to cropland 

and forestland. This research was initiated because of a need to



increase the supply of groundwater and to decrease the polluting of 

surface waters from discharges of sewage effluent. From this 

research, the ‘living filter’ concept evolved. Under the ‘living filter’ 

concept, the renovation of wastewater is achieved through the 

removal and degradation of wastewater constituents by 

microorganisms, chemical precipitation, ion exchange, biological 

transformation, and biological absorption through the root systems 

of a vegetative cover. Sopper and Kardos (1972) concluded that the 

biosystem's soil, vegetation, and microorganisms can efficiently 

renovate wastewaters. For over 25 years, this ‘living filter’ has 

successfully removed potential groundwater contaminants and the 

groundwater supplies have increased and remain potable. The land 

application system continues today on 208 ha at an application rate 

of 5 cm/wk year-round. 

The subject of how a mature forest responds to municipal 

wastewater application was studied by Burton and Hook (1979), Hook 

and Kardos (1978) and Urie (1973,1986). At a5 cm/wk application 

rate, Burton and Hook (1979) reported N retention (wastewater 

renovation) at only 25% of the added N. There was a loss of 75% to 

the groundwater by leaching. At a 10 cm/wk application rate, the N 

loss was reduced to 41%. These authors concluded that this was 

probably due to denitrification, since the 10 cm/wk site was water- 

logged. Burton and Hook (1979) also observed death of trees on the 

10 cm/wk application site due to the anaerobic soils created as a 

result of the wastewater application. 

Hook and Kardos (1978) reported similar results. Ata 5 

cm/wk application rate, 83% of the N input was leached past the 

rooting zone. At the 120 cm depth there was more than 15 mg N/L, 

which exceeds the 10 mg N/L EPA drinking water standard. Hook and 

Kardos (1978) concluded that mature forests are not the ideal place 

to recycle wastewater unless the application rate is less than 2.5 

cm/wk, due to the sudden changes in the soil abiotic factors. 

Other researchers have concluded that wastewater irrigation 

is beneficial to young forests. Urie (1973) studied the effects of 

5



municipal wastewater application on a 35-yr-old Jack pine (Pinus 

banksiana ) stand. The wastewater used in this study had a low 

concentration of N, which resulted in a total N addition of only 190 

kg ha-!yr-1. No detrimental effects where found with respect to 

groundwater. The forest showed remarkable growth following 

wastewater application. The Jack pine irrigated with wastewater 

showed twice the annual radial growth compared to the controls, but 

the supplemental water, added as a result of the wastewater 

irrigation, was the main cause for the growth increase. 

Kardos and Sopper (1973) examined the difference in NO37 

leaching as a result of wastewater irrigation between forested and 

cropland sites by extracting soil solution samples at various depths 

using suction lysimeters. At the 2.5 cm/wk application rate, all 

sites remained below the 10 mg N/L EPA standard at the 120 cm 

depth. However, at the 5.0 cm/wk application rate, the cropland site 

renovated the wastewater more efficiently than did the forested 

site. This difference was attributed to the types of vegetative 

covers. Less N is assimilated in annual tree growth than in 

annually-harvested crops; this is dependent upon the tree species 

and age. However, even with a high application rate of 10 cm/wk on 

the forested site, the NO3--N concentration at the 120 cm depth 

remained below 10 mg/L. It was concluded that the higher hydraulic 

loading encouraged more denitrification, and therefore greater 

wastewater renovation. 

All of this research has led to the establishment of successful 

continual municipal wastewater land application systems (Nutter, 

1986). One successful municipal wastewater land application 

operation is in Clayton County, Georgia. Since October of 1982, 

1460 ha of forested land have been irrigated year round with 

municipal wastewater at a hydraulic loading rate of 6.4 cm/wk 

(Nutter, 1986). This operation is within the water supply watershed 

of Clayton County, and therefore truly recycles the drinking water of 

this county. Nutter (1986) states that annual streamflow has 

increased 93%, thereby increasing the county's supply of drinking 
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water. There have been no changes in the quality of groundwater or 

surface water leaving the wastewater application site in ten years. 

In addition, forest productivity has increased. 

Even though there has been extensive research in the area of 

municipal wastewater land application, there have been very few 

studies on the disposal of industrial waste using similar methods. 

The paper industry produces large amounts of waste. In 1979, the 

paper industry produced 7,395 dry Mg of sludge per day, 86% of 

which was disposed in landfills (Bockheim et al., 1988). Since 

landfill space is decreasing rapidly, and installation and 

maintenance costs of landfills are increasing, land application is 

emerging as the only viable alternative for disposing of this waste. 

Potential for groundwater contamination by leaching of NO3"-N is 

the major limitation to land application, since most paper industry 

sludges contain no harmful pathogenic microorganisms, and heavy 

metals are only present in small quantities (Harkin, 1982). Because 

of this, and because of the success of municipal wastewater land 

application systems, forested land is being considered and studied 

for application of papermill wastewaters and sludges. 

To date, only systems involving a one-application-per-year 

treatment of papermill sludge have been studied (Bockheim et al., 

1988; Brockway, 1983; Coleman, 1985; Hermann and Gilbert, 1982; 

Pepin and Coleman, 1984; Shimek et al., 1988; Watson and Hoitink, 

1985; Zibilske, 1987). Bockheim et al (1988) and Brockway (1983) 

both monitored sites that received different amounts of papermill 

sludge to determine maximum safe loading rates on mature 

forestland. Bockheim et al. (1988) concluded that a one-time 

application of 670 kg N/ha would not degrade groundwater quality. 

Brockway's (1983) conclusion was similar; he recommended a one- 

time application not to exceed 800 kg N/ha. 

Coleman (1985) and Hermann and Gilbert (1982) both 

investigated the use of papermill sludge as fertilizer on agricultural 

fields. Coleman (1985) noted improved soil fertility, cation 

exchange capacity (CEC), and water holding capacity as a result of a 
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one time papermill sludge application of 90 wet t/ha (168 kg N/ha) 
at the beginning of the growing season. When applying 25 dry t/ha, 
Hermann and Gilbert (1982) reported a 20% increase in corn yields 

compared to the use of commercial fertilizers at the same N loading. 
Pepin and Coleman (1984) and Watson and Hoitink (1985) 

applied papermill sludge to barren land and a stripmine, 

respectively, that would not support plant growth. In both studies, 
an application rate of 336 t/ha was used and the sludge was tilled 
into the soil. With a one-time application of papermill sludge, there 
was an increase in soil pH, increase in soil water holding capacity, 

decrease in soil erosion, and successful establishment of grass. 
Watson and Hoitink (1985) applied additional NPK fertilizer to the 
stripmine site used in their study. 

Shimek et al. (1988) studied the relationship between biomass 

production on land with papermill sludge additions and the sludges’ 
C:N ratio. These authors reported that the biomass production 
dropped dramatically as the C:N ratio exceeded 30:1. This is 
expected since most N becomes immobilized as the C:N ratio 

becomes greater than 25:1 (Paul and Clark, 1989). In another study, 

Zibilske (1987) observed N immobilization as a result of papermill 
sludge addition; the immobilization of the N lasted for a longer time 
with an increase in sludge application rate. Shimek et al. (1988) 
concluded that the addition of a commercial fertilizer is needed to 
support crops growing within a papermill sludge application area 

due to the sludges high C:N ratio. 

Hansen et al. (1980) studied intensively-cultured plantations 

of Populus and Salix to which papermill effluent was applied. By 
flood irrigation once per week throughout the growing season at a 
rate of 28 cm/wk, these authors concluded that wastewater 
renovation by land application was superior to tertiary-treated 

effluent normally discharged to a river. Essentially all the N and P 
was removed by the soil/plant system. In addition, tree growth was 
accelerated.



The effects of year-round, daily irrigation of papermill sludge 

suspensions on the fate of N, however, have not been researched. 

Also, it is unknown whether research results from municipal 

wastewater studies can be extrapolated to a papermill sludge land- 

application system. According to Nutter and Red (1985), criteria 

appropriate for one land application system cannot be accurately 

transferred to another site. In addition, papermill sludge 

suspensions are very different from municipal wastewaters. 

Therefore, research specific to the effects of continually-applied 

papermill wastewaters on soil-plant ecosystems is needed. 

CHARACTERIZATION OF PAPERMILL SLUDGE 

Papermill sludges have a wide range in elemental composition 

dependent upon pre-treatment processes. Sludges that undergo a 

primary treatment process have C:N ratios of approximately 150:1. 

If these sludges also undergo secondary treatment, the C:N ratio 

drops to between 12:1 and 50:1 (Kardos et al., 1977). The extent of 

pre-treatment has much to do with the availability of N from these 

sludges. Nitrogen is released when the C:N ratio is approximately 

25:1 and it is immobilized at higher ratios (Paul and Clark, 1989). 

In general., papermill sludges are lower in heavy metal 

concentrations than municipal wastes (Table 1). In addition, the 

total NPK content of papermill sludges is low in comparison to 

municipal wastes. This reinforces Shimek's et al. (1988) contention 

that nutrient/dry matter ratios of papermill sludge are unbalanced 

for optimum plant response (i.e., excess C complicates nutrient 

availability). 

