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SUMMARY 

Six test cells were constructed in 1973 at the U.S. Army Cold Regions Research and 
Engineering Laboratory to investigate slow infiltration land treatment as a viable alterna
tive to conventional advanced wastewater treatment. This report describes the research 
facilities and summarizes. the water quality data obtained from operation of the research 
facility over the period June 1974-May 1975. 

The large scale, outdoor test cells were constructed of reinforced concrete and are 
8.5 m square by 1.5 m deep. Cells 1-3 were filled with Windsor sandy loam soil and 
Cells 4-6 with Charlton silt loam. Sewage was obtained from a nearby housing com
munity and subsequently given conventional primary or secondary treatment, disinfected 
with ozone, and applied by spray irrigation to the test cells. Cells 1 and 6 received 5 cm 
of secondary effluent per week. Cell 2 received 15 cm of secondary effluent per week. 
Routinely, up to 17 water quality parameters were monitored in the applied wastewater, 

in soil solution at two depths, and in the test cell percolates. 

The data obtained over this period indicated that the quality of the applied primary 
and secondary wastewater was representative of some types of municipal treatment 
plants. Some seasonal variation in the constituents of the applied wastewater such as 
nitrogen, suspended solids and chloride was observed. Extended aeration secondary 

treatment resulted in significant reductions in the levels of BOD, fecal coliform and to 
a lesser extent, organic carbon, while leaving other wastewater constituents including 
suspended solids and the nitrogen forms either unchanged or slightly increased. 

Nitrogen was applied to the test cells primarily in the ammonium form, which ac
counted for more than 85% of the total N applied. Total nitrogen in the primary and 
secondary wastewater applied to the cells was 26.0 and 26.9 mg N/l respectively. The 
amount of nitrogen applied to the test cells over the course of the year ranged from 628 
to 2055 kg N/ha. Analysis of soil solution with depth indicated that NH4 -N was almost 
totally transformed to N03 -N in the top 45 cm of soil. Most of the nitrogen in cell per
colates was in the form of N03 except during winter when the cells containing Windsor 
soil leached measurable amounts of NH4 -N. Nitrate in the test cell percolates showed 
a seasonal trend with a peak of high concentration appearing in early summer. Up to 
125 mg/l N03-N was found during the peak season. Generally, with the exception of 
Cell 2, where 15 cm/wk of wastewater was applied, the percolates contained less than 

10 mg/l of N03-N. 

A nitrogen budget was calculated for the test cells. Uptake of nitrogen by the for

ages ranged from 341 to 542 kg N/ha yr. This formed 26-54% of the total N applied 

during the year. The N that was "unaccounted for" in the budget accounted for 5-28% 

of the total N applied to the cells and was 10-50% of that removed by the forages. 

The annual average concentrations of total P in the applied primary and secondary 
wastewater were 7.0 ± 2.2 and 7.1 ± 2.2 mg/l respectively. The removal of phosphorus 

was greater than 99% in all test cells. Phosphorus was confined to the top 30 cm of 

soil and showed very little movement in the profile. 
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Mean annual values for BOD in the primary and secondary effluents applied to the 
cells were 101 and 36 ppm respectively. In the cell percolates the BOD ranged from 
1-2 ppm. Organic carbon was 56 and 44 mg/l in the applied primary and secondary 
wastewater while the percolates contained less than 10 mg/l during most of the year. 

Suspended solids over the year ranged from 6 to 1500 mg/l in the applied primary 
and secondary wastewater with a mean value of around 100 mg/l for both. Removal 
of total suspended solids was essentially complete over the period of the investigation. 

Fecal coliform was applied to the test cells in the primary and secondary waste
water. The amounts were 2.4x lOs and 5.7x 103 coliform/l 00 ml for the primary and 
secondary effluents respectively. Removal of the coliform was essentially complete with 
less than I coliform/lOO ml in the percolate. 

With the exception of Cell 5, potassium and chloride concentrations in the percolates, 
on a yearly average, were less than the applied concentrations. Potassium ranged from 
5.4 to 6.7 mg/l compared to 7.2 to 8.4 mg/l in the applied effluents and chloride from 
22 to 27 mg/l compared to 35 to 38 mg/I. Removal of K and CI was due mainly to vege
tative uptake and sorption on soil components. pH values in the percolates were slightly 

lower than in the applicants except for Cell 5. Anomalies in the data from Cell 5 are 
thought to be due to problems in construction of this cell. 
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WASTEWATER RENOVATION BY A PROTOTYPE 
SLOW INFILTRATION LAND TREATMENT SYSTEM 

I.K. Iskandar, R.S. Sletten, 
D.C. Leggett and T.F. Jenkins 

INTRODUCTION 

Treatment and disposal of municipal wastewater has become one of the world's major environ
mental concerns. During 1972, the United States alone produced approximately 360 million m3 

(94 billion gallons) of municipal wastewater each day (Sopper 1973). Discharging raw or only par
tially treated wastewater into our natural water resources has in many cases resulted in eutrophica
tion oflakes, rivers, estuaries and other natural waters (Lee 1970). The immediate consequences 
of eutrophication are serious deterioration in the quality of our water resources as a result of exces
sive growth of algae and higher plant life. Also, discharge of toxic materials in raw or partially 
treated waste from industrial and municipal plants into the aquatic ecosystem has resulted in ac
cumulation of potentially toxic substances in the food chain (Irukayama 1966, Lofroth 1969). 

Sewage treatment plants have been and continue to be the most popular means for treatment 
of wastewater. These facilities are costly to construct and maintain and have had significant finan
cial impact on government at both the municipal and federal levels. 

In 1972, the Federal Water Pollution Control Act Amendments (PL92-500) established two na
tional goals for restoring and maintaining the chemical, physical and biological integrity of the na

tion's waters: 

1. It is a national goal that the discharge of pollutants into the navigable waters be 
eliminated by 1985. 

2. It is a national goal that wherever attainable an interim goal of water quality which 
provides for the protection and propagation of fish, shellfish, and wildlife and provides for 
recreation in and on the water be achieved by 1 July 1983. 

It is apparent that wastewater reclamation by conventional sewage treatment plants is not ade
quate to achieve such objectives. Two alternatives have been proposed for wastewater treatment. 
One approach is to use an advanced waste treatment step. Many treatment plants have already ad
ded such processes as filtration through carbon and precipitation with lime to remove pollutants 
from wastewater (Culp and Culp 1971). Building and operating these facilities, however, will in 
many cases have an additional financial impact. The other proposed alternative is land treatment 
of wastewater. 

The term land application includes both land disposal and land treatment, which are not the 
same. In disposal, the land serves only as the final disposal medium for effluent and is analogous 
to surface waters receiving the final discharge from a treatment plant. Land treatment, in contrast, 
is part of a total treatment sequence in which the receiving land is a unit process in the sequence 
and the soil, vegetation and other ecosystem components are contributing elements in the unit pro
cess (Reed et al. 1975). This distinction between treatment and disposal has only recently been 
emphasized and in much of the early literature the terms were used interchangeably. 



Many municipalities in various parts of the world have used land application of wastewater for 
many years (EPA 1973). Generally, most of these systems have been oriented toward land disposal. 

In 1972, a multidisciplinary team from the U.S. Army Cold Regions Research and Engineering Lab· 

oratory was created with the goals of assessing, understanding and optimizing land treatment pro

cesses. CRREL Special Report 171 contains a thorough review of the physical, chemical and bio
logical interactions involved in land application of wastewater (Reed et al. 1972). 

Land treatment may be further subdivided into three types according to mode and rate of appli

cation, soil type, vegetative cover and slope. These are slow infiltration (SI), rapid infiltration (RI), 

and overland flow (OF). The various techniques differ principally in hydraulic loading rate, site 
adaptability (including climatic constraints), and ecosystem components used in the renovation 

process. The different techniques can be used to produce renovated water of varying quality, or 
intermediate variations and combinations of techniques can be configured to satisfy overall objectives. 

The rapid infiltration system utilizes coarse-textured soils and application rates averaging 10 to 

250 cm per week (Satterwhite et aI., in prep., Bouwer et al. 1973). Wastewater is usually applied 

by basin flooding, with renovation occurring mainly by physical, chemical and microbiological pro

cesses as the water passes through a relatively deep soil column. Vegetation is not normally a com

ponent in the RI system. 

Overland flow is mainly a biological treatment process in which wastewater is applied on a slop

ing, grass-covered soil of low permeability at a rate of 5 to 15 cm per week, and recovered in collec

tion ditches or terraces at the base of the slope for further treatment, reuse or discharge. Renova

tion is accomplished by physical, chemical and biological mechanisms as the wastewater flows down 

the slope in a thin sheet. 

The slow infiltration system is the land treatment technique with the most potential use today. 

Wastewater is applied in an agricultural or forested setting by either spraying or flooding techniques. 

The applied wastewater is treated by physical, chemical and biological means as it moves through 

the soil column. In this case, vegetative cover is an integral component in the treatment system, 

particularly for the removal of nitrogen from the applied wastewater. 

There is a significant lack of information in the literature regarding percolate water quality from 
existing land treatment facilities. The purpose of this report is to discuss 1) the seasonal variations 
in water quality of percolate from several prototype slow infiltration land treatment systems; 2) the 
implications of these data for year-round application of wastewater by slow infiltration; 3) the fac
tors which should be considered in design and management of a working land treatment system; 
and 4) the need for further research. Supplemental reports on the changes in soil chemical charac
teristics, heavy metal uptake by soils and forages, and growth of forages in response to applied N 
and P are in preparation (Iskandar 1976, Iskandar in prep., Palazzo in prep.). 

MATERIALS AND METHODS 

Experimental facilities 

The CRREL Land Treatment Research Facility was designed to investigate the slow infiltration 

mode of land treatment and consists of the following major components shown in Figure 1: a) six 

large-scale outdoor test cells containing two different soil types, Windsor sand loam and Charlton 

silt loam; b) conventional pre-application treatment processes to produce both primary and second

ary treated effluents; c) the capability for routine on-line disinfection with ozone prior to land 

application; d) the capability to add desired materials to the raw wastewater to simulate industrial 

contributions; and 3) a greenhouse for year-round experiments using lysimeters and pots. Ozone 
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Figure 1. CRREL outdoor land treatment research facility. 

was used rather than chlorine to eliminate potential problems associated with chlorine residuals. 
The effect of using chlorine as a disinfectant in land treatment is being addressed in current research 
at CRREL. The following is a description of the facilities used in obtaining, treating, and applying 
wastewater to the test cells, a review of the history and use of these test cells, and a description of 
the method used to obtain the renovated percolate. 

As shown in Figure 1, raw sewage from a small housing development near CRREL is taken from 
a gravity sewer main at a rate of 15.14 m3 /day (4000 gal/day). The sewage from the housing develop
ment is totally domestic and contains high concentrations of nitrogen and BOD. Therefore, tap 
water is added to the raw sewage through a manhole adjacent to the test facilities at the rate of 
4.54 liters/min (1.2 gal/min) to reduce nitrogen concentrations to values more typical of average 
domestic wastewater (Metcalf and Eddy 1972). The diluted raw sewage is pumped directly into 
the primary clarifier by an automatically timed submersible pump inside the manhole. The timer 
actuates the pump for approximately 30 seconds once every 5 minutes for 15 hours during the day 
and every 10 minutes for the remaining 9 hours during tne night when flows are typically lower. 
The primary clarifier is a circular wood stave tank with a design detention time of four hours. 
Mounted on top of the primary clarifier is an enclosure containing a peristaltic pump and several 
containers used to dose the primary influent with up to seven different constituents such as heavy 
metals to simulate an industrial component in the raw wastewater. The primary effluent flows 
into a splitter box containing two separate compartments and V-notch weirs to evenly divide the 
flow. One half of the primary effluent is disinfected and stored prior to application on the test 
cells. The remaining 7.57 m3 /day is given secondary treatment prior to disinfection and storage. 
Also primary sludge is added to the secondary treatment unit since it was designed to treat screened 
raw sewage. 

