MISCELLANEOUS PAPER Y-74-2

WASTEWATER TREATMENT ON SOILS OF
LOW PERMEABILITY

[nterim Report
by

Renald E. Hoeppel, Patrick G. Hunt,
Thomas B. Delaney, Jr.

s

10 'Ell'_lﬂﬂ

July 1974

sponsored by U. S. Army Cold Regions Research and Engineering Laboratory,
Hanover, N. H., and Office, Chief of Engineers, U. S. Army

Conductedby U, S. Army Engineer Waterways Experiment Station
Office for Environmental Studies
Vicksburg, Mississippi

ARMY.MRC VICHSBURG, MISE

APPROVED FOR PUBLIG RELEASE; DISTRIBUTION UNLIMITED



THE CONTENTS OF THIS REPORT ARE NOT TO EE
USED FOR ADVERTISING, FUBLICATTION, CR
PROMOTIONAL PURPOSES. CITATION OF TRADE
KAMES DOES NOT CONSTITUTE AN CFFICTARL EN-
DORSEMENT OR APPROVAL OF THE USE OF SUCH
COMMERCIAL FPRODUCTS.




FOREWORD

This research was funded by the Departmsnt of the Army, Office;
Chief of Enginsers, through the U. 5. Army Celd Regicns Research and
Engineering Lzboratory, Corps of Engineers. Funding was from Civil
Works Appropriation 96X3121, General Investigation - Research and
Devalopment.
The work was conducted during the period July 1972-dune 1973 at tae
U, 5. Army Engineer Waterways Experiment Station (WES), Vicksburg, Mis-
sissippi, by Mr. R, E. Hoeppel, Dr. P. G. Hunt, and PFC T. B. Delaney, Jr.
The study was under the general supervision of Ir. John Harrison, Special
Assistant for Envirommental Studies.
Mr. Ronald Delaune of Louisiana State University gssisted in the
preparation of the literature review and the redox measuring system.
Directors of WES during conduct of this study and preparation of
the report were BG E. D. Peixottoy CE, and COL. . H. HiXt, CE. Tech-
niecal Director was Mr. F. R. Brown.




CONTENTS

Pags
FOREWESRE: i & % 2 4@ W & 5 0 NS v e E wg s N ——— v
IHTRODUCTION & a v o 4 o o o @ oo v o o o 0 a o n v s n e 1
FITERITNRECHEWNIIE o a o o on oo uwomeomn we a0 w0 w % 6 W Sk @ CE we i Smiienie it
Land Treatment of WastewaLer . & o v v 4 o o v o 5 » & & = s L
Reduced Boll QolBEIONS: »owuw w oo & & % % & § % e a0 CelgEc @ 5
Mineralization and Immobilization . . o & & « & 2 = & = & a T
BIEFARTOREINR & 5 o v o im0 = 0 % % @ & B 8 0% I U0 R 9
Dot Bl ion = w o o gomeiod @ 3 @ & I W N o5 oW R 11
Fhosphorus Fixation and Availability . &+ + v & v v« = 4 v s 13
Hoawy Melials o« v w o n o w mom s &0 8 5 @ o w 9 % i 5 e s e b 15
FAPERIMENTAL PROCEDURE & & « 5 % %e i 5 o s o = w & om oCe o6 re 19
Bxperdment T o 5 3 5 5 4 wie 4 5 5 5 5 % % & 5 8 m on m miren 14
Model Construction and Liocation . . . v « & « 4« « o « 13
Soil Collsction and Freparatiol « o o o o o o o « o o & 20
Wastewater Collection and Preparation . « + v « 4+ o . . 22
Wasfewater Sampling and Analyses . & v v & & + & 4 o . 23
Soil and Plant Sampling and Analyses .+ + « « « = » 5 & ey
Oxidation-Reduction Measurements . « « « o « & o & & & 25
Experiment IT . . v o + « « SO WO W R N R I URTCETE 26
Model Construction and Location . . . . . . . . . S g 26
Soil Collection, Preparation, and Grass Establishment . 26
Wastewater Collection and Preparation . o « v + « & « . e
Wastewater Appliecation, Sampling, and Analyses . . . . 28
S0il and Flant Sampling and Analyses . . . . « . . . . 29
Oxidation-Reduction Measurements . . « v « « & & « = & 24
RESULTS AND DISCUSSION o w o s 5 2 8.4 o o o & 5 OE a oom e e iw ymps 30
fnslysis of Test Results from Experiment I e e e e e e s 30
Account of Nitrogen in the System . . . - " e 30
Physicochemical Inhibition by an Algal Layer oI