LAND/VEGETATION RESPONSE 

Forest systems evolve over time with canopy, understory, and 

ground cover species specifically adapted to a given abiotic



Table 1: Elemental content of pulp and papermill sludges in 
comparison to municipal sewage sludges 

54 Pulp and Paper Sludges 

(NCASI 1984) 

Municipal Sewage Sludge 

(Chaney 1980,Sommers 1977) 
  

  

Element Range Median Range Median 

Macronutrients (% dry weight) 

Nitrogen 0.051-8.75 0.898 <0.1-17.6 3.3 
Phosphorus 0.001-2.54 0.235 <0.1-14.3 2.3 
Potassium 0.012-1.0 0.22 0.02-2.64 0.30 
Calcium 0.028-21.0 1.4 0.10-25.0 3.9 

Magnesium 0.02-1.9 0.155 0.03-1.97 0.45 
Sulfur 0.02-2.0 0.468 0.6-1.5 1.1 

Metals (mg/dry kg) 
Cadmium <0.09-56 1.2 1-3410 15 
Chromium 3.0-2250 42 10-99000 500 

Cobalt ND-9.7 -- 1-260 10 
Copper 3.9-1590 52 84-17000 800 

lron 97.1-10800 1540 1000-15400 1700 
Lead <0.05-880 28 13-26000 500 

Manganese 13-2200 155 32-9870 260 
Nickel 1.3-133 18.3 2-5300 80 
Silver <0.1-<11 0.55 -- -- 

Tin <70.6 -- 40-700 150 
Zinc 13-3780 188 101-49000 1700 

Aluminum 590-89000 3400 1000-13500 4000 
Arsenic <0.07-8.3 1.2 1.1-230 10 

Barium 17.9-1800 160 0.01-9000 200 
Boron <1-491 25 4-1000 33 

Chlorine <0.06-8500 383 - -- 

Selenium <0.01-<31 0.21 1.7-17.2 5 
Sodium 300-66700 2200 100-30700 2400 

Titanium 3100- -- -- -- 

76000 SE ee ee 
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environment. A significant change in the soil environment will 

prompt a change in the make-up of the forest. There are many 

natural and human-induced examples of this phenomenon. In relation 

to land application of papermill sludge waste, a one-time 

application to forested land would not change the forested system 

significantly (Harris et al., 1984). However, with day-to-day sludge 

applications, a new soil-plant system will develop as the nutrient 

and water regimes change. 

In many cases, natural rainfall plus waste additions exceed the 

soil-plant systems evapotranspiration losses. This imbalance 

results in a net recharge to subsurface aquifers or nearby surface 

waters. Therefore, one concern of wastewater irrigation is the 

possible contamination of the area's water sources. Studies 

involving municipal wastewater application in New England found no 

impact on nearby water sources as long as the hydraulic loading was 

limited to 0.5 m per application season (Reed and Crites, 1986). 

Municipal wastewater sprayed onto forests can dramatically 

increase the levels of available nutrients, increase nutrient uptake, 

and create increases in tree growth (Sopper and Kardos, 1973). 

However, not all tree species respond in the same manner to 

wastewater treatment. Studies in the Eastern United States show a 

wide variety of trees can grow in conjunction with wastewater 

treatment, but species adapted to hydric and mesic sites are favored 

(Nutter et al., 1979). In many cases, tree growth is related to the 

irrigation application rate. For example, Sopper (1975) reported 

increased red pine (Pinus resinosa ) growth at a 2.5 cm/wk 

application rate and a significant decrease in growth, and even 

death, at the 5 and 10 cm/wk application rates. In addition, Sopper 

(1975) reported that a mixed hardwood stand transformed from . 

dominantly oaks (Quercus ) to maples (Acer ) and aspens (Populus ) 

as application rates increased. Tree mortality was 20% higher in 

the wastewater-treated application area than on adjacent 

forestland controls. 
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With respect to vegetation response to papermill sludge 

applications, Brockway (1983) reported a 62% increase in needle N 

content the first year following a 16 dry Mg/ha secondary papermill 

Sludge application to a 40-yr-old red pine (Pinus resinosa ) stand. 

However, in a study on the same stand in following years, it was 

concluded that needle response was short lived and there was no 

detectable radial growth response after six growing seasons (Harris 
et al., 1984). 

Weekly land applications of papermill effluent throughout 

three growing seasons resulted in exceptional tree growth in 

intensively cultured plantations of aspens (Populus ) and willows 

(Salix ) (Hansen et al., 1980). Salix averaged greater than 0.5 m 

growth each year and maintained 100% survival. Populus had 75% 

survival and averaged 1 m of growth during the first 2 years of land 

application and 2 m of growth during the third growing season. This 

resulted in biomass production of 7.8 metric tons ha-lyr-1, based on 

the growth of the 3-year-old Populus trees (Hansen et al., 1980). 

SOIL PROCESSES AND SYSTEM FUNCTION 

By definition, a successful land application system means 

biological recycling without polluting off-site environments. 

Continual applications of large volumes of wastewater with high 

amounts of nutrients, particularly N, will ultimately affect 

ecosystem stability and all renovation processes (Sopper, 1986). 

There are two critical soil processes that control the success of 

biological recycling -- organic matter decomposition and N 

mineralization. 

Before waste application begins on a site, the soil-plant 

system has a given equilibrium level (Figure 1). When waste 

application is initiated on forest land (system perturbation), a 

number of changes occur which influence wastewater renovation 

efficiency (transition phase). These include changes in vegetation 

species composition and density, microbial populations and activity, 
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physical and chemical properties of the soil, and decomposition and 

mineralization rates (Sopper, 1986). With time, a new system 

equilibrium will develop. In land application systems, it is possible 
to attain a higher equilibrium level given that the soil-plant system 
can retain and cycle the nutrients and water in the waste. However, 
if the biology of the system collapses - if there is no longer a 
biological system that is renovating the wastewater - the system 

becomes disfunctional. With respect to organic matter 

decomposition, if sludge application management results in a 
continual accumulation of organic matter without adequate 
decomposition, the system is out of balance and no longer fits the 
definition of a functional land application system; rather, the land 
system becomes a dump. A rate of decomposition equal to the 

amount of material applied must eventually be achieved, while 
causing no harm to the vegetation growing on the site. 

The sludge decomposition rate on land is dependent upon the 
type of sludge (municipal., industrial), extent of treatment (primary, 
secondary), environmental parameters (temperature, moisture, 
aeration), and the method of application (Page et al., 1983). The 
length of time before the soil/sludge system returns to steady- 

state conditions is dependent upon the frequency of sludge 
application and the stability of the applied organic matter (Boyle, 
1990). Organic matter is composed of both labile (i.e., fast decay 
rates) and stable (i.e., slower decay rates) fractions. The relative 

proportions of these components determine the sludge decomposi- 
tion behavior. Municipal sludges contain between 30 to 80% of the 
recalcitrant (stable) components, which include lignin-cellulose 

polymers, microbial cell walls, and organic-inorganic complexes 
(Boyle, 1990). 

Zibilske (1987) found total accumulated C evolved as carbon 

dioxide (COz) significantly increased with addition of papermill sludge. 
However, C mineralization potential was reported to be inversely 
proportional to lignin content in the papermill sludge. It is apparent 
that different carbonaceous compounds influence the rate of 
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decomposition. Listed in ease of decomposition, from rapid to very 

slow, organic compounds follow this trend: sugars > starches > simple 
proteins = crude proteins = hemicelluloses = cellulose = fats > waxes = 
lignins (Brady, 1990). Carbon must be in a form that can be utilized by 

microorganisms in order for a soil/sludge system to achieve a 

biological equilibrium. 

After a decomposition equilibrium is achieved, N dissipation is 

necessary. Nitrogen is notoriously transient in biological systems 

(Cole et al., 1983); it continually passes through organic, inorganic 

and gaseous phases that require careful management to prevent 

avenues of losses that may result in pollution (Figure 2). 

Historically, primary research emphasis has been directed 

toward N because it is usually the factor limiting loading rates in 

most land application sites. Broadbent and Reisenauer (1985) 

reviewed the fate of N in municipal wastewater applied to land. 

These authors studied N retention, transformations (mineralization, 

nitrification, denitrification), volatilization, plant uptake and 

leaching loss associated with wastewater application. Broadbent 

and Reisenauer (1985) also reviewed the requirements for each step 

in the N cycle including optimum conditions and microorganisms 

involved. 

An undisturbed Piedmont forest soil receives about 10 kg N 

ha-lyr-! from the atmosphere, holds in equilibrium about 1000 kg 

ha-lyr-1, and allows about 10 kg ha-!yr1 to leach or volatilize from 

the system (Pritchett and Fisher, 1987). A forest system receiving 

sludge application will store only slightly more or less (relative to 

the amount applied over time) depending on the nature of the 

application and the soil-plant environment. Nitrogen added to the 

soil-plant system as the result of papermill sludge application must 

be safely removed via a combination of soil biological processes. 

Mineralization, nitrification, and denitrification are three 

Critical soil biological processes that must be synchronized in a 

functional land application system (Figure 3). After sludge is 

applied, the aerobic processes of organic matter decomposition and 
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N mineralization occur (Process 1!) and liberate C as CO? and N as 
ammonium (NH4+). Ina soil with a neutral pH (which usually results 
from sludge application), aerobic nitrification of the NH4+ is very 
efficient and the N is converted to nitrate (NO3-) in the process 
(Process Il). The three avenues of N liberation that follow are plant 
uptake, deep leaching, and denitrification to gaseous forms of 
nitrogen (N20, N2) (Process Ill). Plant uptake is a viable liberation 
avenue only if the sequestered N is removed from the site in plant 
biomass on a regular basis. Surface runoff and deep leaching are 
avenues that should be minimized to avoid NO3- pollution of surface 
and groundwater resources, respectively. Denitrification is the 
remaining and preferred N liberation avenue that should be 
maximized. 

Biological denitrification is essential because of the high 
amounts of N present in wastes. However, unlike biological 
decomposition and nitrification, biological denitrification is an 
anaerobic process. Besides the exclusion of oxygen (O2), an adequate 
C source is required in order for NO3- to be reduced to N20 and Np. 
Ideally, this C requirement will be supplied by the sludge or its 
decomposition products. Studies show N losses via denitrification 
can vary from 10% of the N applied on well-drained soil to 100% on 
poorly-drained soils (Hermann and Gilbert, 1982). Lance et al. 
(1976) concluded that 80% of the N added in sewage water could be 
denitrified by manipulating wet/dry cycles and NO3- movement. 
Reddy and Patrick (1975) showed precisely how alternate aerobic 
and anaerobic conditions affect redox potentials and N loss under 
controlled conditions. Buay-Singh et al. (1988) studied the effect of 
various sources of organic matter on denitrification. Although there 
is a research precedent for studying N cycling processes in certain 
soil/waste systems, the N dynamics of this soil/sludge system must 
be characterized to understand the potential for using 
denitrification as a means of liberating excess N. 
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CARBON AND NITROGEN MANAGEMENT STRATEGIES 

FLOODING/DRYING CYCLE 

Gilmour et al. (1977) suggest "it is possible to adjust 
application rates and irrigation schedules ... to promote 

denitrification and thereby minimize leaching of NO3°."" This 
conclusion was based upon finding diminished NO3- concentrations 
in groundwater under sites receiving N applications (believed to be 

caused by anaerobic conditions). 