Secondary treatment is provided by a commercial extended-aeration package plant manufactured 
by Aer-O-Flo Corporation of Florence, Kentucky. The design flow was 7.6 m3 /day with an aeration 

chamber design retention time of 24 hours. Extended aeration (Fig. 2) is a variation of the widely 

used activated sludge biological treatment process (Nicoll 1971). In the CRREL package plant, 
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essentially raw sewage (primary effluent plus primary sludge) is mixed with activated sludge in the 
aeration zone and supplied with air through coarse-bubble diffusers. The air blower is controlled 

by a time clock to cycle on and off according to a preset schedule. After aeration, the mixed liquor 
in the aeration zone passes into the clarifier where the activated sludge is separated from treated 

water by gravity settling. A portion of settled sludge is recycled back to the aeration zone in order 
to bring microorganisms in contact with incoming raw sewage while the clarified effluent passes 
over a weir to be disinfected and stored. The sludge-recycle and surface-skimmer operations are 
controlled by the blower. Control of the process is maintained by periodic measurements of mixed 
liquor suspended solids (MLSS), dissolved oxygen (DO) and settleability. Excess activated sludge is 
wasted to the Hanover sewer system when the control parameters indicate the need to do so. 

The disinfection and storage units are identical for both primary and secondary effluents. A 

commercial ozone generator operating on the corona discharge principle and capable of producing 

up to 56 gjhr of ozone from compressed air is used for disinfection. Ozone in the carrier air stream 
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is split into two approximately equal volumes as it leaves the ozone generator under pressure, and 
is delivered through stainless steel tubing to the ozone contact columns. The ozone contact column 
(Fig. 3) is approximately 4.6 m deep and 20 cm in diameter. Water flows by gravity from the clari
fier to the top of the contact column. The stainless steel tubing carrying the air-ozone gas mixture 
terminates at the bottom of the contact column in a diffuser assembly where the ozone is released 
through four stainless steel diffuser elements to pass upward through the column. Disinfected 
wastewater exits, the bottom of the contact column and flows into a concrete storage tank of ap
proximately 5.3-m3 capacity. An overflow in the storage tank allows excess effluent to be wasted 
to the Hanover sewer system. Circulating pumps in the storage tanks maintain solids in suspension 
and provide some aeration to prevent septicity prior to application to the test cells; Timer-con
trolled submersible pumps are used to pump the treated effluents up to the test cells for applica
tion according to a predetermined schedule. The lines conveying the effluents contain check valves 
to prevent back-flow during non-spraying cycles. 

Construction of the test cells was begun in late summer of 1972 and experimental wastewater 
applications were started in the spring of 1973. The 1973-74 application season was essentially a 
trial period with testing and modification of application and sampling systems, and integration of 
the system with analytical laboratory and data processing elements. No applications were made 
during the winter of 1973-74. The application rates and schedule presently in use were started in 

the spring of 1974, and maintained through the winter of 1974-75. 

The six outdoor test cells are of identical construction (Fig. 4). After excavation, a gravel pad 

was laid, followed where necessary by concrete fill. A waterproof membrane was placed on this 

prepared surface and the test cells were then constructed of cast-in-place reinforced concrete. The 
test cell floor is 25 cm thick and slopes 1.5% toward the sampling manhole. The walls are 20 cm 
thick and contain expansion joints between Cells 2 and 3 and between Cells 4 and 5. The approxi
mate dimensions of the cells are 8.5 m square by 1.5 m deep. 

After construction was completed, the cells were filled with two different locally obtained soils. 
Cells 1, 2 and 3 received Windsor sandy loam from the area near Lebanon, N.H., while Cells 4, 5 
and 6 were filled with Charlton silt loam from Hanover Center, N.H. A 7.6-cm layer of crushed 
stone was first put into the bottom of each cell followed by a layer of coarse-weave plastic cloth. 

Soil was then placed in the cells in 15-cm increments and compacted to a total soil depth of 1.5 m, 
maintaining as close to in-situ bulk density as possible. At 15 and 45 cm from the surface, grids of 

24 sample cups each were installed. These intermediate level (A and B horizon) networks consisted 
of 1.2-llffi filtering crucibles connected by 6-mm plastic tUbing. Samples are collected by applying 
vacuum to the network. In addition to the A and B level samplers, percolates are collected from 

the bottom of the test cells (C horizon) by gravity drainage to a polyethylene tub located in each 
sampling manhole (Fig. 5). Each tub contains a float-actuated submersible pump connected to a 
composite sampler. Each time the pump is activated by the rising water level a portion of the per
colate is drawn into a polyethylene sample container. The remainder of the percolate is pumped 
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Table I. Test cell application schedule. 

Test cell 
Windsor soil Charlton soil 

2 3 4 5 

2-S" 4-S 2-P 2-P 4-S 
(Id)t (2d) (2d) (2d) (2d) 

2-S 6-S 3-P 3-P 3-P 
(I d) (3d) (3d) (3d) (24h)" " 

" 2-S (2 inches of secondary effluent/wk). 
t d is number of daily (8-hour) application periods per week. 

** Application over one 24-hour period. 

To 
Sewer 

System 

6 

2-S 
(I d) 

2-S 
(Id) 

out of the tub to a metered drain from which it flows by gravity to the town sewer system. All 

percolate is collected and metered in this manner except that lost by evapotranspiration. 

Table I is a summary of the effluent application rates and schedules used since spraying was 

started in the spring of 1973. The water applied to each cell (applicant) was metered and applied 

by a spray nozzle elevated approximately 0.9 m above the ground. Nozzles were selected such 

that the effluent was distributed over a 7.6-m-diameter spray circle in the center of the cell. Dur

ing the winter of 1974-75, the spray heads were removed and the effluent allowed to run onto the 

test cells beneath the snow cover. The spray circle was defined with metal garden edging and the 

hoses periodically shifted to prevent solids buildup and ponding.Special precautions which had 

to be taken to prevent freezing of exposed pipes and valves included insulating, heat-taping and 

back-draining of water lines when not in use. Despite increased mechanical maintenance problems 

of this nature, effluent applications continued through the winter except when the air temperature 

fell below _180 C (00 F). 

Water quality is determined at various points in the renovation system. All wastewater applied 

to the test cells is sampled by compositing over the daily application period, normally 8 hours, ex

cept during winter when grab samples are taken from the storage tanks. Percolate samples are col

lected five days per week from the C horizon samplers. These are 24-hour composite samples. 
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I WATER SAMPLE 

I I 
I I 

I I 
BOD AND FECAL 

I TOTAL HEAVY METALS COLIFORM 

I 
TOTAL AND VOLATILE 

pH 
SUSPENDED SOLIDS 

CONDUCTiViTY 

INORGANIC - C 

TOTAL - C 

KJELDAHL - N 

NO. - N 

NH. - N 

NO z - N 

TOTAL - P 

-CL 

Kt 

Figure 6. Flow chart a/water quality measurements. 

Intermediate level (A and B horizon) water samples are collected twice a week and are also 24-hour 
composites. The performance of the activated sludge system is monitored as described earlier, and 
the effluents before and after disinfection are analyzed twice a week to ensure that the ozone dis
infection system is performing properly. For these analyses grab samples are taken from the re
spective weir and holding tank. No attempt is made to optimize the performance of the ozone 
generator although this is currently being studied. When the dosing box on top of the primary 
clarifier is in use, those constituents being added to the raw sewage are also monitored. Between 
July 1974 and February 1975, these included salts of seven heavy metals (Cu, Cd, Zn, Cr, Ni, Hg, 
Pb) applied at the rate of 1 ppm. The accumulation of heavy metals in soils at depth, forage, soil 
solution and leachate has been published elsewhere (Iskandar 1976). In February 1975, addi~ions 
of heavy metals were terminated and small-scale studies in the greenhouse and laboratory begun to 
resolve inconsistent results obtained from the test cells in a more controlled environment. 

Analytical procedures 

The flow chart presented in Figure 6 summarizes the water quality parameters measured during 
the period June 1974 to May 1975. Effluent and percolate samples obtained as described in the 
previous section were divided into four portions. The first subsample was used to measure pH; 
conductivity; inorganic and total carbon; Kjeldahl-, nitrate-, ammonium- and nitrite-nitrogen; 
total phosphorus; chloride; and potassium. The second portion was used to determine BOD and 
fecal coliform. The third subsample was fIltered through a glass fiber fIlter to determine volatile 
and total suspended solids. The final portion was acidified (pH < 1) using nitric acid (AR) and 
used for total heavy metal analysis. 
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pH. Determinations were made according to Standard Methods, 13th Ed. (p. 276). An Orion 
Model 801 digital pH meter and Markson combination electrode were used. Calibration was checked 
at pH 4, 7 and 10 using commercial buffer solutions. The meter was recalibrated at pH 7 every 
five samples. Water samples were allowed to come to room temperature prior to measurement and 
pH determinations were made as soon as practicable after sample collection. 

Carbon. Inorganic and total carbon were determined using a Beckman Model 915 Total Carbon 
Analyzer with organic carbon obtained by difference. The instrument was operated according to 
manufacturer's instructions, and the detector linearity was checked daily in the range 0-100 mg C/I 
with sodium carbonate/bicarbonate and potassium hydrogen phthalate solutions according to 
Methods for Chemical Analysis of Water and Wastes (p. 237). Thereafter, the instrument was re

calibrated at 100 mg C/I full scale between every 10 samples to compensate for drift. For water 
and effluent samples three replicate determinations were generally made and the average reported. 
Twenty-pI samples were injected with a Hamilton push-button syringe (CR700-50) having a needle 
of 0.04 mm ID. Samples were well-mixed by shaking immediately prior to being withdrawn so that 
finely divided suspended matter « 40 pm) was included in the analysis. When determination of 
organic carbon only was desired, an alternative procedure was employed. This consisted of first 
adding 200 pI of phosphoric acid (AR) to 10 ml of water samples in a 50-ml polyethylene cup and 
shaking vigorously for 30 seconds. Organic carbon was then determined directly by injection into 

the total carbon channel of the instrument. The readings were corrected for the small residual 
« 2 mgt!) of inorganic carbon remaining. 

Nitrogen. Ammonium, nitrite-nitrate, and Kjeldahl nitrogen were determined on Technicon II 

Autoanalyzers according to the manufacturer's directions. Water and effluent samples were pre
served by refrigeration at 10°C prior to analysis. Analyses were usually performed within three 
days of collection, although sequential analysis has shown that samples can be kept for two weeks 
without any significant change in nitrate or ammonium concentration. Ammonium-N was deter
mined by a phenate method similar to Technicon Industrial Method No. 146-71 A (1972) by by
passing the continuous digester. Potassium sodium tartrate was added to prevent precipitation of 
cations during the analysis. Water and effluent samples were not filtered prior to analysis; however, 
analysis of several effluent samples run both with and without filtration showed no significant dif
ferences in observed ammonium-N concentration. The method provides for color development at 
37°C and measurement at 630 nm in a 50-mm flow cell. A full-scale response of 100 mg N/I gives 
a nominal absorbance of 0.4. The linearity of response was checked daily using ammonium chloride 
solutions in the range 0-75 mg N/I, and a working standard of 75 mg N/I inserted between every six 
samples to compensate for baseline and calibration drift. 

The sensitivity of this method could be increased by adding sodium nitroprusside and heating 
to 50°C to enhance color development (Methods for Chemical Analysis of Water and Wastes, p. 
168). 

Kjeldahl nitrogen was determined according to Technicon Industrial Method No. 146-71 A (1972) 

using a modified digestion mixture according to manufacturer's recommendations. The modifica

tion consisted of replacing the selenium dioxide with vanadium pentoxide and doubling the per

chloric acid concentration. This permitted the same digest to be used simultaneously for total 

phosphorus determination. Subsequent analysis of the digest for Kjeldahl-N was the same as for 

ammonium. Water and effluent samples were not filtered prior to analysis. 

Nitrate and nitrite-N were determined by the cadmium reduction method (Methods for Chemical 
Analysis of Water and Wastes, 1974, p. 207~. A variation. of Technicon Industrial Method No. 271-

73W (I 973) was used to give a working range of 0-20 mg/l N0 3 -N. The procedure incorporates a 

15-mm flow cell, a 6-in. dialysis cell, which also serves to remove particulate matter from the 
sample, and color estimation at 520 nm. Linearity of color development was checked daily using 
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potassium nitrate solutions in the range of 0-20 mg N/l. A 10-mg/1 working standard was inserted 
between every six samples to compensate for baseline and calibration drift. A freshly prepared 
cadmium-reduction column was installed when deterioration was indicated by loss of linearity. 
When determination of nitrite only was desired the cadmium column was simply removed. Total 
nitrogen was reported as the sum of Kjeldahl and nitrate-nitrite nitrogen. 