Hitrogen Removel . v v 4 « & o & TEE T L1

Biochemical Inhibition by an Algal lajEl on Nitrogen
BEmove) . o o o o 0 wnwiw 6 G OW oW SoE Se S e e Ly
Oxidation-Reduction Patential Studg R Lo
ffect of Downslope Distance con Nitrogen Treatment . . 52
Effect of Flow Rate on Witrogen Treatment . . « . & . - 5l
Account ef COD and Major and Minor Elements . + « + « & 6

Vil



SUMMARY

Experiment I

4 clay soil-Reed Canary grass system was used to study nitrifica-
t+ien and denitrification conditions in overland flow treatment of waste-
water and represented a small-scale simulation of a cannery wastewater
disposal system. Wastewater containing 15- to 20-mg/? nitrogen was ap-
plied to the 10-ft-long (3.05-m) mocel at a rate of epproximately 2.5 in,
(6.35 cm) per S-dey week over & 12-week period. This rate is equivalent
to & field application of 0.01k mgd/acre (25,500 2/hr/ha) over a 5-hr
period.

Average removal efficlencies for nitrate N, ammonium N, and organic
N over the course of experimentation were 90.h4, g2.6, and 39.8 percent,
respectively. Total nitrogen removel was calculated to be 81.7 percent.
An smount equivalent to 75.9 percent of the applied nitrogen was incor-
porated into grass tissue. Sinece the soil contained over 0.2 percent
nitrogen, much of the grass nitrogen probably originated in the soil
rather than in the wastewater. Therefore the 7.0 percent of wastewster
nitrogen unaccounted Tor was probably an underestimation of the gazeous
lasses of nitrogen from the systems (denitrification).

Nitrate removel efficiency appeared to decrease when the grass was
cut to & height of a faw centimeters and blue-green algze were allowed
to form z crust over the surface of the soil. Ammonium and organic ni-
trogen treatment also decreased noticeebly at this time, especially
during periods of grass regrowth and resultant slgal death. Upon re-
growth of grass and the disappearance of the algal crust, the nitrate,
ammonium, and TKW removal efficiencies increased, This resulted in the
greatest removal of total W (92.8 percent) during the final week of
experimentation.

The initial hypothesis thet denitrification is increased by the
combination of both aercbic and snaercbic zones within or under thick
alzal mats on ogverland flow treatment systems was rejected. Tt was in-
stead hypothesized that denitrification in overland flow systems 1s
principally a soil phenomenon, which probably functions similarly to de-
nitrification in rice fields. In & flooded rice field, an "aercbie-
anaercbiec double layer" exists in the upper scil profile. This combi-
nation allows for oxygzen-dependent nitrifieation and srnzercbic-dependent
denitrification to proceed simultanecusly. The authors feel that this
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Kentucky 31, tall Fescue (Festuca arundinacea), Perennial Ryegrass
{Lolium perenne L, ), and Bermuda grass (Cynodon dactylon L.). Afier

10 weeks of treatment, an averags of 88 percent of the applied nitrogen
had been removed Trom the wastewater after passage over the 10 £31
(3.05-m) model. This value includes the relatively low treatment achieved
during the first four weeks, which inereaszed to greater tham 93 percent
in the following weeks. The grass removed 30 percent and the soil re-
moved 34 percent of the applied nitrogen, while denitrification was
hypothesized to be responsible for the remaining 2L percent. BResults
from this end a parallel study involving an unamended Susguehanna clay
indicated that the addition of sludge did not significantly modify
nitrogen transformetions in the system.

Fhosphorus removal was 2 surprisingly low 60 percent considering
that the soil used had a pH of 5 and & high iron and sluminum content.
However, the low thosphorus removal efficiency was ghserved in similar
studies with Susguehanna clay and on the Campbell Soup Company's over-
land flow treatment system at Paris, Texas. The authors believe that
phosphorus treatment may be the limiting factor in overland flow systems.