Creating flooding/drying cycles to induce alternating aerobic 
and anaerobic conditions can significantly increase denitrification 
in soils treated with wastes, given the correct cycling (Bouwer et 
al., 1974; Lance et al., 1976; Lance and Whisler, 1972,1976). Lance 

and Whisler (1972) found no net N removal in columns that were 

flooded 2 days and left 5 days to dry. These authors found that the N 
transformed to NO3~ during the dry period, but the flooded cycle was 
not ample enough for denitrification to occur. They concluded that 
longer flooding periods are required. Lance et al. (1976) showed 80% 

of the N added in sewage water could be denitrified by manipulating 
wet/dry cycles. These authors concluded that long flooding periods 
of two to three weeks alternated with drying periods of equal length 
maximized N removal. However, immediately following the dry 
cycle, a wave of leachate water high in NO3 (50 to 60 ppm) was 
observed (Figure 4). Lance et al. (1976) maintained less than 10 

mg/L NO3°-N in leachate to the groundwater only by recycling tile- 
drained leachate through the soil profile for a second time following 
the dry cycle. 

REDOX POTENTIAL 

As shown above, many studies conclude that alternate wetting 
and drying can increase N loss from the soil. The reason behind why 
this is so has to do with the redox status of the soil and the 
chemical reactions that accompany the aeration changes. The 
oxidation-reduction potential (also referred to as the redox 
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flooding/drying cycles (Lance and Whisler, 1972). 

20



potential or Eh ) provides a measure of the tendency of a system to 
reduce or oxidize chemicals. The oxygen content of the soil is 
directly correlated with the redox potential of soils (Figure 5). Ifa 
soil is well-aerated, the redox potential is high and strong oxidizing 
conditions exist. In poorly aerated soils, the redox potential is low 
(even negative), and the reduced forms of elements are found (Figure 
6). Oxidized states such as those of ferric iron (Fe3*), manganic 
manganese (Mn+), nitrate (NO3"), and sulfate (SO42-) dominate in a 

well-aerated soil (Brady, 1990). In poorly aerated soils, ferrous 
iron (Fe2*+), manganous manganese (Mn2+), ammonium (NH4*), and 
sulfides (S2-) dominate (Brady, 1990). The Eh value at which redox 

reactions occur varies with the specific element (Table 2). This is 
due to the strength of the electron acceptor. If the Oo supply is 
insufficient, soil microorganisms are forced to utilize progressively 
weaker electron acceptors (Bohn, et. al., 1985). At Eh levels lower 

than 380 to 320 millivolts, the gaseous oxygen is depleted. Then the 
microorganisms have to utilize combined oxygen for their 
metabolism, thereby reducing the elements (Brady, 1990). 

Nitrogen mineralization never goes beyond the process of 
ammonification in a reduced soil due to the lack of oxygen (Phung 
and Fiskell, 1973). This is because nitrification is an aerobic 
(oxidation) process. As a result, NH4+ accumulates in anaerobic 

soils. Any NO3° that is present in an anaerobic soil environment 
will be quickly reduced through the denitrification process; of the 
elements, NO3°" is reduced first since it is generally the next 
strongest electron acceptor after oxygen. 

Since redox potential is correlated with the oxygen content in 
the soil, it follows that, as soils are subjected to alternate wetting 
and drying, the redox potential changes within the soil, thereby 
affecting soil chemical reactions. In fact, the redox potential can 
change very quickly following wetting of the soil (Figure 7). Reddy 
and Patrick (1975) studied the redox potential changes as a result of 
alternate wetting and drying cycles in soil. These authors concluded 
that short cycles (2 days dry/2 days wet) increased the loss of N by 
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Figure 6: Typical redox potential values for oxidized and reduced 
environments (Brady, 1990). 
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Table 2: Oxidized and reduced forms of elements in soils and the 
redox potentials (Eh) at which change in forms commonly occur 
(Bohn, et. al., 1985). 

  Eh at which change 

Oxidized form Reduced form of form occurs 

a) 
O2 H20 380 to 320 

NO3" No 280 to 220 
Mn4+ Mn2t+ 280 to 220 
Fe3t Feet 180 to 150 
SO42- S2- -120 to -180 
(CH20),, CH4 -200 to -280 
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increasing the frequency of changing from aerobic to anaerobic 

conditions, as long as the anaerobic period creates redox potentials 

low enough for denitrification to occur. Since nitrification is an 

aerobic process, and denitrification is an anaerobic process, 

maximizing the number of alternating cycles that create conditions 

for both processes will increase the loss of N. 

ARBON ADDITION 

Another possible way to reduce the peak of NO3" observed by 

Lance and Whisler (1972) is to ensure an adequate organic C 

concentration to allow for complete denitrification. Carbon is 

required in the anaerobic zone as an energy source for denitrifying 

bacteria. However, most of the organic C is consumed in the 

oxidative environment required for mineralization and nitrification, 

leaving an inadequate energy supply for the denitrifying 

microorganisms (Lance et al., 1976). Additional C can be added to 

provide this energy source. Denitrifying bacteria require about 1 mg 

organic C/mg of N denitrified (Bouwer et al., 1974). 

By adding 150 mg/L of soluble C as dextrose to the effluent, as 

much as 90 percent of the N can be biologically removed (Lance et 

al., 1976). Without this C addition, there was only a 30 percent N 

removal. Gilbert et al. (1979) related infiltration rate to the 

percent of N removal in soil columns treated with municipal waste- 

water and additional C (Figure 8). At low infiltration rates of 10 to 

15 cm/day, the C additions had no impact on the N removal by 

denitrification. However, at infiltration rates of greater than 15 

cm/day (which created anaerobic conditions), the C addition was 

essential for maintaining greater than 80 percent N removal. In 

addition, these authors found continuous C additions more effective 

than adding a pulse of C at the beginning of a flooding period. 
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Figure 8: Influence of infiltration rates and continuous C treatments 
on percent N removal from soil columns flooded for 9 days and dried 
for 5 days (Gilbert et al., 1979) 
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SUMMARY 

Prior research on irrigation of municipal wastewater to land 

has proven that land application of wastewaters is a viable, safe 

alternative to conventional wastewater treatment facilities. This 

research has even led to successful, long-term land applications 

systems at Clayton County, Georgia and State College, Pennsylvania. 

Unfortunately, there have been few studies on the disposal of 

industrial wastes using similar methods. 

The paper industry produces large amounts of waste each day. 

Since landfill space for this waste is rapidly decreasing, the paper 

industry is searching for alternative waste disposal methods. 

Research on land applying papermill sludge has begun, but only 

involves a one-application-per-year treatment. In the future, there 

will be a need for continual., day-to-day irrigation of this waste to 

land for final treatment and disposal. 

It is unknown whether the research on municipal wastewater 

land application can be directly applicable to a papermill sludge land 

application site. In addition, the two wastes are different in their 

elemental composition. Therefore, research is needed to understand 

the changes in C and N transformations as a result of land applying 

papermill sludge. Proper management of the C and N processes will 

ensure that the wastes decompose, and that N is stored or evolves as 

a benign gas rather than leaches at unacceptable levels to become a 

pollutant. A starting point for this research is to investigate the 

management strategies that have worked well for municipal 

wastewater land application systems. These management strategies 

include the use of flooding/drying cycles and C additions to promote 

denitrification of the excess N present in the waste. Management of 

a land application site in a manner to promote denitrification of the 

excess N will be especially important for a papermill sludge system, 

due to the inherently high levels of N present in the waste. 
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METHODS AND PROCEDURES 

STUDY SITE DESCRIPTION 

The Virginia Fibre Corporation operates a continual papermill 

sludge land-application system in Amherst, Virginia. This operation 

was the basis for this study. A chestnut oak (Quercus prinus )/ 

Virginia pine (Pinus virginiana ) mixed forest stand occurred 

naturally on this site. The soils on the site are classified as Typic 

Hapludults and are mapped as Cecil, Poindexter, and Hiwassee series. 

The papermill sludge, which Virginia Fibre Corporation has 

applied 5 days/week, year-round since 1985, is a slurry of the 

pulping-process by-products and unused wood fibers (Table 3). The 

sludge is approximately 96% water and 4% solids. The sludge has an 

average C:N ratio of 12:1. 

A primary limitation of this waste application to land is the 

amount of N applied. The average annual N application rate on the 

Virginia Fibre application site is 700 kg N/ha. This is three to six 

times higher than the amount typically applied as fertilizer to 

agricultural land. 

Soil analyses by Torbert and Johnson (1990) showed 

differences between control and sludge sites. For example, the pH of 

the soil has increased from 4.8 to over 7. Of greater importance, 

litter layer analysis revealed that at least 90% of the N previously 

applied still remains in a relatively unstable form, and organic 

matter is building upon the soil surface. In addition, there is a large 

amount of N stored on the surface combined with C in a very low 

ratio. This suggests that a large amount of N could be released at 

some point in the future. When C:N ratios drop below 25:1, net N 

mineralization accelerates. A low C:N ratio, combined with a high 

soil pH, ensures that N will be converted to NO3°. Nitrate is very 

mobile, therefore potential for groundwater contamination is high 
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Table 3: Elemental content of the Virginia Fibre papermill sludge 
(average values for 6 years of analysis results supplied by Virginia 
Fibre Corporation) 

  

Parameter Concentration (mg/L) 

TKN 110 

TOC 1370 

Total P 41.5 

Ca 184 

Cd 0.03 

Cu 0.60 

Na 271 

Ni 0.87 

Mg 30.2 

Pb 0.022 

Zn 1.80 
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(Vogt, et al., 1981). 

After applying papermill sludge for six years, the existing 

wells on the land application site show no groundwater 

contamination. However, the vegetation on the site is changing. The 

dry-site tree species such as the predominant chestnut oak and 

Virginia pine are dying. The site is changing to wet site species, 

primarily herbaceous cover. This vegetation transition has been 

attributed to physical injury from the spray irrigation jets and the 

higher, continuous soil moisture levels (Torbert and Johnson, 1990). 