Phosphorus. Total phosphorus was determined by a molybdenum-blue procedure according to 
Technicon Industrial Method No. 116-71 W (1972) on a Technicon II Autoanalyzer. In this method 
a concentration of 25 mg P/l gives a nominal absorbance of 0.25. Linearity was checked daily using 
potassium dihydrogen phosphate solutions in the range 0-50 mg P/l. Subsequently a working stan
dard of 25 mg/l was inserted between every six samples to compensate for baseline and calibration 
drift. Water and effluent samples were not filtered prior to analysis so that suspended matter was 
included. 

Biochemical oxygen demand (BOD). Biochemical oxygen demand was determined according to 
Standard Methods, 13th Ed. (p. 489). Incubation bottles were of 300-ml capacity, flared at the 
mouth. Incubations (5-day) were done in an air incubator at 20° ± 1°C in the dark. A water seal 
was maintained on the bottles to prevent air from leaking into them during incubation. Well-mixed 
effluent samples were diluted as necessary with dilution water to give a residual dissolved oxygen 
content after 5 days of 20-50% of the initial value. Percolate water samples were diluted to 50% 
with dilution water and seeded directly with 1 ml of fresh secondary effluent from the CRREL 
sewage treatment plant. 

Dissolved oxygen (DO) was determined according to the Winkler method with azide modifica
tion (Standard Methods, 13th Ed., p. 477). A 203-ml sample was titrated with 0.025 N phenyl 
arsine oxide (PAO, Hach Chemical Co.) to the starch-iodine end-point. Using this technique DO 
was read directly from the buret as 1 ml of titrant is equivalent to 1 mg/l DO in the sample. The 
normality of the PAO was checked periodically against standard 0.25 N potassium dichromate 
solution. 

Total and volatile suspended solids. Suspended maher was determined according to Standard 

Methods, 13th Ed. (p. 537, 538). Gooch crucibles with 2.1-cm glass fiber filters (Reeve Angel, 
Type 934AH) were prepared by washing with three lO-ml portions of distilled water on a vacuum 
filter apparatus, igniting at 550°C for 20 min and weighing to the nearest 0.1 mg after cooling to 
room temperature over silica gel. Effluent samples were well-mixed and a 25-ml aliquot transferred 
to the fIlter. If fIltration was rapid, additional measured quantities were added until the filtration 
slowed before completing the analysis. For percolate water a I-liter sample was fIltered. 

Fecal coliform. Fecal coliform bacteria were determined by the membrane filter technique 
(Standard Methods, 13th Ed., p. 684) with materials and methods described in Techniques for 
Microbiological Analysis (1967), p. 23. Effluent samples were diluted with distilled water to give 
at least one plate count in the range of 20-250. If one count only fell in this range this value was 
reported, while if more than one count was within these limits the average was reported. If no 
counts fell in this range the largest count was reported unless the colonies were too numerous 
to count. 

Chloride. Chloride was determined on a Technicon II Autoanalyzer using the thiocyanate 
procedure (Methods for Chemical Analysis of Water and Wastes, 1974, p. 31) according to Industrial 
Method No. 99-70W (1973). The analysis was done simultaneously with nitrate-nitrite determina
tion, incorporating a 6-in. dialysis cell. A calibration curve was prepared daily in the range 0-50 
mg CIII with potassium chloride solutions. A 25-mg/l working standard was inserted between every 
six samples to compensate for baseline and calibration drift. 
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Potassium. Potassium was determined on a Perkin-Elmer Model 303 Atomic Absorption Spec

trometer according to Methods for Chemical Analysis of Water and Wastes (I974), p. 143. Effluent 

samples were filtered through Whatman no. 1 paper prior to analysis. 

Specific conductance. Specific conductance was measured on a Yellow Springs Instrument Co. 

Model 31 conductivity bridge according to Standard Methods, 13th Ed. (p. 323). Measurements 

were made at room temperature as soon after sample collection as was practicable. 

Accuracy and precision of analytical methods 

The accuracy of the analytical methods used was checked where possible using samples of known 

concentration including nutrient samples obtained from the U.S. Environmental Protection Agency 

(EPA). Analysis of the EPA samples was done twice, in April and again in September 1975, as 

shown in Table II. The samples were received in sealed ampules and diluted with distilled water as 

directed in the instuctions provided by EPA. These samples included what was referred to as a 

"low" and a "high" range sample to be analyzed for each parameter. In addition to these, a ten

fold more concentrated sample was prepared since in most cases this resulted in a concentration 

more typical of the range encountered in analyzing sewage effluents and percolate water samples 

from the CRREL test facilities. The data reported are the results of a single determination for 

each parameter a_s is the standard practice in this laboratory. 

Table II. Analysis of EPA water samples. 

EPA CRREL 
Concentration 1* (mg/l) Concentration 2* (mg/l) 

Parameter April September April 

Nitrate-N (low) 0.20 0.20 0.20 2.0 
Nitrate-N (high) 1.11 1.20 1.10 11.1 
Ammonium-N (low) 0.44 0.25 0.50 4.0 
Ammonium-N (high) 1.47 1.00 1.50 14.5 
Kjeldahl-N (low) 0.35 t 0.50 2.5 
Kjeldahl-N (high) 5.80 4.00 ** 42.0 
Kjeldahl-N (high) 6.33 ** 4.50 -* 
Total P (low) 0.142 t 0.25 1.5 
Total P (high) 0.713 0.75 1.00 7.75 
Organic C (low) 4.0 4.5 ** tt 
Organic C (high) 145 140 ** tt 
BODs (low) 3.1 3.1 ** tt 
BOD~ (high) 186 160 ** tt 
* Concentration 1 is sample diluted according to EPA directions; 

Concentration 2 is a 10-fold higher concentrate of the same,sample. 
t Below detection limit. 

* * Sample unavailable at this time. 

September 

2.0 
11.0 
4.5 

15.5 
2.5 
** 

38.5 
1.5 
7.25 
tt 
tt 
tt 
tt 

tt Sample not analyzed at concentration 2 since concentration 1 provided adequate range. 

As shown in Table II the procedure for N03 -N gave accurate analyses of the EPA water samples 

at all levels tested. In addition, analysis of ten samples of secondary effluent spiked with 10.00 
mg/l of N03 -N as potassium nitrate in February 1975 gave an average recovery of 9.84 mg/l with 

a standard deviation of 0.48 mg/I. 

Ammonium analyses of the EPA samples appeared tobe less accurate. The detectability of NH4 

by this procedure is about 0.25 mg/l so the percent error associated with low level « 1 mg/I) deter

mination is high. However, the applied effluents in this study generally contained more than 10 
mg/l NH4 -N and the percolate samples contained less than the lowest detectable amount (0.25 
mg/I) most of the time except as noted in Results and Discussion, so this was not a serious prob

lem. Of more concern was the fact that analysis of the EPA samples containing only organic nitro

gen gave about 80% recovery as NH4 -N. This interference from organic N was confirmed by 
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analyzing a standard glutamic acid solution prepared in this laboratory for NH4-N. While it is con
ceivable that the NH4-N values for applied effluents are somewhat in error, and the organic con
tribution to total N underestimated, the present method gave values similar to those formerly ob
tained by membrane electrode (Orion). 

Kjeldahl-N determination obtained by the automated continuous digestor method typically 
gives values 20-30% low (Methods for Chemical Analysis of Water and Wastes, p. 186). This was 
found to be the case both for the EPA samples (Table II) and for known solutions of organic nitro
gen compounds prepared and analyzed in this laboratory. The low level EPA sample was below the 
detection limit for Kjeldahl-N using the current procedure (0.5 mg/l). Low level nitrogen determina

tions were not a serious problem as applied effluents generally contained more than 10 mg NIL 

Likewise, total phosphorus in the low level EPA sample was below detection « 0.25 mg/l) as 

was the case for percolates from the test cells. High levels of total phosphate such as those en
countered in normal sewage effluents were determined with acceptable accuracy. 

The accuracy of total organic carbon determination on the EPA samples was well within the ex

pected precision for this method (Methods for the Chemical Analysis of Water and Wastes, p. 238). 
Recently, standard solutions containing 100 mg C/l of either glucose or glutamic acid analyzed over 
a period of several weeks gave a combined standard deviation of 2.8 mg C/I. 

Biochemical oxygen demand (BOD) determined on the low level EPA sample gave the expected 
value. Standard glucose and glutamic acid solutions containing expected 5-day oxygen demands 
(according to LeBlanc 1974) of 219 and 162 respectively were analyzed over a period of several 
weeks. Average values of 218 and 187 mg/l were obtained with a combined standard deviation of 
15 mg/l. The value for glucose thus agreed well with the expected value while that for glutamic 
acid was high. This is probably due to oxidation of some of the nitrogen in glutamic acid by nitri
fying organisms in the seed (the theoretical value is based on oxidation of carbon only). 

There is no satisfactory method of determining the accuracy of total and volatile suspended 
matter determinations (Standard Methods, p. 538). The standard deviations for a sample of pri
mary effluent analyzed six times in this laboratory were 2.5 and 1.1 mg/l for 43.2 and 42.1 mg/l 
of total and volatile suspended solids respectively. 

No data are available on the accuracy or precision of pH, specific conductance, and fecal coli
form determinations at this time. The methods for these parameters used in this laboratory fol

low well-established procedures (Standard Methods, 13th Ed.). Likewise the methods for chloride 
and potassium follow established procedures with excellent recovery and precision (Methods for 
Chemical Analysis of Water and Wastes, p. 31, 143). 

RESULTS AND DISCUSSION 

Water quality of applied wastewater 

Table III summarizes the annual mean, maximum and minimum values of water quality para

meters for primary and secondary effluents applied to the test cells during the period June 1974-

May 1975. Monthly averaged values for these parameters are presented in Appendix A. The com

plete set of weekly analytical data is presented in Jenkins et al. (1975). On an annual basis 

(Table III), the greatest changes resulting from secondary treatment occurred in the carbon forms, 
BOD and coliform. Most of the other water quality parameters showed only small differences. 

Mean annual values for BOD in the primary and secondary effluents were 101 and 36 mg/l 
respectively, a reduction of 65%. This compares to mean annual organic carbon levels of 56 and 
44 mg/1. Thus, aIthough the concentration of organic carbon was reduced only 22% by secondary 
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Table III. Annual average of effluent water quality. 
All values in mg/I except as indicated. 

Primary effluent Secondary effluent 
Parameter Mean Max Min Mean Max Min 

pH (pH units) 7.4±0.3 8.0 6.9 7.S±0.4 8.3 6.0 
(76)* (73)* 

Conductivity 394± 103 660 120 402:1>91 580 100 
(.umhos/cm) (92) (91) 

Organic carbon 56.1±22.0 1'38.0 11.0 44.3±28.3 192.0 3.0 
(98) (94) 

Inorganic carbon 30.3±9.1 51.0 7.0 24.0±9.9 43.0 3.0 
(63) (61) 

Total carbon 84.1±28.9 170.0 22.0 62.S±20.2 124.0 24.0 
(69) (71) 

Total phosphorus 7.0±2.2 15.0 1.0 7.1±2.2 17.0 1.8 
(114) (105) 

Total nitrogen 26.4±9.5 73.8 2.9 26.9±9.1 71.1 5.3 
(113) (107) 

Kjeldahl-N 2S.7±9.0 71.5 2.5 24.2±9.4 71.0 2.0 
(116) (109) 

Nitrate-N 0.6± 1.4 9.0 0.0 2.4± 3.5 15.6 0.0 
(127) (122) 

Nitrite-N O.O±O.O 0.0 0.0 0.0±0.1 0.1 0.0 
(5) (4) 

Ammonium-N 22.1±7.1 61.5 1.5 21.6±7.1 56.0 1.0 
(118) (112) 

Total suspended 96±22S 1500 6 100±144 664 0 
solids (42) (38) 

Volatile suspended 84±218 1460 4 78±154 840 0 
solids (43) (39) 

BOD 101.3±30.7 161.0 47.0 35.6± 15.2 70.0 16.0 
(20) (20) 

Potassium 8.3±4.1 13.8 0.4 8.8±4.0 16.2 0.4 
(45) (47) 

Chloride 36.1±14.2 122.0 14.5 32.7±8.0 63.0 16.0 
(110) (107) 

Fecal coliform 2.4X 10' ±2.9X 10' 9.2X 10' 2.2X 103 5700±7900 30000 0 
(Number/100 ml) (24) (26) 

• Number of determinations. 

treatment, the state of oxidation or oxidizability of this carbon was significantly different after 
secondary treatment. No seasonal trend (Fig. 7 and 8) was observed for either BOD or organic 
carbon in the effluents. The annual mean of fecal coliform in applied secondary effluent was 
5.7x 103 coliform/ I 00 ml as compared to 2.4x lOs for primary, a reduction of 98%. No seasonal 
trend in coliform levels for either type of effluent was observed (Fig. 9). 