SOIL CHARACTERIZATION 

FIELD METHODS 

Soil samples were collected from the Virginia Fibre land 

application site in 1990 for initial soil characterization. Samples 

were taken from the 0-90 cm depth in 15 cm increments. Soil cores 

were taken from the A and B horizons for bulk density and soil water 

flow characterization. The bulk soil samples were air-dried, ground, 

and sieved through a 2-mm screen before analysis. Additional A- 

horizon soil was collected for soil column construction from areas 

having had six, two, and no years of prior sludge application. 

LABORATORY METHODS 

Particle size distribution, bulk density, soil porosity, and 

saturated hydraulic conductivity were determined on A and B horizon 

soil taken from the Virginia Fibre land application site. In addition, 

these soils were analyzed for pH, NH4+-N, NO3°-N, total Kjeldahl N, 

(TKN) and total C. 

Particle size distribution was determined by the hydrometer 

method. Organic matter in the A horizon was removed with hydrogen 

peroxide before particle size determination. Bulk density was 

determined by weighing the dry soil in a soil core of known volume. 

A tension table was used to determine the total porosity. Available 

soil water at wilting point was determined with a pressure 
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membrane technique (Richards, 1941, 1949). Field capacity was 

determined by pressure plate (Richards, 1949). Saturated hydraulic 

conductivity was determined using soil cores and a constant-head 

apparatus. 

Soil reaction was determined in the supernatant of a 1:2 

soil/water slurry with a pH electrode (McLean, 1982). Ammonium-N 

and NO37-N were determined colorimetrically (Technicon Industrial 

Systems, 1973a and b) in a 2 M KCI extract (Kenney and Nelson, 

1982). Total Kjeldahl N was determined by a modified micro- 

Kjeldahl digestion procedure (Bremner and Mulvaney, 1982) and 

analyzed by colormetric NH4+-N determination with a Technicon 

Autoanalyzer Il (Technicon Industrial Systems, 1973a). Total C was 

determined by dry combustion (Nelson and Sommers, 1982) using a 

Leco C analyzer. 

SOIL COLUMN METHODOLOGY FOR STUDYING CARBON AND 

NITROGEN DYNAMICS 

EXPERIMENTAL DESIGN AND TREATMENTS 

Specific treatment conditions were created in order to 

understand and predict the biological functioning of the soil/sludge 

system (Table 4). 

Treatment A, "Soil Age", refers to soil taken from areas having 

no previous papermill sludge applied (level 1), sludge applied for 2 

years (level 2), and sludge applied for 6 years (level 3). The purpose 

of this treatment was to predict when (if) the soil system reaches 

(reached) equilibrium. In other words, the number of years required 

for the decomposition rate to equal the application rate. 

Treatment B, "Wet/Dry Cycle", refers to the number of days in 

a row an application of papermill sludge was made, followed by the 

same number of days with no application. For example, level 1 

imposed a treatment of continual sludge application (no ‘off’ days), 

while level 3 would have 3 continual days of sludge application 

followed by 3 days of no sludge application. Due to the level 4 
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Table 4: Treatments for the soil columns 

  

  

Treatment Levels 
Conditions 2 3 4 # of Columns 

A. Soil age 2 6 6 
(Years) 

B. Wet/dry cycle 1 3 9 
(days off/on) 

36 (BxC) 
C. Applications/day 2 4 

(number) 

D. Carbon addition 7 3 
(no/yes) 
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wet/dry cycle treatment (9 days on/ 9 off), this experiment 

Operated on an 18 day cycle. The purpose of this treatment was to 

investigate the alternating of aerobic/anaerobic conditions to 

optimize all necessary biological processes. 

Treatment C, "Applications/Day", refers to the number of 

times the daily application was split-applied during a single day. 

For example, a 1.27 cm daily application was applied all at once 

(level 1), 0.64 cm twice per day (level 2), or 0.32 cm 4 times per day 

(level 3). The purpose of this treatment was to investigate the 

effect daily applications had on evaporation rate, amount of 

leaching, anaerobiosis, and denitrification. 

Treatment D, "Carbon Addition", refers to the addition of a 

simple sugar compound. The purpose of this treatment was to 

investigate the necessity and feasibility of adding supplemental C 

aS an energy source for denitrification in the event C is 

insufficiently supplied by the soil/sludge system. A 200 mg/L 

addition of glucose-C to the papermill sludge was used for the C 

addition, at an application rate of 0.64 cm of sludge 

twice/application day, every other day. 

Treatments and application rates are in Appendix A; the 

spreadsheet of the application rate schedule is in Appendix B. 

LUMN DESIGN AND CONSTR ION 

Soil column methodology was used to determine which set of 

application procedures would optimize critical C and N biological 

processes. Soil column studies in the laboratory provided the 

necessary control and manipulation opportunities that are not 

possible in field experiments. The soil column system used in this 

study is illustrated in figure 9. The A-horizon soils were dried, 

sieved through a 2-mm screen, and mixed (by volume) on a 1:1 

sand:soil basis before packing into PVC columns to an approximate 

bulk density of 1.5 g/cm3. Each column consisted of a 30.5 cm 

length of 7.6 cm diameter PVC pipe packed with 18 cm of the A 

horizon sand:soil mixture and a proportionate amount of O horizon 
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material., dependent upon the soil age. Soilg was constructed with 

10 cm of O horizon material., soil2 with 5 cm, soilo with 1.5 cm of 

leaf material., and the control was the same as soilo. The soil 

column was enclosed in a concentric chamber (10.2 cm diameter PVC 

pipe) which was capped on both ends for gas control (Figure 9). This 

control was necessary to measure C decomposition (CO2 evolution) 

and denitrification (N20) evolution. A 100 kPa porous plate at the 

bottom of the soil column allowed for adjustment of the soil water 

potential to simulate natural soil drainage in the field. Leachate 
was pulled through this plate with a continuous vacuum (33 kPa) and 
collected in flasks in the bottom of the incubation chamber (Figure 

10). Forty-eight soil columns were placed in the incubation chamber 

and were maintained at 30°C. The columns and chamber were 

designed to measure each of the biological processes illustrated in 

the process diagram in figure 3. 

COLUMN MONITORING 

Quantity of leachate from the soil columns was measured for 

each cycle (18 days based on the 9 days on/9 off wet/dry 

treatment). Sub-samples of each cycle's leachate was analyzed for 

NH4+t-N, NO37-N, and dissolved organic carbon (DOC). Leachate 

samples were analyzed for NH4+-N and NO3°-N with a Technicon 

Autoanalyzer Il (Technicon Industrial Systems, 1973a and b). DOC 

was analyzed with a Dohrmann Carbon Analyzer. 

To quantify decomposition activity, an index of net C 

mineralization rate was obtained. A modified procedure outlined by 

Anderson (1982) was followed. A 1 N NaOH trap was attached to 

each soil column. CO2-free air was pumped across the head space of 

the column and through the alkali trap. For each cycle, the alkali 

solutions were titrated with standardized HCI to determine the 

quantity of CO2 evolving from the soil column. 

Denitrification was measured by an acetylene inhibition 

technique (Ryden and Rolstone, 1983; Hauck, 1986). Acetylene 

inhibits N2O reductase activity, thus leaving N2O as the final 
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denitrification product. The amount of N2O produced by acetylene- 

inhibited incubation is an indirect measure of the total gaseous N 

produced by denitrification. Gas samples from the sealed soil 

column apparatus were analyzed by gas chromatography with a 63Ni 

electrode-capture detector and porapak Q. This denitrification 

measurement was repeated once each cycle, excluding the first 

cycle. 

lOT NTR 

Temperature 

Temperature affects the rate of soil biological processes. 

Therefore, it is necessary to maintain a known temperature to have 

consistent reaction rates. The soil incubation chamber was equipped 

with an electric baseboard heater and thermostat to maintain a 30°C 

temperature. Three axial fans were placed within the box to 

facilitate uniform heat distribution. This temperature is ideal for 

the soil biological processes measured in this experiment. 

Wet/Dry Cycling 

Sand/soil mix 

A small sub-study was conducted to determine the optimum 

sand:soil ratio for the soil columns (Figure 11). Based on the results 

of this study, soils were mixed (by volume) on a 1:1 sand:soil basis 

before installation into the soil columns. The columns were packed 

to an approximate bulk density of 1.5 g/cm3. These soil conditions 

provided a desired infiltration rate to simulate field conditions and 

to sustain the desired aerobic/anaerobic cycles within the soil 

columns for the wet/dry cycle treatments. 

Plate tension 

A 100 kPa porous plate at the bottom of the soil column 

allowed for the adjustment of the soil water potential to simulate 

natural drainage. Leachate was pulled through this plate with a 

continuous vacuum that was maintained at 33 kPa. 
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Monitoring 

For a continuous monitoring of the aerobic/anaerobic 

conditions of the soil column, a redox electrode was installed in 

each column. Platinum redox electrodes were constructed based on a 

method introduced by Mann and Stolzy (1972). The electrodes were 

installed at the 7 cm A horizon soil depth to approximate the 

average redox potential (oxidation-reduction potential) for the soil 

column. 

DATA ANALYSIS 

Each treatment combination was replicated three times to 

account for experimental error and to provide a statistically valid 

test for treatment effects. Treatment effects were tested using 

ANOVA and regression procedures in the Statistical Analysis System 

(SAS, 1985). Duncan's multiple range test was used to determine 

significant differences between sample means. 

Column data is presented on a ppm cycle"! basis (Table 7). The 

gaseous losses of C and N were measured by the methods outlined 

above and also calculated with a mass balance method. The mass 

balance calculations for the gas losses are presented in Tables 7 and 

8. Estimated field values (Table 8) were calculated based on the 

column data and corrected for the actual number of application days 

per year and average C and N concentrations in the papermill sludge. 
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RESULTS AND DISCUSSION 

SOIL BIOLOGICAL EQUILIBRIUM 

Before waste application begins in a mature forest, the 

soil/plant system is in relative equilibrium. When wastes are 

applied on a continuous basis, the soil/plant system goes through a 

transition, and with time, a new system equilibrium develops. The 

new system can be more productive if the soil/plant system can 

retain and cycle the nutrients and water in the waste. However, if 

the biology of the system collapses due to abiotic imbalances, there 

is no longer a biological system that is renovating the wastewater; 

the system becomes disfunctional. 