The predominant chemical form of the nitrogen applied to the test cells was ammonium 
(Table III, Fig. 10). Ammonium-N in the applied primary and secondary effluents ranged from 2 
to 62 and 1 to 56 mg N/lrespectively, with corresponding mean annual values of 22 mg/l for both. 

Nitrate-N formed only a very small percentage of the total nitrogen applied for both effluents. 
Nitrite-N levels were measured occasionally and found to be less than detectable (0.2 mg N/I) for 
both types of effluent. Organic nitrogen formed about 13% of the applied total nitrogen for pri
mary effluent and 9% for secondary. The mean annual total nitrogen applied to the test cells was 
26 mg/l for the primary and 27 mg/l for the secondary effluent. 

Suspended solids measurements showed Significant variability for both types of effluent 
over this period (Fig. 11) ranging from 6 to 1500 mg/I. The mean annual values for primary and 
secondary were 96±225 mgjl and 1 OO± 144 mg/I respectively. Of the total suspended solids, the 
major portion is volatile (organic). Table III shows annual average volatile suspended solid values 
of 84 mg/l for primary and 78 for secondary. 
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Total phosphorus values ranged from 1 to 15 mg P/l for the primary effluent and 2 to 17 for the 
secondary effluent over the period June 1974 to May 1975. The annual averages for this period 

were 7.0±2.2 and 7.1±2.2 respectively, with no definable seasonal trend over the year (Fig. 12). 

Total dissolved salts, as measured by specific conductance (EC) in /lmhos/cm, were similar in 
both effluents. The annual mean of EC was 394 for primary and 402 for secondary (Table Ill). 

Chloride measurements of the primary and secondary effluents showed mean average values of 36 
and 33 mg/l, respectively (Table III). Peak periods for both chloride and conductivity were ob
served during the month of February for both types of effluent (Fig. 13). This was probably a 
result of the use of salt for road deicing in the Hanover, N.H., area in winter. No other seasonal 
variation in either parameter was observed. 

Potassium seems to show a trend to higher values in winter than summer. A sharp increase was 
observed in the primary effluent over the period August to November 1974 (Appendix A, Table 
AXIII). More data are required to further explore this point. The annual average potassium con
centrations were 7.0 mg/l for primary and 7.1 mg/l for secondary. 

14 



90 • Primary Effluent 
o Secandary Effluent 

~ 70 

'" E 

., 
-0 50 

.c: 
U 

30 

10~~J-~J-AL-~SL-~0-~N-DL-~J-~F~ML-~AL-~M~ 

E 
-!( 
:g 800 

.c: 
E 

~60J 
u 
c 
!:' 
u 
:> 

~ 400 
o 
u 

.<e 
U 200 
'" a. 

(f) 

1974 +--1975 

• Primary Effluent 
o Secondary Effluent 

ASOND FMAM 

1974 ----+~-1975 

Figure 13. Monthly variation of chloride and specific 
conductance in applied effluents. 

8.0 ,----,---,--,---,---,--,--.---"""T-,--.---"""T-,--, 

pH 
7.0 

• Primary Effluent 
o Secondary Effluent 

1974 ------+--- 1975 

Figure 14. Monthly variation of pH in applied effluents. 

The pH values obtained over this period ranged from 7 to 8 for both effluent types (Fig. 14). 
In general, except for a period in October, the pH of the secondary effluent was slightly higher 
than that of the primary. No seasonal trend in pH was noted. In the primary treatment process 
sedimentation is used to remove suspended solids and particulate BOD. Disinfection efficiency is 
generally poor due to the quantity of suspende1 solids remaining after sedimentation and any 
reduction in other constituents is incidental. The primary effluent used in this study is representa
tive of that found from treatment of raw sewage of weak to medium strength (Metcalf and Eddy 
1972). Comparison of the data in Table III to values reported in the literature (Seymour 1972) 
indicates that the secondary effluent used in this study was typical of that produced by extended
aeration package plants. Conventional activated sludge followed by lagoon storage would be 
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Table IV. Total nitrogen renovation in test cells. 

Windsor soil 

Cl. S em S* C2. is em S 
Applied Removal Applied Removal 

Month (kg/ha) (%) (kg/ha) (%) 

June 1974 87.6 59.2 213.5 6.9 

,uly 105.3 41.2 183.7 -11.7 

August 67.7 76.3 204.5 53.5 

September 21.0 72.8 72.5 38.0 

October 42.3 70.7 161.6 33.0 

November 54.8 62.5 187.0 46.0 

December 93.1 88.9 252.5 73.5 

January 1975 30.7 82.8 184.2 70.2 

February 34.4 96.8 111.0 72.4 

March 28.9 73.3 133.8 28.0 

April 49.7 93.3 141.9 42.3 

May 57.4 75.2 212.2 14.1 

Yearly 672.9 73.0 2058.4 38.8 

• Cell I, 5 cm secondary effluent/week. 

t Cell 3, 7.5 cm primary effluent/week. 

Monthly average. 

C3. 7.S em pT C4. 7.S em P 
Applied Removal Applied Removal 

(kg/lla) (%) (kg/ha) (%) 

155.5 68.8 117.2 61.4 

167.8 65.6 121.3 25.2 

83.9 65.0 77.3 46.0 

40.5 84.2 56.7 56.9 

70.7 55.6 79.0 53.7 

90.2 67.8 113.2 62.5 

108.0 82.6 113.0 70.5 

76.0 73.6 59.6 47.3 

54.5 48.8 47.3 62.8 

59.6 25.0 46.6 30.0 

67.9 65.3 68.7 63.7 

97.2 77.5 102.9 69.0 

1071.8 65.0 1002.8 54.1 

Charlton soil 

CS. 7.S em P C6. S em S 
Applied Removal Applied Removal 

(kg/ha) (%) (kg/ha) (%) 

111.9 31.1 84.3 85.2 

120.0 31.3 104.0 65.6 

88.7 54.3 50.6 52.9 

60.4 65.2 32.2 69.0 

86.9 72.0 37.2 59.6 

94.8 61.3 55.4 60.8 

127.9 77.2 49.3 62.7 

42.7 31.9 32.8 46.3 

13.1 37.4 36.8 46.8 

49.7 6.5 44.7 1.7 

74.2 62.8 47.3 43.2 

85.8 74.1 53.2 73.9 

956.1 50.4 627.8 55.0 
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Figure 15. Total nitrogen removal in test cells. 

expected to produce a better quality effluent as reported in the literature (Reed et a1. 1972, EPA 
1973). 

Renovation of wastewater 

Special emphasis has been placed on the removal of nitrogen because it is a major cause of eutro
phication in surface waters. Also there is concern about pollution of groundwater with nitrate 
(N03 ) since this component has been linked to health problems such as infant methemoglobinemia 
(Ayers and Branson 1973). Table IV and Figure 15 show the amount of nitrogen applied to the test 
cells and that found in the percolate water during the period June 1974 to May 1975. Secondary 
effluent applied to Test Cells 1,2 and 6 resulted in N loading rates of 673,2058 and 628 kg N/ha yr* 
respectively. The primary effluent applied to Test Cells 3, 4 and 5 resulted in N loadings of 1072, 
1003 and 956 kg N/ha yr. In all cases the amount of nitrogen applied to the test cells far exceeded 
that which was removed by the vegetation (Fig. 21). This is particularly evident for Cell 2. The vari
ation in monthly application of total nitrogen to the test cells (Table IV) was primarily a result of 
varying amounts of wastewater applied as well as weather conditions and treatment plant variability. 
Nitrogen was not applied according to plant need since a major objective of the study was to investi
gate the feasibility of winter application of wastewater and to maximize nitrogen removal. It is 
expected that removal of nitrogen could have been improved if wastewater had been applied mainly 

during the growing season. 

* kg/ha x 0.892 = lb/acre. 
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Figure 16. Nitrogen cycle in land treatment a/wastewater. 

As mentioned previously, nitrogen was applied primarily in the ammonium form. Applied nitro

gen enters into a wide variety of chemical and biulogical reactions normally occurring in soils (Fig. 
16). Nitrification, denitrification, immobilization and mineralization are probably the most import
ant reactions during land treatment of wastewater nitrogen. Figure 17 shows that applied ammonium 
nitrogen (NH4) was transformed (except in winter months) almost totally to nitrate (nitrification) in 
the top 45 cm of soil. The transformatiun occurs because in the presence of oxygen autotrophic 

bacteria are able to oxidize ammonium to nitrate in the surface soil as follows: 

~(NH;j+2024NO;+H20+2H+. (1) 

"---L,' \.\Soil temperatures were around 200 e, fluctuating slightly during the period from June to August 
. 1974 (Fig. 18), and decreased gradually to oOe from the middle of November 1974 to the middle 

of March 1975. The temperature increased gradually beginning the end of March 1975 and reached 
the maximum in June 1975. Previous investigators reported that the rate of nitrification is highly de
pendent on temperature, decreasing as the temperature of the soil drops. Even at very low tempera
tures (0-2°C) Frederick (1956) found that in some soils the rate of nitrification was great enough to 
oxidize completely in two months a quantity of 55 kg of NH4-N/ ha. This amount, however, is less 

than 10% of that applied in the present study. 

One of the consequences of nitrification in soils is an increase in soil acidity (drop in soil pH) as 
in eq 1. Two moles of H+ are produced for each mole of NH: oxidized. The drop in soil pH is 
expected to have a detrimental effect on plant growth. This may be due to increased mobility of 
phosphorus and trace elements such as Zn in the more acidic environment causing plant deficiencies. 
Iskandar and Jenkins (1976), for example, attributed the movement of heavy metals and phosphorus 

during land treatment to decreased soil pH resulting from nitrification. 

The capability of soil to cause rapid oxidation of ammonium was formerly thought to be a de

sirable quality, probably because of the mistaken impression that N~ was unsuitable as a source 

of N for plants. Retention of mineral N in the form of NH4 is currently looked upon more favor
ably for several reasons. Oxidation of N~ increases N0 3 -N in the leachate, increases soil acidity, 

and produces nitrite toxicity under some conditions. From a land treatment point of view, there
fore, nitrification is less desirable than was formerly believed. Several investigators (Alexander 

1965, Goring 1962, Redemann et al. 1964) reported on the use of chemicals to inhibit nitrifying 
bacteria. Alexander (1965) published a table listing many of these inhibitors and described their 
effects on the bacteria. The most commonly used inhibitor is known as "N-Serve" (2-chloro-6-
trichloromethyl) pyridine. Goring (1962) showed that none of the nitrogen applied to soil as 
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Table V. Annual average of percolate water quality, June 1974-May 1975. 