With respect to organic matter decomposition, if sludge 

application management results in a continual accumulation of 

organic matter without adequate decomposition, the system is out 

of balance and no longer fits the definition of a functional land 

application system (biologically disfunctional). An equilibrium 

represented by rate of decomposition equal to the amount of 

material applied must eventually be achieved. 

A build-up of organic matter occurred on the Virginia Fibre 

land application site with time (Figure 12). The O horizon of soil¢ 

has 8 times the amount of C than does the soilp that had not 

received papermill sludge applications (Figure 12). Soilg has a 10 

cm deep O horizon of primarily sludge material., while soilg has an O 

horizon that consists of a 1.5 cm build-up of natural leaf litter. The 

A horizon of soilg has 3 times the amount of C as does soilg (Figure 

12). Soil columns used in the lab experiment were built to simulate 

field soil conditions. 

The input of C to all soil column treatments was 8700 kg ha-1 

yr’ through the papermill sludge additions. Soilg lost 2030 kg ha- 

lyr-1 to CO2 evolution (Figure 13). This rate was 3 times that of 

SOilo and soil2 (Figure 13). This was primarily attributed to the 
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sludge application. The control was a soilg that received simulated 
rainfall throughout the experiment. (a =0.05) 
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greater accumulation of C on the older site (Figure 12), and a high 

rate of CO2 evolution per gram of organic C (Figure 14). As the C:N 

ratio decreased with increasing years of sludge application, the rate 

of CO2 evolution increased. Zibilske (1987) found total accumulated 

C evolved as CO2 significantly increased with addition of papermill 

sludge. However, C mineralization potential was reported to be 

proportional to the ease of decomposition of the O horizon (Zibilske, 

1987). Soilo had an O horizon of leaves and twigs that was easily 

decomposable relative to the papermill sludge, especially with the 

added water and N. Because decomposition is a function of the 

reactivity of the organic matter as well as the amount already 

present on the site, there was no distinguishable difference between 

the CO2 evolution from the soilp and soilz (both lost approximately 

600 kg ha"!yr-’ to CO2 evolution, Figure 13). The control was a soilo 

that received simulated rainfall throughout the experiment. Without 

the papermill sludge addition, the control lost only 260 kg ha-'yr-1 C 

to CO2 evolution. 

There are also large differences in the quantity of DOC in the 

leachate among soils having received sludge for different lengths of 

time (Figure 15). However, DOC was a small output in comparison to 

that of CO2, with losses of no greater than 150 kg ha-'yr1. Soil 

had the highest DOC output due to a very active microbial population 

attacking the readily-oxidizable plant material making up the O 

horizon (Figure 15). When sludge is applied to land, there is an 

initial flush of microbial activity (Boyle, 1990). As the plant 

material disappeared, and the soil began to build-up an O horizon of 

sludge material., the DOC output converged with that of soil2 and 

soil (Figure 16). This transition occurred in a very short time 

(within half a year). Soilg and soilg had very similar DOC outputs 

because their O horizon composition was very similar (Figure 15). 

The total C output (CO2 evolution + DOC in the leachate) for 

soilg was 2100 kg ha-!yr1. The C input from the papermill sludge on 

all sites was 8700 kg ha-'yr-1. Therefore, the soil/sludge system 

has not yet reached a decomposition equilibrium. However, if the 
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Figure 15: Difference in the quantity of dissolved organic carbon in 
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a SOilo that received simulated rainfall throughout the experiment. 
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(soil), and 6 (soilg) years, respectively, of papermill sludge 
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decomposition rates continue to follow a similar trend, it appears 

that an equilibrium will be attained after 13 years of application 

(Figure 17). The amount of C remaining after each subsequent year 

of papermill sludge application is decreasing with time (Figure 17). 

The approximate C output for soil2 was 675 kg ha-!yr-1, compared to 

2100 kg ha-'yr’ for soilg. Projected total C on the site at the new 

equilibrium is approximately 800,000 kg/ha. This is 8 times greater 

than the natural equilibrium level of 100,000 kg/ha prior to sludge 

application. 

Further evidence of an approaching equilibrium is shown by the 

output of CO2 per unit mass of organic soil C (Figure 14). Soilg had a 

higher rate of CO2 evolved/g of soil C in comparison to soils. Soils 

had a lower amount of CO2 evolved/g of soil C, which results in a 

higher accumulation rate on the site. As the C:N ratio decreased 

with increasing years of sludge application, the rate of CO2 

evolution increased. Therefore, even though soilg has such a large 

accumulation of soil C (Figure 12), the decomposition rate is greater 

(Figure 14), and the result is a trend toward equilibrium (Figure 17). 

Soil started out with a high ratio of CO2 evolved/g of soil C due to 

its readily-decomposable plant material., but the rate diminished 

through time (Figure 14). Due to the nutrient addition in the 

papermill sludge, the soilg line remains above the control line 

through time (Figure 14). 

Nitrogen is building-up in all horizons on the land application 

site as well as C (Figure 18). The soil TKN was 17,000 kg/ha in the 

O horizon and 5,500 kg/ha in the A horizon for soilg. For soil2, the A 

horizon TKN was 1,400 kg/ha. 

There were very high amounts of inorganic N in the leachate 

from the soil columns containing soil that received papermill sludge 

applications in the past (Figure 19). For soil2, the N output in the 

leachate was 67.4 kg ha!yr-!. Soilg had a N output of 143 kg ha 

yr! in the leachate. This rate of inorganic N output is higher than 

the typical N uptake rate by a mature forested ecosystem (Younos, 

1987). 
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Figure 19: Difference in the quantity of inorganic N in the leachate 
for three soils after 0 (soil), 2 (soil2), and 6 (soilg) years, 
respectively, of papermill sludge application. The control was a 
Soil that received simulated rainfall throughout the experiment. 
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Soilg had inorganic N leachate values similar to those of the 

control, even though the soilp received papermill sludge throughout 

the experiment (Figure 19). This shows that these soils sequestered 

the N (N was accumulating on the site). The C:N ratio in soil was 

80:1, which demonstrates that the N was being immobilized by 

micro-organisms. Cole et al. (1986) found the same phenomenon; 

that is, the N was removed by soil microorganisms for the first 

several years due to the high C:N ratios. 

As the amount of N sequestered in these soils decreased with 

time, the output of inorganic N increased with each year (Figure 19). 

Therefore, the amount of N remaining on the site was slowly 

decreasing with increasing site age (Figure 20). For soil2, the N 

output (N in the leachate plus denitrification gas loss) was 75 kg 

ha-lyr-1. For soilg, the N output was 175 kg ha-lyr-1 (Figure 20). 

If this trend of % N remaining decreasing with years of sludge 

application continues (which appears linear, Figure 20), the 

soil/sludge system should reach a decomposition equilibrium with 

respect to N mineralization by site age 30 (Figure 20). The amount 

of N on the land application site will continue to increase until this 

equilibrium is reached. Therefore, regardless of the soil age at 

which site equilibrium will be attained, at equilibrium there will be 

700 kg ha-'yr| inorganic N available for plant uptake, leaching or 

denitrification. Projected total N on the land application site at the 

new equilibrium is 50,000 kg/ha. This is 38 times greater than the 

initial equilibrium level of 1,300 kg/ha. 

Since the N equilibrium is lagging behind the C, it follows that 

the C:N ratio will decrease further through time. The estimated C:N 

ratio at system equilibrium will be 16:1 based upon the projected C 

and N levels at equilibrium. This ratio is consistent with other 

natural systems (Brady, 1990). 

A C:N ratio of less than 20:1 will result in net N mineralization 

(Larson and Schuman, 1977). Therefore, at site equilibrium, there 

will be 700 kg ha-lyr-1 inorganic N available for plant uptake, 

leaching or denitrification. If plant biomass is harvested off the 
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site, plant uptake can account for 75-350 kg N ha-!yr! (Table 5), 

dependent upon the vegetation (Younos, 1987). Since plant uptake is 

less than 700 kg ha-!yr-!, denitrification must be a maximum N 

liberation avenue since leaching of NO3--N can cause pollution 

problems (Vogt, 1981). However, denitrification requires anoxic 

soil conditions to occur. Since plant uptake is not currently an 

option on the Virginia Fibre land application site, and site conditions 

(soil properties, spatial constraints, redox potential) do not permit 

adequate denitrification, the inorganic N in the leachate will exceed 

the 10 mg N/L EPA standard after 5 years of papermill sludge 

application (Table 6); at the projected site equilibrium, the 

estimated concentration of inorganic N in the leachate is 62 ppm 

(Table 6). Therefore, the changes in the soil physical properties due 

to sludge application (and how these changes affect N 

transformations) are critical in evaluating whether the land 

application site can handle a N loading of 700 kg ha-!yr1. 

SLUDGE-MEDIATED CHANGES IN SOIL PHYSICAL PROPERTIES 

The physical properties of a soil (i.e., texture, bulk density, 

and pore space) can greatly affect its functional attributes (i.e. 

hydraulic conductivity, gas exchange, biological activity, etc.). 

Therefore, 'good' soil physical properties are important on land 

application sites receiving large volumes of water. 

The A-horizon soils taken from the three sites varied slightly 

in particle size distribution. Soilo and soilg had surface horizons 

with a loam texture. Soilo had a sandy clay loam texture. All B 

horizons had a clayey textural class with clay contents ranging from 

46 to 54 percent. 

Bulk density increased with years of sludge application (Figure 

21). The different bulk density among the soils suggested an effect 

due to the papermill sludge applications. The high bulk densities of 

the O horizon of soilz and soilg (0.94 and 0.98 g/cm3) were due to 
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Table 5: Nitrogen uptake rates for selected crops (Younos, 1987). 