Test cell 
2 3 4 5 6 

(mgjl) 

Total N 8.1 16.3 8.5 11.2 12.1 8.9 

Nitrate-N 7.9 14.5 7.2 11.0 11. 9 9.0 

Ammonium-N 0.1 2.9 1.9 0.1 0.0 0.0 

Kjeldahl-N 0.1 2.11 1.6 0.1 0.1 0.1 

Total phosphorus 0.0 0.0 0.0 0.0 0.0 0.0 

Organic carbon 8.5 7.8 7.5 9.4 9.2 10.3 

Fecal coliform (no./1 00 ml) 0.2 0.0 0.0 1.0 334.6 0.6 

BOD 1.0 2.1 1.7 1.5 0.9 0.6 

Suspended solids· total 13.5 4.2 1.1 38.8 2.7 0.8 

Chloride 21.9 28.0 27.1 25.7 25.0 25.2 

(N~)2 S04 could be recovered as NH4 after in cuba tion for 16 weeks in the absence of the inhibi tor 
but that the major part of the nitrogen was still present as NH4 after addition of the inhibitor at 
concentrations of 1 mg or more per gram of soil. The effects of temperature and other environmental 
conditions on the inhibitors have been studied (Alexander 1965 and literature cited). Further research 

is needed, however, to develop natural inhibitors in land treatment systems or cheap chemicals that 
can be used to inhibit nitrification for certain periods of time in order to allow enough time for plant 
uptake. Also the rate of movement of NH4 in soil after reaction with the inhibitor should be studied. 

Nitrate produced by nitrification of ammonium is leached deeper into the profile and is the major 
form of N found in the percolate (Table V). Figure 19 shows the seasonal variation of N03 -N in the 
percolate. With the exception of Cell 2, all percolates contained less than 10 mg/! N03 -N during the 
period from August 1974 to April or May 1975. The 10 mg/llevel is used as a reasonable product 
water quality goal in that it is the present Public Health standard for drinking water. It should be 
emphasized, however, that water quality standards or criteria should be strongly dependent on the 
intended use of the product water from the land treatment operation. Figure 19 also indicates a 
sharp increase in N03 -N in the percolate for all cells in early summer (May-July). This was due to 
the leaching of N0 3 -N produced from nitrogen stored over the winter months which will be dis
cussed later. The reason for the higher concentration of N03 in the percolates in the early summer 
of 1974 compared to 1975 (unpublished) is not understood at this time. However, data available 
from other systems (Reinhorn and Avnimelech 1974) seem to indicate that land treatment opera
tions will exhibit anomalous behavior during the first year, which is thought to be related to pre
vious site history. Probably this is due to disturbance of the existing regime when wastewater is 
introduced to a new area for the first time. Percolates frolll Cell 2 C()ntained concentrations of 
N03 -N greater than 10 mg/l for nearly nine months of the year, this cell having been stressed with 
15 em/week of wastewater. It is clear that this amount exceeds the renovation capability of the 
Windsor soil, if 10 mg/l N03 -N is the only criterion, at least with the schedule used (5 em/day, 
three consecutive days of the week). However, in cases where a 10-mg/l standard does not have to 
be met this application rate may be feasible. 

In con trast to N03 , NH4 is strongly sorbed on soil colloids (Nommik 1965). A slow leaching of 

N~ is possible but depends on the rate of exchange of NH4 with other cations. In most cultivated 

soils, the concentration of N~, apart from that which is immobilized on soil colloids, is insignifi

cant compared with the quantity of N0 3 (Ray et aI. 1957). In the present study, however, N~ was 

observed in the percolate from the treatments containing Windsor soil during the winter months 
(Fig. 20). The amount of ammonium observed in the percolate was consistent with the rate of 
application. The fact that N~ was only observed in the percolates from Windsor soil is undoubtedly 
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due to the lower cation exchange capacity 
(CEC) of Windsor compared to Charlton 
(7 meq/lOO g and 12 meq/lOO·g, respec
tively). Differences in clay mineralogy 
may also account for the variation in the 
amounts of N~ sorbed by the two soils. 
No attempts were made, however, at 
clay mineral identification. The presence 
of NH4 in the percolate (Fig. 19, 20) is 
also an indication tlJ.at the rate of nitri
fication was greatly reduced at the low 
winter temperatures (Alexander 1965). 
Although the method used to measure 
N~ -N has been found to respond to 
some forms of organic N (Leggett, un
published data) the presence of low and 
unvarying concentrations of organic car
bon « 10 ppm) in the percolates during 
this same period of NH4 appearance in
dicates that the nitrogen observed was 
not in the organic form but was indeed 

N~. 

It must be emphasized that the amount 
of N found in the percolate for a given 
month does not necessarily correspond 
to the amount of N applied during that 
period. The residence time of waste
water in the system has not been firmly 
established but is on the order of a few 
weeks and is expected to be shorter for 
the Windsor soil than for the Charlton. 
In any case, the amount of nitrogen re
moved on an annual basis is expected to 
be a much more meaningful value than 
that for an individual month. However, 
interpretation of the monthly removal 
of N (Fig. 15 and Table IV) is interest-
ing because the highest value occurred 
for the winter months. This apparent 
renovation is only temporary and is 
again due to ammonium sorption on ex

change sites during periods when the rate of nitrification is reduced due to lower temperatures. 

Figure 21 and Table VI summarize the N budget in the test cells during the period of investigation. 
The amounts of N taken up by plants were calculated from plant tissue analyses and yield data 
(palazzo, in prep.). These values varied from 341 to 542 kg N/ha year. The highest values were 
obtained for Cell 2 which received the greatest amount of wastewater (15 cm/wk). These values 
are slightly higher than those obtained by Larsen (personal communication, 1975) for a similar for
age crop and concentration of N in the applied wastewater. Larsen reported mean values of N re
moval by different forages of 295 and 324 kg N/ha for low and high treatment plots, respectively. 
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Table VI. Nitrogen budget, June 1974-May 1975. 

Windsor soil Charlton soil 

C1 C2 C3 C4 C5 C6 
5em S* 15 em S 7.5 em pt 7.5 em P 7.5 em P 5 em S 

Nitrogen (kgjha yr) 

Applied 673 2055 1072 1003 956 628 

Plant uptake 349 542 425 420 389 341 

Percolate 194 1217 351 449 441 254 

Unaccounted for 130 296 296 134 126 33 

Applied N (%) 

Plant uptake 51.8 26.3 39.6 41.9 40.7 54.3 

Percolate 28.8 59.1 32.7 44.8 46.1 40.4 

Unaccounted for 19.3 14.5 27.6 13.3 13.2 5.2 

• Cell I, 5 cm/week secondary effluent. 
t Cell 3, 7.5 cm/week primary effluent. 

The amounts of total N in the percolates from the CRREL test cells were determined from indi
vidual measurements of concentration and volume taken at an average frequency of twice per week 
during the period June 74-May 75. The unaccounted for nitrogen is simply the amount of N applied 
minus that taken up by the plants and that found in the percolate. The N unaccounted for is that 
which is presumably lost in gaseous forms plus that added to the soil (organic and inorganic). It is 
unlikely that significant amounts of NH3 were lost to the atmosphere as this would require a higher 
pH than was found either in the effluents or inthe soils. Also no significant changes were found in 
the N content of soil samples taken in June 74 and June 75. Therefore, the predominant mechanism 
of N loss from the cells is thought to be denitrification. 

In denitrification, N03 serves as the terminal exogenous hydrogen acceptor for the oxidation of 

a substrate (Nicholas 1963, Broadben t and Clark 1965, Campbell and Lees 1967) as follows: 

Anaerobic 

(2) 

Under aerobic conditions, however, O2 serves as a hydrogen acceptor: 

Aerobic 

(3) 

Many facultative anaerobic bacteria, predominantly of the genera Pseudomonas, Bacillus, Achro

mobacter and Micrococcus, are capable of performing this reaction (Alexander 1961). These organ
isms utilize organic carbon present in or added (in wastewater) to soil as a primary source of energy. 

Assuming that denitrification accounts for the "missing" N in the nitrogen budget, this process ac
coun ted for 5 to 28% of the applied nitrogen (Fig. 21). This is 10 to 50% of the ni trogen taken up 

by the vegetation, representing a significant removal mechanism. Recently, Pratt et a1. (1972) deter

mined a nitrogen budget in 3-m profiles of a long-term fertility trial with citrus. They found that up 

to 43% of the nitrogen input was lost due to denitrification. Numerous other experiments have 
documented the existence of a negative nitrogen balance in soils (Allison 1955, 1965); however, 
direct measurement of the rate and extent of denitrification is lacking. 
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Cl,5emS* 

Applied Removal 

Month (kg/ha) (%) 

June'1974 22.8 100.0 
July 25.6 100.0 
August 26.7 100.0 

September 7.4 100.0 

October 11.8 100.0 
November 16.0 100.0 
December 21.7 100.0 
January 1975 9.4 100.0 
February 8.3 100.0 
March 7.9 96.0 
April 12.5 100.0 

May 14.4 100.0 

Yearly 162.8 99.7 

• Cell I, 5 cm secondary effluentfweek. 
t Cell 3,7.5 cm primary effluent/week. 

Table VII. Total phosphorus renovation in test cells. 
Monthly average. 

Windsor soil 

C2, 15 em S C3, 7.5 em pt C4, 7.5 em P 

Applied Removal Applied Removal Applied Removal 

(kg/ha) (%) (kg/ha) (%) (kg/ha) (%) 

53.6 100.0 38.8 100.0 29.1 100.0 

51.0 100.0 40.5 100.0 31.1 100.0 

63.1 100.0 24.3 100.0 25.2 99.8 

22.6 100.0 11.6 100.0 19.9 100.0 
41.4 100.0 19.9 100.0 22.1 100.0 
48.8 100.0 22.8 100.0 29.3 100.0 
63.7 100.0 27.6 100.0 28.5 99.6 
48.2 100.0 20.4 100.0 16.2 100.0 
28.2 100.0 14.7 100.0 12.7 100.0 
37.4 100.0 17.5 100.0 13.4 100.0 

34.8 100.0 17.1 100.0 17.3 100.0 

54.5 100.0 27.6 100.0 29.3 100.0 

547.3 100.0 282.8 100.0 274.1 99.9 

Charlton soil 

C5, 7.5 em P C6, 5 em S 
Applied Removal Applied Removal 
(kg/ha) (%) (kg/ha) (%) 

22.8 100.0 22.1 100.0 
29.6 100.0 25.6 100.0 
30.0 100.0 20.1 100.0 
20.4 100.0 12.3 100.0 
24.3 100.0 '10.3 100.0 
21.2 100.0 16.2 100.0 
32.2 100.0 ' 11.2 100.0 

11.8 100.0 8.5 100.0 
3.7 100.0 9.0 100.0 

14.2 100.0 11.8 100.0 
17.7 100.0 11.6 100.0 
24.5 100.0 13.4 100.0 

252.4 100.0 160.9 100.0 



It is widely accepted that denitrification occurs under saturated conditions. Broadbent (1973), 

though, reported direct evidence of denitrification in unsaturated sandy loam soil using tagged es N) 
NH~Cl. He concluded from the loss of N03 below 28 cm in the soil profile,and the simultaneous 
increase in N2 and CO2 and the decrease in O2 in the soil air, that denitrification had occurred. In 
the present study no attempts were made to estimate the seasonal variation in the amounts of N 
designated "unaccounted for" primarily because of several unknown factors. These included the 

rates of movement of water and nitrate in soil and the rates of nitrification-denitrification. Because 

denitrification is a desirable process for nitrogen removal in land treatment which can, under proper 

conditions, far exceed plant uptake, more research is needed for better understanding of the condi

tions that enhance the process. 

It is of interest that more N was unaccounted for in the cells containing Windsor soil than in those 
containing Charlton soil under similar applications of wastewater (Cell 1 vs Cell 6, Cell 3 vs Cells 4 

or 5). A possible explanation of this is that the Windsor soil allowed deeper percolation of organic 

material (Fig. 17) which is used as an energy source by the denitrifying bacteria as discussed earlier. 