  

Nitrogen uptake rates 
  

(kg ha-lyr-1) 
  

  

  

  

      
Orchardgrass 250-350 

Ryegrass 200-280 

Sweetclover 175 

Tall Fescue 150-325 

Sycamore Trees 50-100 
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Table 6: Inorganic N in the leachate assuming no plant biomass 
harvest 
  

  

  

  

  

  

      

kg ha-lyr-1 ppm a 

Control 6.0 0.63 

Site age O 14.0 1.5 

Site age 2 67.4 7.1 

Site age 6 143 15 

Projected 588 62 

Equilibrium >   
  

a calculated by: 

9 xo.s922- Ib 
ha x 

Ib ,454g ,1000mg , 4, mw Din, =f? —y gal 
ac yr Ib g 37.34acin 43560 #2 if ij$(7.48gal 3.8L 

based on 25 inches of effluent + 40.7 inches precipitation - 28.4 inches transpired 

Precipitation reported by the National Weather Service station at Lynchburg, VA. 
Evapotranspiration calculated using the Thomthwaite method (Thornthwaite and Mather, 
1957). 

b assumed a 16% denitrification rate (700 kg ha"! yr! x 0.84 = 588 kg ha! yr-1) 
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the sludge build-up on the soil surface (5 cm on soila and 10 cm on 
soilg). The higher A horizon bulk density on soil2 and soilg could be 
a result of soil deflocculation and structural collapse due to high 
amounts of sodium (Na) present in the sludge. There was also a 
trend of higher bulk density in the B horizons on soils with extended 
periods of sludge applications (Figure 21). 

There was a clear relationship between sludge application and 
a decrease in the non-capillary porosity of the soil (Figure 22). The 
A horizon of soilg had a non-capillary porosity of less than 10%; this 
is a level at which water movement and gas exchange is greatly 
restricted. The B horizon of soilg had an extremely low non- 

capillary porosity of 0.32% (Figure 23), which functionally restricts 
downward gravitational flow of water. Only 1.8% of the volumetric 
water content of the B horizon is plant available (Figure 24), which 
is another indication of the propensity of micropores holding water 

at potentials of less than -1500 kPa. 

These sludge-mediated changes in the physical character of 
the soil have greatly affected hydraulic conductivity. The 
conductivity of the clayey B horizon of most Piedmont soils is 
inherently low due to the soils’ fine texture, high bulk density, and 
coarse, blocky structure. The conductivity of the B horizon of soilp 
was 0.005 cm/hr (Figure 25). Soil2 was an order of magnitude less 
at 0.0005 cm/hr, and there was no measurable flow through the B 
horizon of soilg (Figure 25). 

Even more striking are the differences in conductivity of the A 
horizon among the three soils (Figure 25). Soilo, unaffected by 
Sludge, had a conductivity of 7.44 cm/hr. The conductivity of the A 
horizon of soilz was nearly an order of magnitude less (0.63 cm/hr). 
The A horizon conductivity of soilg was similar to what is typical of 

B horizons for Piedmont soils. 

This progressively decreasing conductivity associated with 
length of time of papermill sludge application is indicative of soil 

dispersion due to cation imbalance (i.e., high Na, average SAR of 4.9). 
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Figure 22: Porosity of the A horizon for three soils after O (soilo), 2 
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application. (a =0.05) 
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application. (a =0.05) 
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The consequence of such low conductivity levels is that added 

effluent does not percolate downward in the A horizon of the soil 

where it is subjected to biological renovation; instead, it drains 

down slope just under the O horizon and may emerge as seeps, or 

may flow off site as relatively non-renovated effluent. 

The O horizon of the soil is porous enough (bulk density of less 
than 1.0 g/cm) to allow the added effluent to percolate through the 
Surface organic matter. However, on the current sludge application 
sites, the A horizon soils are not permeable enough to allow 
percolation into the mineral soil at the application rate of 0.64 
cm/hr. In fact, on the site that has received sludge applications for 

6 years, only 4% of the incoming water can infiltrate the A horizon 
(infiltration rate is only 4% of the application rate); virtually no 

water can infiltrate the B horizon, due to the low conductivity. 
Redox potential shows more explicitly how the duration of 

sludge application influenced soil/water relations. The soils which 
had not received sludge until this experiment (soilo) remained 

marginally aerobic throughout the cycle; however, soilz and soilg 
both remained anaerobic during the cycle (Figure 26); soil2 
maintained a slightly higher redox potential than soilg. Redox 

potentials correlated well with the hydraulic conductivity data 

(Figure 25). These low redox potentials suggest that soil dispersion 
occurred as a result of papermill sludge application. This not only 
affects the ability for water to move through the soil profile, but 
also influences the N transformation processes of nitrification and 
denitrification. 
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MANIPULATION OF APPLICATION TIMING 

DECOMPOSITION AND MINERALIZATION (PROCESS 1) 

Carbon Dioxide Evolution 

COQ2 evolution was not significantly correlated with the length 
of the wet/dry cycle (Figure 27). However, there was a slight trend 
of increased CO2 evolution from soil columns with a greater cycle 
length (Table 7). Decomposition is an aerobic process. The daily 
application created conditions that were too wet for optimum 
decomposition to occur. Wet (saturated) conditions would be 
expected to have lower CO2 evolution rates due to less oxygen being 
present for the decomposition reaction. The heterotrophs that break 

down organic matter are sensitive to the aeration status of the soil 
(Reddy and Patrick, 1975). COz2 evolution is much reduced when the 

soil becomes anaerobic. The shorter cycling (every other day) 
created anaerobic conditions due to insufficient time for the soil 

columns to drain between applications. 

The average extrapolated field loss of C by CO2 evolution was 
2550 kg ha-lyr-! (Table 8). Splitting the applications within a day 

had no effect on decomposition (Table 7). 

Dissolved Organic Carbon in the Leachate 

The daily treatment had the lowest amount of DOC in the 

leachate (Table 7). Since DOC is a decomposition product, and 

decomposition is aerobic, it follows that the treatment that creates 
wet conditions would be expected to have lower DOC in the leachate. 
As wet/dry cycle length increased, there was a greater DOC output 
in the leachate, due to a greater number of continuous dry (no sludge 
application) days (Table 7). Dissolved organic C in the leachate was 
highly correlated with the length of the wet/dry cycle (Figure 28). 

However, there was no treatment effect due to split 

applications/day (Table 7). 
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Figure 27: Relationship between CO2 evolution and length of the 
wet/dry cycle. (wet/dry cycle refers to the number of successive 
days sludge was applied followed by the same number of days with 
no sludge application) 
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Table 7: C and N process response to wet/dry cycling and split 
applications within the soil columns. 

  

  

Trt Main Inorgan. NO3-N N20-N 

Effects CO2-C DOC N Inorg. N NO37-N N20-N NO37-N 

Wet/Dry@ = -----------—- ppm cycle"! --~—--- _—— ppm cycle! ppm cycle"! 

0/0 674a 68.7 c 30.6 c 0.91 b 27.8c 5.97 a 0.22 a 

1/1 677 a 74.1 b 36.0 b 0.97 a 34.9 b 5.44 a 0.16 a 

3/3 685 a 74.5b 37.6 b 0.96 a 36.1 ab 5.17 a 0.14 a 

9/9 687 a 80.6 a 41.3 a 0.98 a 40.5 a 4.744 0.12 a 

#of applb 

1 674a 73.7 a 34.0 b 0.93 a 31.6 b 5.43 a 0.17 a 

2 683 a 74.2 a 35.3 b 0.96 a 33.9 b 5.15 a 0.15 a 

4 686 a 75.5 a 40.1 a 0.98 a 39.3 a 5.40 a 0.14 a 
  

Within a main effect, values within a column followed by the same 
letter are statistically similar according to Duncan's multiple range 
test (a=0.05). 

4 number of successive days sludge applied/number of days no sludge application made 
b number of split applications per application day 
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Table 8: C and N process response to wet/dry cycling and split 
applications (Estimated Field Values). 

  

  

Trt Main Inorgan. NQ3°-N N20-N 
Effects CO2-C DOC N Inorg. N NO37-N N20-N NO37-N 

Wet/Dry4  -—-----——- kg halyr-1 ——-—--—-— kghalyr! kg havlyr! 

0/0 2530 a 84.5 c¢ 178 c 0.91 b 162 c 34.8 a 0.22 a 

1/1 2550 a 91.1b 214b 0.97 a 207b 32.3 a 0.16 a 

3/3 2590 a 91.5b 230 ab 0.96 a 221 ab 31.6 a 0.14 a 

9/9 2580 a 99.0a 249 a 0.98 a 244 a 28.5 a 0.12 a 

#of applb 

1 2540 a 90.6 a 206 b 0.93 a 192 b 33.0 a 0.17 a 

2 2570a 91.2a 206 b 0.96 a 198 b 30.1 a 0.15 a 

4 2580 a 92.7 a 241a 0.98 a 236a 32.3 a 0.14 a 
  Within a main effect, values within a column followed by the same 
letter are statistically similar according to Duncan's multiple range 
test (a=0.05). 

4 number of successive days sludge applied/number of days no sludge application made 
b number of split applications per application day 
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Figure 28: Relationship between DOC in the leachate and length of 
the wet/dry cycle. (wet/dry cycle refers to the number of 
successive days sludge was applied followed by the same number of 
days with no sludge application) 
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The average DOC output expected on the land application site is 
92 kg ha!yr! (Table 8). This is a relatively low C output in 
comparison to the C output by the evolution of COz. Therefore, DOC 

is not as critical as CO2 evolution in a land application site. 

Inorganic Nitrogen in the Leachate 

Inorganic N in the leachate ranged from 30.6 to 41.3 ppm 
cycle. The quantity of inorganic N in the leachate increased with 

an increase in the length of the wet/dry cycles (Table 7)(Figure 29). 
The every-day application had the lowest amount of inorganic N in 

the leachate (Table 7). This corresponded with the decomposition 

data. The 9 days on/9 off treatment had the largest amount of 
inorganic N in the leachate; this treatment created more favorable 

conditions for mineralization due to the long no-sludge-application 

part of the cycle. 

The quantity of inorganic N in the leachate increased with the 

number of split applications/day (Table 7). This was due to more 
mineralization in the most aerobic treatment condition. There were 
no significant differences between the 1 and 2 applications/day 

treatments. These treatments had larger pulses of sludge 

introduced, creating a more anaerobic condition, in comparison to 

the 4 split applications/day treatment. 

Since there was a significant interaction between the wet/dry 

cycles and split applications/day, the N leachate data was further 

analyzed by wet/dry and split combinations. The 4 split 

applications/day treatment had the highest amount of inorganic N in 

the leachate for all wet/dry cycles except for the 3 days on/3 off 

(Table 9). For minimal leaching of inorganic N past the rooting zone, 

the best application rate schedule would be a single application, 

every day (Table 9). 

On a field basis, the amount of inorganic N available to leave 

the soil rooting zone as leachate ranged from 178 to 250 kg ha! 

yr, with an average expected N output of 218 kg ha-!yr-! (Table 
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Figure 29: Relationship between inorganic N in the leachate and 
length of the wet/dry cycle. (wet/dry cycle refers to the number of 
successive days sludge was applied followed by the same number of 
days with no sludge application) 
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Table 9: Inorganic N in the leachate by wet/dry and split 
combinations 

  

  

  

          

Every Day | Every Other | 3 dayson/ | 9 days on/ 
day 3 off 9 off 

mennen een nee enn nee ppm cycle-! ------------------ 

1 appl/day 22.3C 37.1 b 32.9b 43.7 a 
2 appl/day 33.4 b 26.5C 47.7 a 33.8 b 
4 appl/day 37.1a 44.5a 32.3 b 46.5 a 
  Within a main effect, values within a column followed by the same 
letter are statistically similar according to Duncan's multiple range 
test (a=0.05). 
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8). This equates to approximately 23 ppm inorganic N available to 
leach past to soil rooting zone, unless it is taken up by vegetation. 

NITRIFICATION (PROCESS II 

Nitrification potential is expressed as the amount of NO3~-N 
divided by the total inorganic N in the leachate. A value of 1.0 
means that 100% of the inorganic N was nitrified. A high percentage 
of the inorganic N nitrified (Table 7). This is good in one regard. For 
N to be denitrified, it must first be converted to NO3"-N. However 
when too much nitrification occurs compared to denitrification, then 
there is excess N available that will be leached through the soil 
profile if not taken up by the vegetation. All split wet/dry 
treatments had between 96 to 98 percent nitrification (Table 7). 
The every day treatment was significantly lower at 91% 
nitrification (Table 7). Nitrification potential was correlated with 
the length of the wet/dry cycle (Figure 30). There were no 
significant differences in nitrification rates with respect to the 
number of split applications/day (Table 7). 

With greater than 90% nitrification, there are bound to be 
significant quantities of NO3~ in the leachate, unless the 
denitrification process can utilize this NO3~. Nitrate is very mobile 
within the soil profile; therefore the potential for groundwater 
contamination is high. Leaching of NO3--N has been identified by 
many researchers as the limiting factor for application of both 
municipal and industrial sludge applications (Henry and Cole, 1983; 
Henry and Harrison, 1991; Hook and Kardos, 1978; Lance and Whisler, 
1972; Sommers, 1980; Sopper and Kardos, 1972; Vogt et al., 1981). 

DENITRIFICATION (PROCESS Iil) 

There was a good correlation with the anaerobic 
denitrification and aerobic C and N mineralization processes. 
Denitrification was lowest with the every day treatment and 
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Figure 30: Relationship between nitrification rate and length of the 
wet/dry cycle. (wet/dry cycle refers to the number of successive 
days sludge was applied followed by the same number of days with 
no sludge application) 
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increased with the number of days on/off (Table 7). CO2 evolution 
and DOC and inorganic N in the leachate showed the exact opposite 
trend (Table 7). Redox values for the different treatments indicate 
that soil conditions were favorable (anaerobic) for denitrification to 
occur (Figure 31). Some cycling of redox potential is evident in the 
9 days on/9 off and 3 days on/3 off treatments (Figure 31). This 
reinforces the contention that the shorter cycling (every day and 
every other day treatments) created continuous anaerobic conditions 
due to insufficient time for the soil columns to drain between 
applications; the 9 days on/9 off treatment created a cycling of 
aerobic and anaerobic conditions within the soil column through 
time (Figure 31). 

Neither wet/dry cycling or split applications had a significant 
effect on denitrification ata =0.05 (Table 7). However, by 

regression analysis, there was a significant correlation between 
N20 evolution and the length of the wet/dry cycle. As the number of 
continuous dry days increased, the amount of N2O evolved decreased 
(Figure 32). Average loss of N due to denitrification was 5.3 ppm 
N2O-N cycle-! (Table 7). 

The extent of denitrification is expressed as the amount of 
N2O-N evolution divided by the NO37-N content in the leachate. A 
value of 1.0 means that 100% of the NO37-N was denitrified. By 
mass balance approach, there was an average denitrification rate of 
16% (Table 7). This is a low rate of denitrification considering the 
amount of N and water that is applied to the land application site. 
This low rate could be because of a low amount of available C, but 
this is unlikely considering the high amounts of C in the papermill 
sludge. Another explanation is that there is a two phase soil system 
on the land application site. The O horizon remains aerobic, while 
the anaerobic conditions needed for denitrification only occur lower 
in the soil profile. The NO3~ either does not infiltrate this 

anaerobic zone because of the low infiltration rates that have 
developed as a result of the papermill sludge applications (Figure 
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25), or moves quickly past the most biologically active zone in the 
soil column. Although the difference in denitrification rates was 
not significant between treatments (Table 7), there was a clear 
trend of a decreased denitrification rate with an increase in the 
number of days on/off. By regression analysis, there was a 
correlation between denitrification rate and the length of the 
wet/dry cycle. As the number of continuous dry days increased, the 
amount of N20 evolved decreased (Figure 33). 

The average estimated loss of N from the land application site 
by the denitrification process is 31.8 kg ha-!yr-1 (Table 8). A 62- 
year-old red pine (Pinus resinosa ) plantation with no fertilization 
lost 0.07 kg N ha-lyr-1 by denitrification; with a 150 kg N 
fertilization treatment, this red pine (Pinus resinosa ) forest lost 

0.35 kg N ha-'yr-1 by denitrification (Bowden et al., 1991). A 
fertilized pasture lost 2.2 kg N ha-!yr1 by denitrification (Mosier 
et al., 1991). Therefore, the losses of N by denitrification on the 

Virginia Fibre site are relatively high, but at rate of only 16% this 
flux is not be substantial enough to alleviate the excess N. 

CARBON AND THE DENITRIFICATION PROCESS 

An addition of glucose-C at a rate of 200 mg/L in the every 
other day treatment resulted in a 40% decrease in denitrification 
rate. Without the C addition, the denitrification rate was 32.1 kg 
ha-lyr-1; with the C addition, the denitrification rate was 19.5 kg 
ha-lyr-1. This was due to partial aerobic conditions and a 
phenomena called the priming effect. Studies by Lohnis in 1926 
concluded that the addition of fresh plant material., which was high 
in readily available energy, stimulated mineralization of indigenous 

soil organic C and N. This stimulating effect of added energy 

material on soil organic matter is called the priming effect (Jansson 
and Persson, 1982). Therefore, the added glucose-C stimulated the 

78



y = 14.518 + -1.0344*LOG(x) R42 = 0.595 
Hr 
  

  

        

aw 

z 
© 20+ 

3 

Cc 

2 
@ 
2 

= 15 
= @ 
oe 
Qa 

Oo 

0 1 3 5 7 9 

Wet/dry Cycle 

Figure 33: Relationship between denitrification rate and length of 
the wet/dry cycle. (wet/dry cycle refers to the number of 
successive days sludge was applied followed by the same number of 
days with no sludge application) 
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heterotrophs (since the soil system was aerobic in the O horizon) 

and additional CO2 was evolved as the organic matter was 

mineralized. COz evolution without the C addition was 2550 kg 

ha-lyr!, while with the C addition, CO2 evolution was 2840 kg 

ha-lyr-1. Since there was an increase in organic matter 

decomposition due to the priming effect, there was a decrease in 

leaching of soluble organic C to the anaerobic sites for 

denitrification. Therefore, with less available C for denitrification, 

there was a decrease in the denitrification rate. 

Many authors have found that an increase in available C will 

increase denitrification (Bouwer et al., 1974; Lance and Whisler, 

1972; Lance et al., 1976; Gilbert et al., 1979). However, in this 

study, the quantity of C added was not sufficient to have excess 

available C available for the denitrification process. 
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CONCLUSIONS 

When effluent inputs of C and N equal outputs from 

mineralization, nitrification, and denitrification, the soil/sludge 

system will have reached a new biological equilibrium. The column 
study showed that the soil/sludge system has not yet reached a new 
equilibrium; C and N are accumulating on the land application site, 
but at a decreasing rate. Based on this study, C accumulation will 
level out by age 13, but N will accumulate for almost 30 years. The 
output of N is expected to increase with time. This increase is due 

to high amounts of N in the papermill sludge, a narrowing of the C:N 
ratio with time, a high percentage of nitrification that converts the 
N to the mobile form of NO37-N, and low denitrification rates. 

Clearly, the papermill sludge applications to this Piedmont 

soil have induced changes in the soil's physical properties. The daily 
applications of papermill sludge have changed the bulk density, 
porosity, and hydraulic conductivity of the soil. The bulk density 

increased in both the A and B horizons. The percentage of non- 

capillary porosity fell below 10% in the A horizon and approached 
zero in the B horizon. There was a dramatic decrease in the soil's 
hydraulic conductivity in both the A and B horizons with increasing 

years of sludge application. This decrease in conductivity is 

probably due to the loss of soil porosity associated with soil 

structure loss. High Na contents in effluent usually disperse soil 

aggregates which reduces conductivity. The decrease in hydraulic 

conductivity will cause the site to be wetter, which was 

demonstrated by the redox potential data in the soil columns. Over 

time this could lead to a complete conversion to hydric vegetation 

on the site. In addition, horizontal channels between the O and A 

horizons may form and create new seeps or springs in 

accommodating landscape positions. The emergence of these seeps 

or springs can lead to off-site pollution problems. 
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The C decomposition and N mineralization processes were both 

optimized with an increase in the length of cycle. The average 
extrapolated field loss of C by CO2 evolution was 2550 kg ha-lyr1. 
The average DOC output expected on the land application site is 92 

kg ha-lyr-1. N mineralization was greatly enhanced during the long 
dry periods, with an average expected N output of 218 kg ha-lyr1. 
This equates to approximately 23 ppm inorganic N available to leach 
past the soil rooting zone, unless it is taken up by vegetation. This 
uptake is only of benefit to the operation of the land application site 
if the plants are harvested off the site. The nitrification potential 

also increased with the length of cycling, with an average 

nitrification rate of 96%. 