Table VII shows the amounts of total phosphorus applied to the test cells on a mont4ly basis and 
the percent removal determined from percolate analyses. The amount of P removed includes both 

plant uptake and soil sorption. It is evident that removal of P over the study period was essentially 

complete. It should be mentioned that the method used for total-P analysis had a relatively high 

detection limit (0.5 mg P/l). Currently, a more sensitive method for ortho-P is used to analyze the 

percolates, having a detection limit of 0.02 mg P/I (Murphy and Riley 1962). Typical values ob

tained by this method are in the range of 0.03 to 0.05 mg P/I and it is very likely that percolates 

from previous periods contained similar concentrations of total P. Similar concentrations of P 

(0.03 mg/l) were obtained in a similar study by Dugan et al. (1975), in which wastewater contain

ing approximately 12 mg P/l was applied, compared to 7 mg P/I in the present study. To the present 

time, there is no standard or guideline pertaining to P concentration in leachate from land treatment 

of wastewater. Studies by Sawyer et al. (1945) and Vollenweider (1968) indicated that when the 

orthophosphate content of lake water reached 0.01 mg P/I excessive crops of algae and other aquatic 

plants were likely to be observed. However, leachate from land treatment is expected to be diluted 

by groundwater, which would tend to lower the final P concentration. The same authors reported 
a value of 0.3 mg NIl inlake water as necessary for eutrophication. However, at the present time a 

value of 10 mg N03 -N/I is being used as the maximum allowable concentration in leachate from 

land treatment. Therefore, it seems likely that any proposed standard or guideline for P in leachate 

from land treatment of wastewater would be higher than the maximum values reported in the pre
sent study. On the other hand, evaluation of the performance of existing systems for land treat
ment (disposal) of wastewater (Murrmann and Iskandar 1976, Johnson et al. 1974) indicated that 
movement of sorbed P in soils after several years of operation seemed to be occurring. It is not 
clear whether the soils from these systems had reached their maximum sorption capacity for P or 

whether under better controlled management practices the leached P concentration could have been 
held at reasonable levels. 

The amount of total phosphorus applied to the test cells over the period June 1974 to May 

1975 ranged from 161 kg"P/ha for Cell 6 to 547 kg-P/lla for Cell 2 (Table VII). Palazzo (in prep.) 

found that forages grown in these test cells removed from 100 to 118 kg-P/ha during the period 

June 1974 to May 1975. Although these values far exceeded plant uptake, determination of total 

phosphorus in soil solution with depth (Fig. 22) indicated that phosphorus was not leaching down

ward into the profile. Although fractionation of P in the applied effluents was not done routinely, 

analysis of several samples indicated that most of the phosphorus was in the form of orthophosphate. 

Orthophosphates are known to react with soil components to form relatively insoluble products 

(Shukla et al. 1971). At low pH, orthophosphates react with hydrous aluminum and iron oxides 

of the soil while at higher pH they react with calcium carbonate. The capacity of the soil for 
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tv 
00 

Month 

June 1974 
July 

August 

September 

October 
November 

December 
January 1975 
February 

March 
April 

May 

Yearly 

C1,5emS* 

Applied Removal 

(kg/ha) (%) 

160.7 83.9 
214.4 83.4 

85.6 65.7 
52.3 89.4 
86.5 62.6 

77.3 66.2 

106.2 84.8 

51.9 87.4 

63.1 96.2 

55.0 69.6 
52.8 88.9 

60.9 88.9 

1066.7 80.1 

Table VIII. Organic carbon renovation in test cells. 
Monthly average. 

Windsor soil 

C2, 15 em S C3, 7.5 em pT C4, 7.5 em P 

Applied Removal Applied Removal Applied Removal 

(kg/ha) (%) (kg/ha) (%) (kg/ha) (%) 

439.5 90.4 329.8 90.7 239.1 82.8 
402.1 81.3 270.5 87.1 276.2 67.9 
277.0 76.9 187.5 73.5 99.6 -9.6 

190.7 62.9 120.9 77.0 149.4 74.7 
314.9 78.7 179.6 87.7 195.8 72.2 

188.8 86.2 168.4 90.6 208.7 93.6 
341.6 84.6 176.1 89.4 174.3 91.3 
439.1 88.8 184.2 89.7 147.6 84.7 

249.7 90.1 140.4 71.7 122.4 88.9 
244.4 75.6 140.2 69.7 105.8 66.8 

144.5 73.1 127.0 88.2 128.8 88.8 

222.7 85.2 221.0 96.8 222.3 95.0 

3455.0 82.0 2245.6 85.6 2070.0 81.7 

Charlton soil 

C5, 7.5 em P C6, 5 em S 
Applied Removal Applied Removal 

(kg/ha) (%) (kg/ha) (%) 

235.2 87.6 153.7 83.7 
253.2 81.6 212.6 69.3 

115.6 42.3 64.2 -3.6 

154.8 90.1 78.2 94.7 
207.2 67.6 73.6 59.7 
152.4 75.1 76.6 50.2 
196.7 90.9 65.9 85.1 
102.3 90.5 51.2 75.5 

35.2 75.8 68.8 80.3 
110.2 79.8 94.8 77.7 
140.8 93.4 49.3 79.8 
153.1 94.2 56.5 91.5 

1856.7 82.4 1045.4 70.6 
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Figure 22. Vertical distribution of total phosphorus in soil solution (annual average). 

phosphate removal by this mechanism is high because of the presence of large amounts of these 

compounds. Research at The Pennsylvania State University has demonstrated that removal of phos

phorus was still complete after eight years of wastewater application to forest land (Sopper and 

Kardos 1973). These investigators found no significant difference between P concentrations in the 

percolates from control and treated areas. Enfield and Bledsoe (1975) and Enfield et al. (1975) dis

cussed the fate of wastewater phosphorus in soils. They developed a mathematical model to estimate 

the maximum sorption capacity of soils for phosphorus. They tested their model on the Muskegon 

land treatment system (3 years in operation) and concluded that there would be no problems in 

phosphorus removal in the first 30 years of operation. The model, however, should be tested with 

soils that have been used for wastewater disposal for long periods. In general, while phosphorus 

removal has been shown to be very efficient over the short lifetime of these test cells, more research 

is required to extrapolate the longevity of the system with respect to phosphorus and to determine 

the kinetics of its reactions with soil components. 

During the period June 74-May 75, the test cells received 1000-3500 kg organic C/ha (Table 
VIII). On a yearly basis the soils removed 70-85% of the applied organic C and most of this was 

removed in the top 45 cm (Fig. 17) for all treatments. Except for Cell 6, there were only minor 

differences in the percent of organic carbon removed by the test cells. Concentrations of organic 

C in the percolate fluctuated considerably but tended to peak in July-August 1974 (Fig. 23). This 

period of high concentration did not occur in 1975 however. This behavior may be due to the fact 

that wastewater was applied over the winter in the latter case. During the 1973-74 winter the soil 

was frozen to some depth. It has been well documented that freeze/thaw will break soil aggregates, 

thereby releasing stored organic C (Harding and Ross 1964). Since wastewater was applied over the 

winter of 1974-75, the soil was not allowed to freeze and as a result soil aggregates were not frac

tured. Also the higher levels of organic C in the percolates from the finer textured Charlton soils 

supports this conclusion. In all cases, however, the organic carbon concentrations in all cell perco

lates were less than 10 ppm C from November 1974 to May 1975. 

Biochemical oxygen demand was decreased 'to a greater extent than organic carbon in the test 

cell percolates. Both soils removed on a yearly basis more than 94% of the applied BOD (Tables 

III and V). Biochemical oxygen demand was reduced from an average of 36 in the secondary and 
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Figure 23. Seasonal variation of organic carbon in test cell percolate. 

101 in the primary effluent to a residual of 1-2 mg/l in the percolate. This indicates that the percolate 
contained about 10 mg/l of organic carbon which was not readily biodegradable and/or that this car
bon was present in a relatively highly oxidized state, giving rise to low BOD values. There seems to 
be no consistent relationship between organic carbon levels and BOD. 

Removal of suspended solids was essentially complete for both soil types over the period of in

vestigation. Table IX summarizes the annual percolate suspended solids for Test Cells I and 6. The 
higher than expected value for Test Cell 2 (13.5 mg/l) was the result of two high monthly values, 
possibly due to sampling contamination. In general, the monthly averages were in the range of 0.5-
1.5 for the Windsor soil (Cell I), and 0-1.0 for the Charlton (Cell 6). 

Removal of fecal coliform bacteria in the test cells was essentially complete (Table X). With the 
exception of Cell 5, percolate from these cells contained on a yearly average basis 1 or fewer coli
form/IOO ml as compared to 2Ax lOs and 5.7x 103 in the applied primary and secondary effluents 
respectively. The higher value obtained for Cell 5 appears to be anomalous and was probably due to 
inadequate soil compaction during construction of the cell. Previous investigators (Van Donsel et al. 
1967, McGauhey and Krone 1967, Krone 1968) also reported highly efficient removal of fecal coli
form in land treatment. McGauhey and Krone (1967) postulated that physical entrapment and 
chemical adsorption were the principal mechanisms of pathogen removal. The length of time these 
organisms remain viable in the soil depends upon the type of organism and the existing environmental 
conditions such as temperature, pH, moisture, aeration, nutrient abundance, and soil texture (Van 
Donsel et al. 1967, Law 1968, Rudolfs et al. 1950). In a recent article, Gerba et al. (1975) discussed 
the fate of wastewater bacteria and viruses in soil and concluded that their survival is limited to less 
than three months in temperate climates. They added that application of sewage over long periods 
of time could result in accumulation of bacteria and viruses at the soil surface. 
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Table IX. Renovation of total suspended solids in 
Windsor and Charlton soils. 

Windsor soil, Cell I Charlton soil, Cell 6 
Applied Removed Applied Removed 

Month (kg/ha) (%) (kg/ha) (%) 

July 1974 651 87.8 673 97.9 

August 413 88.0 221 98.7 

September 39 96.7 46 100.0 

October 111 65.9 154 100.0 

November 33 100.0 33 100.0 

December 193 98.5 99 97.8 

January 1975 ND* ND 23 94.6 

February 127 99.9 135 98.7 

March 241 98.9 466 99.7 

April 56 95.6 71 98.6 

May 279 ND 205 ND 

* Not determined. 

Table X. Fecal coliform bacteria, potassium, chloride and specific conductance 
in the applied effluent and cell percolates (June 1974-May 1975). 

CellI Cell 2 Cell 3 Cell 4 CellS 
App" Percf App Perc App Perc App Perc App Perc 

Fecal coliform 1900 0.2 5500 0.0 222100 0.0 2422100 1.0 237700 335 

(no./100 mJ) 

Potassium 7.3 5.4 8.4 5.4 7.4 4.7 7.6 6.7 7.5 9.4 

(mgfJ) 

Chloride 35 22 38 27 36 26 36 26 26 34 

(mgfJ) 

Specific con- 420 330t 408 370** 409 338** 409 341** 394 348"* 

ductance 
{!.Imhos/cm} 

* Applied. t Percolate. ** Soil solution at 45 cm. 

Cell 6 
App Perc 

6200 0.6 

7.2 5.7 

36 25 

425 363"* 

In general, information on the survival of pathogenic viruses in land treatment systems is minimal, 
but viruses appear to survive at least as long, if not longer, than enteric bacteria (Gerba et al. 1975). 
Currently CRREL and the Army Medical Bio-Engineering R&D Laboratory are conducting a micro
biological study to evaluate indigenous enteric bacteria and virus movement in land treatment. Bac
terial virus of Escherichia coli (bacteriophage) is being used as a tracer to determine length of time 
required for virus infiltration through the CRREL test cells. 

With the exception of Cell 5, potassium in the percolate, on a yearly average basis, ranged from 
5.4 to 6.7 mg/l compared to 7.2 to 8.4 in the applied wastewater (Table X). The removal of pot as
sium was mainly a result of plant uptake and exchange, and fixation on clay minerals. The value for 
Cell 5 percolate is again anomalous and likely to be a resul t of poor soil compaction and/or a release 
of exchangeable or fixed potassium by applied NH4 • 

Chloride, which has a negative charge similar to clay minerals, is known to be a conservative ele
ment and only weakly adsorbed on soil components. The significant reduction of chloride (Table X) 
in the percolates (except Cell 5) is due mainly to plant uptake. On a yearly basis, concentrations of 
chloride in the percolates averaged from 21.9 to 27 mg/l, with the exception of Cell 5. The behavior 
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of Cell 5 is consistent with the results discussed earlier for potassium and coliform bacteria. A pre
vious investigation (Kardos and Sopper 1973) indicated that chloride can be adsorbed to some ex
tent by hydrous metal oxides of iron, aluminum and manganese. They also found that chloride con
centrations in soil solution were five-fold higher in the treated areas than in the control area. Ad
sorbed chloride was found to increase with soil depth. In that study a significant difference was 
found between the control and various treatments with respect to adsorbed chloride in the top 30 
cm of soil. In the top 150 cm, chloride increased 3.8-fold by application of 5 cm/week of waste
water over a one-year period. 