By varying the timing of sludge addition, it was hoped that the 
denitrification process could have been accelerated in order to 

dissipate the inorganic N produced by mineralization and 

nitrification. Oxidation-reduction measurements did show that by 
varying the timing of the sludge additions, aerobic/anaerobic cycles 
can be created in the A horizon. However, the deep O horizon that 

develops from the sludge additions stays aerobic regardless of 

treatment. Therefore, the nitrification process is very active in the 

O horizon, but denitrification cannot be increased significantly. At 
an average application rate of 0.64 cm/day, in various combinations 
of wet/dry cycles, denitrification only accounted for 16% of the 
nitrate produced. Therefore, the denitrification process cannot be 

relied upon to help dissipate the excess N. 

Since the surface O horizon does stay aerobic, the addition of a 

readily available C source stimulated the mineralization of soil 

organic C and N rather than enhancing the denitrification rate. 
Therefore, the addition of glucose-C to the sludge resulted in a 

decreased denitrification rate and increased CO2-C evolution. 

In conclusion, N is a very transient element and is a potential 

pollutant. This pollution potential will increase through time since 

the output is increasing each year due to the narrowing of the C:N 

ratio. Varying the timing of sludge application does not provide a 
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substantial enough change in the aerobic/anaerobic conditions to 

enhance denitrification to appreciable levels without also enhancing 

nitrification. Therefore, wastewater renovation will ultimately 

depend upon the sequestering of added N by plant uptake and harvest 

rather than via denitrification. 
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RECOMMENDATIONS 

The successful renovation of wastewater on land depends on 
the soil-plant system's ability to safely sequester or dissipate 
excess nutrients and contaminants. At aN loading of 700 kg ha-1 
yr', the Virginia Fibre land application site is unable to safely 
sequester or dissipate the N. Based on this study, by site age 5 the 
concentration of inorganic N in the leachate will be above the EPA 

drinking water standard of 10 mg/L (Table 6). This is assuming no 
plant uptake and harvest; plant biomass harvest is not currently part 
of the management practice on this site. Based on this study, N will 
not reach an input-output equilibrium until close to site age 30. The 
N output will increase through time until equilibrium, at which point 
the N output will equal the N input of 700 kg ha-lyr-1. At the 
projected equilibrium point, the estimated inorganic N in the 

leachate will be 62 ppm (based on a 16% denitrification rate). 

Whether or not the denitrification rate can be increased to 
levels beyond that exhibited in this soil column study should be 

investigated further. By studying the changes in the physical 

properties of the soil mediated by continuous papermill sludge 
application, it is evident that after 6 years of sludge application the 

effluent is no longer able to adequately infiltrate the A horizon. In 

this upland soil, the A horizon is where conditions are most 

favorable for denitrification. Studies on land application of 

wastewater in New Zealand showed that rather than relying on 

nitrification and denitrification to both occur in upland soils (either 

at the microsite scale or temporally by wetting and drying cycles), 

one should rely on the upland soils for nitrification to supply the 

nitrate to sustain high denitrification rates in downslope positions 

(riparian zones) (Schipper et al., 1992). Therefore, Virginia Fibre 

should consider management of these drainage positions for 

denitrification (possibly constructed wetlands). 
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The dramatic decrease in hydraulic conductivity that was seen 
with increasing years of sludge application was most likely due to 

the high sodium in the papermill sludge. To help alleviate this 

decrease in conductivity, a gypsum addition should be considered for 
incorporation into the soil on a yearly basis. 

The C decomposition and N mineralization processes were both 

optimized with an increase in the length of cycle (9 days on/9 off). 
By applying the papermill sludge on this schedule, the C and N 
equilibrium could possibly be attained at an earlier site age. 
However, denitrification was minimized with a 9 days on/9 off 
application schedule. 

An addition of available C did not enhance denitrification; 

rather, the glucose-C addition resulted in an enhanced 

mineralization of C and N. Therefore, no glucose-C addition is 

recommended. 

Ultimately, the N loading rate will need to be based on plant 

uptake and removal (by biomass harvest and denitrification). 

Considering the management practices that will be implemented on 

the Virginia Fibre land application site in the future, the N loading 

rate should be re-evaluated and adjusted accordingly. 
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SUMMARY 

successful systems have been developed for renovating wastes 
and wastewater using land systems (Nutter, 1986). A successful 

land application system is one that operates in a way that maintains 

a viable vegetative system, is no threat to the on- or off-site 

environment, and serves the needs of the Company. A properly 

functioning land application site depends on the optimization of 

several key biological processes. 

When effluent inputs of C and N equal outputs from 

mineralization, nitrification, and denitrification, the soil/sludge 

system will have reached a new biological equilibrium. Virginia 

Fibre's soil/sludge system has not yet reached a biological 

equilibrium; C and N are accumulating on the land application site, 

but at a decreasing rate. Based on this study, C accumulation will 

level out by age 7, but N will accumulate at a slow rate for the 

foreseeable future. The output of N is expected to increase with 

time. This increase is due to high amounts of N in the papermill 

sludge, a narrowing of the C:N ratio with time, a high percentage of 

nitrification that converts the N to the mobile form of NO37-N, and 

low denitrification rates. 

On the Virginia Fibre land application site, the daily 

applications of papermill sludge have changed the bulk density, 

porosity, and hydraulic conductivity of the soil. The bulk density has 

increased in both the A and B horizons. The percentage of non- 

capillary porosity has fallen below 10% in the A horizon and 

approaches zero in the B horizon. There has been a dramatic 

decrease in the soil's hydraulic conductivity in both the A and B 

horizons with increasing years of sludge application. This decrease 

in conductivity is probably due to the loss of soil porosity 

associated with soil structure. High Na contents in effluent usually 

disperse soil aggregates which dramatically reduce conductivity. 
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This could lead to surface seeps on some land forms and interfere 
with aerobic soil processes and overall site management. 

By varying the timing of sludge addition, it was hoped that the 

denitrification process could have been accelerated in order to 

dissipate the inorganic N produced. Oxidation-reduction 
measurements did show that by varying the timing of the sludge 
additions, aerobic/anaerobic cycles can be created in the A horizon. 

However, the deep O horizon that develops from the sludge additions 

stays aerobic regardless of treatment. Therefore, the nitrification 

process is very active in the O horizon, but denitrification cannot be 
increased significantly. At an average application rate of 0.64 cm 

per day, in various combinations of wet/dry cycles, denitrification 

only accounted for 16% of the NO37-N produced. Therefore, the 

denitrification process cannot be relied upon as a large output of the 

excess N. However, at the current site age and condition, the 

biological system seems to be functioning properly, as long as the 

majority of the estimated 209 kg ha-!yr-1 NO37-N available for 

uptake or leaching is taken up, sequestered, and biomass harvested. 

Since the surface O horizon does stay aerobic, the addition of a 

readily available C source stimulated the mineralization of soil 

organic C and N rather than enhancing the denitrification rate. 

In conclusion, this study suggests that at the given application 

rate of 700 kg ha-!yr-1 , the soil/plant system cannot retain and 

cycle this continual application of papermill sludge. The N will 

continue to accumulate on the site for years to come, but at a 

decreasing rate. This means that the N outputs will increase with 

time as the C:N ratio decreases. Varying the timing of sludge 

application does not provide a substantial enough change in the 

aerobic/anaerobic conditions to enhance denitrification to 

appreciable levels without also enhancing nitrification. The amount 

of mineral N produced will not be within the uptake requirements of 

actively growing pasture grasses or woody biomass plantations in 

years to come. At the given application rate, biomass harvest, 

combined with attempts to substantially increase denitrification 
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(possible within the riparian zones), appears to be the only viable 

way to ensure system success in perpetuity. A decrease in the 

annual application rate should be considered. 
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APPENDIX A: 

Summary of treatment codes and application rates. 
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treatment 

A1B2C2D1 

A2B2C2D1 

A3B2C2D 1 

A3B1C1D1 

A3B1C2D1 

A3B1C3D1 

A3B2C1D1 

A3B2C3D1 

A3B3C1D1 

A3B3C2D1 

A3B3C3D1 

A3B4C1D1 

A3B4C2D1 

A3B4C3D1 

A3B2C2D2 

CONTROL 

age 

age 0 soils 

age 2 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 Soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 

age 6 soils 
Carbon addition 

age O soils 
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rate 

0.64 cm 2x 

every other day 
0.64 cm 2x 

every other day 
0.64 cm 2x 

every other day 
0.64 cm 

every day 
0.32 cm 2x 
every day 
0.16 cm 4x 
every day 
1.27 cm 

every other day 
0.32 cm 4x 

every other day 
1.27 cm 

3 days on/3 off 
0.64 cm 2x 

3 days on/3 off 
0.32 cm 4x 

3 days on/3 off 
1.27 cm 

9 days on/9 off 
0.64 cm 2x 

9 days on/9 off 
0.32 cm 4x 

9 days on/9 off 
0.64 cm 2x 

every other day 
5.37 cm 

every 6 days 

6,11,46 

14,37,45 

16,24,41 

10,18,38 

1,44,48 

9,34,47 

29,31,36 

20,40,42 

9,15,43 

2,22,30 

4,35,39 

3,13,26 

19,23,27 

8,25,33 

7,17,21 

12,28,32



APPENDIX B 

Spreadsheet of application rates for each soil column. 
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12a - 7.25mi : =" 
12b - 7.25mi 4.5m 
12¢ - 7.25mi (= 
12d i - 7Z.2oml 145ml 
3a i=) 725m f= 
13b 29m 7.25mi 145ml” 
I3e : - : 725m FC ep 
sd 29m 7.25mi 14:5ml 

14a - 7.25mi) 2 = | 
146 - 7.25mi 14:5mi" 
4G: 7.25mi 2 
14d - 7.25mi 145ml 
15a - 725m 2 
15b 229ml: 7.25mi 145ml” 
den FAS 
15d 29m: 7.25mi 14.5mp 
16a - 7.25mi) pe 

“166 7.25m| 4.5m 
16¢ - 7.29mi fp 
16d - 7.25mi 14.5ml ~ 
17a - 7.25mi 2p 
17b 29m: 7.25mi 14.5m 
17¢ - 7.25mM De 
17d 29 mE 7.25mi 145m — 
18a - 7.2oml : = 
ABB 7.25mi 145ml 
Be 725 mn 

18d: - 7.25mi 145ml 
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