Specific conductance behaved in a manner similar to chloride (Table X). The reduction in con
ductivity with depth is presumably a result of plant uptake and soil sorption. The B-horizon sample 
was used for this component due to expected contamination by the concrete underdrain. 

It should be emphasized that the results presented here were obtained under a fixed mode of op
eration of the spray regime, and do not necessarily represent the maximum renovation that can be 
realized under optimum management of design factors. These factors include hydraulic loading rate, 
length of wet and dry cycles, and nutrient loading rate, to take into account the difference in re
moval efficiency for nitrogen in the winter and summer months. These and other factors are current 
objectives of research at CRREL using more controlled environmental conditions (greenhouse lysi
meter studies). 

CONCLUSIONS 

1. Phosphorus, BOD, suspended solids and fecal coliform were essentially removed by both soils, 
at all application rates, and for both primary and secondary effluents. 

2. Nitrogen is the limiting factor in determining the rate of wastewater application for slow infil
tration land treatment systems except when infiltration rate is limiting. 

3. Nitrogen removal is dependent on soil type and application rate, and shows pronounced sea
sonal variation. 

4. With the exception of the highest application rate, the levels of N03 -N generally remained be
low 10 mg/l throughout the year. All treatments exhibited a period of high concentration in early 
summer when levels exceeded 10 mg/I. 

5. Although winter application of wastewater in land treatment was shown to be viable, more re
search is needed to eliminate or decrease the high peak of nitrate in the percolate in early summer and 
to address management and operational procedures. 

6. An application rate of 15 cm/wk of secondary effluent to sandy loam is acceptable in those 
cases where the 10 mg/l criterion is not limiting. 

7. Organic carbon was effectively removed in all treatments with less than 10 mg C/l remaining 
in the percolates. 

8. Pretreatment of wastewater beyond the primary level was found to be unnecessary for renova
tion for the parameters investigated in this study. 
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Table AI. pH. Table All. Specific conductance (J-Lmhos/cm). 
f.k)nth Primary Effluent SecgndArY Effluent f.k)nth Primary Effluent SecondAry Effluent 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 7.5±.3 7.8 7.0 7.5±.1 7.7 7.4 June 526±109 660 400 501±59 560 420 ~ !5)* (5)* (3)* (8)* t'!'l z 
7.5±.3 8.0 6.9 7.8±.3 8.3 7.5 4'{4±99 575 240 483±53 580 420 0 July July -(10) (10) (9) (9) >< 
7.5±.2 7.7 7.2 7.5±.2 7.9 7.3 392±J+'( 1~50 340 432±43 490 370 

::: Aug Aug 0 (6 ) (8) (6) (8) Z 
>-l 

7.7±.2 8.0 '{ .4 7.9±.2 8.1 7.7 404±42 450 340 396±32 430 :c Sept Sept 353 t"'" (5) (4) (5) (4) -<: 
> 

Oct 7.4±.2 8.0 7.2 7.1±.6 7.9 6.0 Oct 293±l20 420 l20 272±108 400 100 <: 
t'!'l w (12 ) (l2) (12) (l2) 5: -...J 

Nov 7.5±.1 7.6 7.4 "(.5±.2 7.7 7.2 401±88 4'10 250 379±85 470 245 ~ Nov t'!'l (8) (8) (3) (8) 0 
"rl 

Dec 7.5±.1 7.6 7.5 7.5±.2 7.7 7.3 Dec 3'{:J±92 600 250 384±46 425 270 t'!'l (4) (3) (n) (10) "rl 
"rl 
t"'" 

Jan 7.3±.0 'r .3 7.3 7.3±.2 7.4 7.1 Jan 360±49 440 285 396±75 540 300 c:: 
(3) (3) (12 ) (l2) t'!'l z 

>-l 
Feb "( .2±.2 7.5 6.9 7.3±.3 7.8 6.9 Feb 431±S2 600 300 462±60 580 410 10 (9) (6) (9) (6) c:: 

> 
'r .6 'r .6±.2 7.8 7.4 t"'" Mar 7.5±.1 7.3 Mar 32S±40 360 260 388±44 440 320 ->-l (8) (8) (6) (S) -<: 

Apr 7.2±.3 7.6 6.9 'r .3±.4 7.6 6.8 Apr 376±86 1~70 260 392±59 440 290 (5) (5) (5) (5) 

MII¥ 7.5 7.5 7.5 7.6 'r .6 7.6 MII¥ 450 J·50 450 440 440 440 (1) (1) 

Yearly '{ ·t761 8.0 6.9 7·cht 8.3 6.0 Yearly 
394{01 660 120 401~ft 580 100 

* NUmber of Determinations * Number of Determinations 



Table'AlII. Organic carbon (mgfl). Table AIV. Inorganic carbon (mg/I). 

l>k>nth Primary Effluent Secpndary Effluent l>k>nth Primary Effluent SecpndarY Effluent 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 89.7±24.5 115.0 66.0 8o.5±6.4 85.0 76.0 
June 26.5±6.6 32.0 17.0 26.0±l.4 27.0 25.0 

(3)* (2)* (1,)* (2)* 

July 62.8±19.0 88.0 37.0 68.3±l93 100.0 50.0 
July 27.0±6.S 39.0 22.0 19.6±5.4 26.0 15.(; 

(6) (6) (6) (7) 

Aug 52.5±30.4 74.0 31.0 4o.5±17.7 53.0 28.0 Aug 16.0±12.7 25.0 7.0 17.5±14.9 28.0 7.0 
(2) (2) (2) (2) 

sept 80.0±29.7 114.0 59.0 56.0±11.4 68.::> 42.0 Sept re .8±2.6 31.0 25.0 26.8±1.0 28.0 26.0 
(3) (4) (4) (4) 

Oct 47.3±23.6 84.0 11.0 39.4±19.0 85.0 3.0 Oct 25.l±12.9 51.0 9.0 14.6±l0.8 29.0 3.0 
w (14) {14) (l/f) (14) 
00 

Nov 62.6±l8.0 100.0 43.0 31.4±6.3 43.0 25.0 Nov 34.7±7.1 46.0 22.0 22.0±6.9 32.0 12.0 
(10) (10) (10) (10) 

Dec 53.61:9.li 64.0 37.0 43.4±l6.1 76.0 26.5 Dec 36.0 36.0 36.0 40.0 40.0 40.0 
(10) (9) (1) (1) 

Jan 59.4±6.1 72.0 51.0 71.7±54.4 192.0 35.0 Jan 

(13) (13) 

Feb 56.9±7.8 67.0 44.0 46.4±9.2 57.0 31.0 Feb 

(8) (6) 

Mar 45.2±20.0 62.5 16.0 37.7±15.4 56.0 13.0 Mar 26.2± 2.0 28.5 25.0 25.5±1.8 27.0 23.5 
(10) (10) (3) (3) 

Apr 43.2±11.4 61.0 30.0 22.2±6.4 32.5 14.0 Apr 34.3±3.0 38.0 29.5 30.6±2.8 34.0 26.0, 

(8) (7) (8) (7) 

May 59.7±39.1 138.0 34.0 26.l±7.1 44.0 20.0 May 37.0±)f.4 46.0 32.0 34.5±4.1 43.0 30.0 
(11) (11) (11) (11) 

Yearly 56.J.±22.o 138.0 11.0 44.3±28.3 192.0 3.0 Yearly 30.3±9.2 51.0 7.0 24.0±9.9 43.0 3.0 
(98) (94) (63) (61) 

* NUmber of Determinations * NUmber of Determinations 



Table AV. Total carbon (mg/l). Table A VI. Total phosphorus (mg/l). 
.r.k>nth Primary Effluent SecoPdArY Effluent .r.k>nth Primary Effluent SecpndarY Effluent 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 116.3±3l.7 146.0 83.0 104 0 3±5.1 110.0 100.0 June 10.lt3.9 15.0 4.8 10.O:t1.6 11.7 8.0 
(3)* (3)* (8)* (7)* 

July 87.1±15.1 111.0 62 0 0 77.1±22.7 124.0 46.0 July 80 U1.S 11.0 4.5 8.5:!;1. 7 11.2 5.8 (10) (10) (10) (11) 
Aug 60~8±10.7 81.0 ~.O 56.5±8 0 8 72.0 46.0 Aug 7.4;t1.2 9.2 6.0 8.0:1.6 10.0 6.0 (6) (8) (9) (7) 
Sept 108.3±31.8 145.0 88.0 82.7±12.3 96.0 68.0 Sept 7.2:1.0 8.5 6.0 6.7+1.0 7.7 5.3 (3) (4) (6) (5) -

Oct 73.4±32.1 120.0 22.0 54.0±19.3 90.0 21.1-.0 Oct 5.3+2.9 9.0 1.0 5.4+2.1 8.5 1.8 
w (14-) (14) (14f (14)-
1.0 

Nov 96.8±22.1 130.0 65.0 53.4±8.7 68.0 IK>.O Nov 8.2±2.1. 12.5 5.3 7.8+2.2 11.0 5.5 (10) (10) (10) (lOr 
Dec 86.0 86.0 86.0 116.0 116.0 116.0 Dec 8.O:t1.8 11.5 6.0 7.9,!;1.8 11.0 5.5 (1) (1) (10) (9) 

Jan Jan 6.7+0. :- 7.8 5.5 7.8+2.9 17.0 5.8 
(14f (14r 

Feb Feb 5.9,!;0.7 7.0 5.2 6 .lto. 5 6.8 5.5 
(9) (6) 

Mar 43.8±4.1 48.5 41.0 43.7±8.1 53.0 39.0 Mar 6.oto.3 7.0 4.5 5.8;t1.3 7.3 3.8 
(3) (3) (10) (10) 

Apr TI.4±10.3 94.0 67.0 52.9±6.8 61.0 40.0 
(8) (7) 

Apr 5.8+0.8 7.3 5.0 5.4+0.7 6.5 4.5 
(9) - (8) -

May 9Q.7±36.4 170.0 76.0 60.6±10.3 87.0 51.0 I-ray 7.3;tO.6 8.3 6.8 6.4+0.8 7.3 5.5 
(11) (11) (5) (4) -

~ 1 84.~8.9 170.0 22.0 65.2±20.2 124.0 24.0 Yc 1 7 .ot2.2 15.0 1.0 7.U2.2 17.0 1.8 ear y (69) (71) ear y (114) (105) 

* NUmber of Determinations * Number of Determinations 



Table AVII. Total nitrogen (mg/l). Table AVIII. Kjeldahl-N (mg/l). 

Month Primar~ Effluent Secgndory Ef~luen\ Month Primary Effluent SecQpdary EtflMept 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 41.9+13.9 73.8 26.5 39.8+5.2 46.1 32.6 June 39.7±l4.l 71.5 24.5 37.7±4.9 43.0 30.5 
(9)* (9)* (9)* (9)* 

July 32.6+8.1 45.5 23.2 32.6+9.1 50.4 21.9 July 29.2±7.0 39.5 16.0 29.2±6.4 42.0 21.5 
(8) (10) (10) (11) 

Aug 25.2+3.3 29.1 19.4 25.6+2.5 29.4 22.1 Aug 24.7±3.l, 28.0 18.0 24.6±2.4 28.5 21.5 
(8) (7) (8) (7) 

Sept 24.3+5.1 33.5 19.0 21.1+2.2 23.9 18.0 Sept 22.7±2.6 26.5 19.0 20.7±1.9 22.5 18.0 
(6) (5) (6) (5) 

Oct 18.2+9.0 28.2 2.9 20.6+9.9 43.6 5.3 Oct 17.7±9.2 2B.0 2.5 12.6±B.4 2B.5 2.0 
+>- (14) (14) (14) (14) 
0 

Nov 31. 8+6. 0 42.6 25.5 28.7+7.2 39.6 15.6 Nov 30.5±6.9 42.0 21.5 20 .B±6.3 33.0 13.5 
(10) (10) (10) (10) 

Dec 30.7+12.9 63.5 18.7 31.2+6.2 43.2 23.8 Dec 29.6±4.6 , 63.3 1B.5 30.4±6.5 43.0 22.0 
(10) (9) (10 1 (9) 

Jan 24.4+2.5 29.5 20.5 28.8+.2.4 71.1 21.2 Jan 24.4±2.5 29.5 20.5 28.1±12.6 71.0 20.0 
(14) (14) (14) (14) 

Feb 22.1+2.4 25.0 18.0 21.7+2.4 24.5 18.6 Feb 22.0±2.4 25.0 18.0 21.4±2.6 24.5 1B.0 
(9) (6) (9) (6) 

Mar 20.4+3.6 25.0 14.0 20.9+4.5 25.5 14.0 Mar 20. 7±3. 7 25.0 14.0 20.3±4.7 24.5 13.0 
(9) (9) (10) (10) 

Apr 23.2+3.4 28.5 19.0 21.9+3.0 26.0 18.8 Apr 23.2±3.4 28.5 19.0 20.6±2.8 25.0 17.5 
(9) (8) (9) (8) 

MB¥ 26.3+2.5 30.5 23.0 25.6+2.3 27.8 21.4 MB¥ 26.3±2.5 30.5 23.0 24.B±2.4 27.0 20.5 
(7) (6) (7) (6) 

Yearly 25.7±9.0 71.5 2".5 24.2±9.1.!. 71.0 2~0 
Yearly 26.4+9.5 73.8 2.9 26.9+9.1 71.1 5.3 (116) (109) 

(1l3l (10"1) 

* Number of Determinations * Number of Determinations 



Table AIX. Nitrate·N (mg/l). Table AX. Ammonium·N (mg/l). 

Month Primary Effluent SecQpdory Effluept Month Primary Effluent Second'rY Effluent 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 2.3+1.0 4.8 1.6 2.1+0.6 3.1 1.0 June 28.6+8.8 40.5 16.0 26.8+2.8 30.5 22.5 
(9)* (9)* (9)* (9)* 

July 1. 9+2. 3 6.0 0.2 2.6+3.5 10.3 0.3 July 24.4+4.6 30.5 13.0 24.0+3.6 29.0 17.5 
(9) (11) (10) (11) 

Aug 0.7+0.4 1.4 0.0 0.9+0.4 1.8 0.5 Aug 20.6+2.0 23.0 18.0 21. 9+1. 7 23.5 19.0 
(11) (io) (7) (6) 

Sept 1.5+3.7 9.0 0.0 0.4+0.6 1.4 0.0 Sept 22.2+2.5 26.0 19.0 20.4+2.0 22.5 18.0 
(6) (5) (6) (5) 

Oct 0.5+0.6 2.2 0.0 8.0+5.3 15.6 0.3 Oct 14.6+8.5 25.0 1.5 10.7+7.9 24.0 1.0 
(i4) (i4) (13) (13) 

~ - Nov 1.3+2.3 7.7 0.1 7.8+2.8 10,.1 0.6 Nov 27.3+6.3 36.6 20.5 19.4+5.3 27.2 13.0 
(iO) (iO) (7) (7) 

Dec 0.2+0.3 0.8 0.0 0.9+0.5 1.8 0.2 Dec 29.6+12.4 61.5 19.5 29.4+6.3 37.5 20.0 
(II) (iO) (10) (9) 

Jan 0.0+0.1 0.1 0.0 0.7+0.6 2.2 0.0 Jan 21.1+1.9 24.5 18.5 24.4+9.2 56.0 18.0 
(i4) (14) (14) (14) 

Feb 0.1+0.2 0.6 0.0 0.3+0.3 0.6 0.0 Feb 19.4+2.7 24.5 15.5 19.4+2.5 22.5 16.5 
(9) (6) (9) (6) 

Mar 0.0+0.2 0.5 0.0 1.0+0.6 2.7 0.5 Mar 17.6+3.5 21.5 12.5 18.3+4.3 23.0 11.5 
(11) (11) (10) (10) 

Apr 0.0+0.1 0.2 0.0 1.2+0.4 1.9 0.9 Apr 20.0+2.8 23.5 16.5 20.2+2.3 23.0 17.5 
(iO) (9) (10) (9) 

Ma¥ 0.0 0.1 0.0 0.7+0.4 1.2 0.0 May 23.2+2.4 27.5 19.5 24.3+2.6 31.0 21.5 
(13) (i3) (13) (13) 

Yearly 0.6+1.4 9.0 0.0 2.4+3.5 15.6 0.0 Yearly 22.1+7.1 61.5 1.5 21.6+7.2 56.0 1.0 

~i27l (122) - £] lBl (llZl 
* Number or Determinations * NUmber of Determinations 



Table AXI. Total suspended solids (mg/l). Table AXIl. Volatile suspended solids (mg/l). 
r.t>nth Primary Effluent SecondarY Effluent r.t>nth Primary Effluent SecopdorY Effluent 

~an Max Min ~an Max Min ~an Max Min Mean Max Min 

June June 

July 30.0±l8.8 51.4 5.6 152.9±217.4 525.Q July 20.0+11.4 28.4 3.6 111.9+228.9 521.0 

(4)* (5)* (4)* (5)*-

Aug 7l.6±41.6 156.0 30.8 164.9±169.4 359.0 15.4 Aug 58.9+42.2 119.2 12.4 75.6+107.8 265.0 6.6 

(7) (5) (7) (5) 

Sept 70.6±26.3 89.2 52.0 39.0±41.0 68.0 10.0 Sept 13.2+7.4 18.4 8.0 43.6 43.6 43.6 

(2) (2) (2) (1) 

Oct 83.2±60.5 126.0 40.4 64.0±42.2 101.0 18.0 Oct 55.2+44.1 86.4 24.0 34.8+20.4 57.2 17.2 
.j::o. (2) (3) (2) (3) 
N 

Nov 46.()±25.5 64.0 218.0 20.0 .20.0 20.0 Nov 44.0+22.6 60.0 28.0 20.0 20.0 20.0 

(2) (1) (2) (1) 

Dec 780.0±101B.2 1500.0 60.0 48.5±l6.3 60.0 37.0 Dec 524.Q!.81O.6 1460.0 54.0 43.0+13.1 58.0 34.0 

(~) (2) (3) (3) 

Jan 67.0±19.0 90.0 45.5 172.4±276.5 663.6 16.6 Jan 59.2+17.3 77.2 39.4 199.7+3.58.8 840.0 15.5 

(5) (5) (5) (5) 

Feb 69.l±21.1 91.0 49.0 86.5±26.2 105.0 68.0 Feb 56.5+19.0 76.0 38.0 68.2+24.4 85.5 51.0 

(3) (2) (3) (2) 

Mar 83.8±5.7 90.0 78.8 132.9±85.2 221.2 51.2 Mar 91.1+29.0 118.0 60.4 111.5:1:40.6 145.2 66.4 

(3) (3) (3) (3) 

Apr 27.6±5.4 36.0 21.0 25.l±9.2 33 .. 0 15.0 Apr 29.3+12.4 46.0 12.4 18.8+9.1 29.0 5.0 

(5) (5) (5) (6) 

Ma¥ 74.5±64.9 166.0 18.0 55.4±44.3 130.0 22.5 Ma¥ 61. 7+52. 9 152.0 12.0 47.1+24.2 87.0 27.7 

(7) (5) (7) (5) 

Yearly 96.0±225.2 1500.0 5.6 l00.3±l43.7 663.6 10.0 5.0 
(42) (38) Yearly 83.9+217.6 1460.0 3.6 78.3+154.0 840.0 

(431" P 92 
* NUmber of Determinations * Number of Determinations 



Table AXIII. Potassium (mg/l). Table AXIV. Chloride (mg/I). 
!obnth Primary Effluent Secopdery Etfluept Month Primary Effluent SecQpdgry Effluent 

Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

June 5.U3.1. 11.1 1.6 4.8:t2 .• 6 10.1 1.8 June 62.4;1;17.8 93.3 42.3 48.1+7.7 63.0 37.2 
(9)* (9)* (9)* (9)*-

July 4.9±3.2 8.9 0.4 8.4:5.5 14.y 0.4 July 36.9±10.1 62.5 28.0 34.4:8.9 54.5 23.6 
(5) (6) (11) (l2) 

Aug 2.l.;t1.0 2.8 1.4 9.2+5.2 16.2 4.1 Aug 37.0±7.4 51.6 29.4 32.6i-5.0 37.8 25.6 
(2) (4f (7) (8) 

Sept Sept 35.8+1.'( 38.0 33.8 33.8:t1.4 35.0 32.0 
(5) - (4) 

Oct 8.4±3.8 l2.6 2.3 8.0+3.4 11.3 2.4 Oct 26.4+7.0 38.3 14.5 24.1+5.2 31.8 16.0 
~ (13) (131 (14f (14f 
w 

Nov 11. 7:t1. 4 13.8 9.3 11.3:0.8 l2.4 10.0 Nov 30.0+3.4 3)+.8 24.3 28.3+2.8 32.5 23.3 
(7) (6) (lOr (lOr 

Dec Dec 29.6:t4.6 38.0 
(11) 

23.0 29.6:4.4 
(10) 

37.3 23.0 

Jan l2.2:t0.9 13.7 10.8 l2.2U.3 14.9 10.7 Jan 31.9;t3.1 40.3 27.3 31.3±3.1 38.8 27.3 (9) (9) (13) (13) 
Feb Feb 48.11'27.9 1","2.0 34.0 40.6;t4.1f 45.8 33.5 

(9) (6) 
Mar Mar 32.6:6.9 53.0 28.8 31.6±3.7 42.0 28.3 

(11) (11) 
Apr Apr 38.5+4.1 44.0 34.0 36.0±4.0 41.5 30.5 

(6) - (6) 

~ ~ 33.1±1.8 34.5 30.5 31.1±1.9 33.0 28.5 
(4) (4) 

Yearly 8.3±4.1 13.8 0.4 8.8:t4.0 16.2 0.4 Yearly 36.1±14.2 l22.0 14.5 32.7±8.0 63.0 16.0 
(~5) (47) (110) (107) 

* Number of Determinations * NUmber of Determinations 



Table AXV. Fecal coliform (no./l00 ml). 

~th ,Primary Effluent ~Effluent 

Mean Max Min Mean Max Min 

June 

July 
l} 
c: 
in Aug 
Gl 
0 
< 
III 

Sept :u 
z 
:s: 
III 
z 

Oct 2.3xl04+3.5xl03 2.7xl04 2.0xl04 1. Oxl04+ 1. 7xl04 3.0xl04 2.4xl02 -I 
11 T3)* (3)* :u 
z 

1. 7xl04+ 1. 6xl04 2.7xl04 4.2xl03 4. 2x103+3. 2xl03 ,7.4xl03 1.0xl03 ::! Nov 

""" 
z 12) (3) 

""" Gl 
0 

2. 4xl05+1. 6xl05 3.6xl05 5.8xl04 1. 9xl03+ 1. 9xl03 4.3xl03 1.0xl02 "II Dec 
"II (3) (5) n 
III 

;; Jan 5. 5xl05+4.7xl05 9.2x105 2.0xl04 6.9xl03+5.0xl03 1.0xl04 1.2x103 
... (3) (3) .. 
t 

Feb 6.5xl04+5.0xl04 1.0xl05 2.9xl04 2.0xl03 2.0xl03 2.0xl03 .. .. (2) (1) .. 
N 
GO 

4. 7xl05+l05+2.7xl05 6.6xl05 9.0xl04 1.5xl04+1.0xl04 2.9xl04 7.0xl03 ::; Mar .. 
It' (4) (4) 

Apr 1. 7xl04+2. Oxl04 4.0xl04 2.2xl03 1. 9xl03+1. 9xl03 4.0xl03 1.6xl02 
(3) (3) 

May 3. Oxl05+2.6xl05 5.2xl05 1.3xl04 1. 9xl03+2 .1xl03 3.7xl03 0.0 
(4) (4) 

Yearly 2.4xl05+2.9xl05 9.2x105 2.2xl03 5. 7xl03+8.Oxl03 3.0xl04 0.0 
(24) (26) 

._------ - ---_. 
*N\JIlt)er of determinations 
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