Potassium was very effectively removed from wastewater. Sodium
was not removed effectively, but its concentraticn in the wastewater
was relatively high, so that a significant inerease in sodium oeccurred
in the soil., In this wastewater, the concentration of sodium was un-
commonly higher than the concentration of calciuwn and megnesium combined.
If it was =pplisd on & site for = prolonged period, there could most
likely be both soil strueture and high salt content problems.

Cadmium, copper, manganese, and lead were removed by greater then
90 percent from the wastewatier. Nickel and zinc had removals of B3 and
75 percent, respeciively. The low treatment efficiency of zine proba-
bly resulted from its high concentration in the sludge, but the reason
for poorer removal of nickel is not clear. The higher coneentration of
zine in the sludge was reflected in the higher concentration of thie
element in the harvested grass. The rapid removal of cadmium by the
soil system was also reflected by a significantly higher concentration
of cadmiwm in the grass harvested from the first 2.5 ft (0.76 m) of
the model. No significant inereases in heavy metals occurred in the
soil during this shert study, but it should be recognized that over &
long period of time significant amcunts of these elements could ba
added from industrial wastewaters. These results indicated that short
term incorporation of [ percent sewage sludge into the upper inch of
s0il did not significantly modify wastewater treatment in the overland
flow system.
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concept is probably the key to much of the nitrogen lost on overland
flow systems, since ammonium normally must go through the nitrification-
denitrification cycle to be lost as nitrogen gas. It is possible that
some algal crusts may physically or biochemically hinder the diffusion
of nitrate and ammonium between aerobic surface and anaerobic sub-
surface zones, or may prevent the establishment of aerobic zones in

the soil. This would decrease the nitrogen treatment efficiency.

Following the double layer concept and the assumption that both
nitrification and denitrification would occur more rapidly in the soil
than in the overflowing wastewater or in a biological surface crust, an
interesting hypothesis can be made to explain the requirement for a rest
period in an overland flow system. If the system is subjected to waste-
water with a high BOD, the organic material could consume oxygen in the
liquid film before it reached the soil surface. The result would be a
rather low rate of nitrification and consequently a low rate of denitri-
fication. A rest period would then be required to reestablish aerobic
conditions at the soil surface. If the preceding hypotheses are valid,
secondary treatment that pushed nitrogen to the nitrate form would make
advanced treatment by overland flow more efficient for nitrogen. Under
these conditions the presence of the aerobic layer for nitrification
would not be required; only the anaerobic conditions for denitrification
would be necessary. However, it must be emphasized that these are only
hypotheses. It was proven in this study that at a depth of 15 mm in the
clay soils reduced conditions existed throughout the wetting cycle and
only after a weekend of drying were oxidized conditions approached. It
was shown, however, that during weekend drying, the surface 3- to 5-mm
layer changed from reduced to oxidized conditions, in which nitrate
would remain stable. The presence of an aerobic layer during the wet-
ting cycle was not proven, although its existence seems likely.

Algal inhibition of denitrification by photosynthetic production
of oxygen was examined by running the model in darkness. No increase
in nitrogen removal was observed. In order to determine if the algae
were inhibiting nitrate reduction by biochemical mechanisms, anaerobic
wastewater was incubated for several days with and without an algal cell
extract. The extract did not decrease nitrate loss, but further analyses
concerning short-term inhibition seem warranted.

The greatest removal of nitrate and ammonium nitrogen from the
wastewater was displayed in the first downslope foot of the model.
During the first four weeks, nearly half of the nitrate nitrogen was
removed in this distance. Although the treatment efficiency decreased
after this time, the initial effect of distance on removal rate remained

apparent through the ninth week. Treatment efficiency was also found to
vary inversely with flow rate.

Experiment I1

This experiment was conducted to examine the effects of adding
sewage sludge to the upper few centimeters of an overland flow system.
The soil used was a previously untreated Susquehanna clay, and the grass
cover was a mixture of Reed canary grass (Phalaris arundinaces L.)

X



WASTEWATER TREATMENT ON SOILS OF LOW PERMEABILITY

INTRODUCTION

It has been recognized for some time that secondary treatment of
wastewater is not sufficient to prevent water pollutign and the resulting
eutrophication. However, only since the 1972 Clean Water Act have re-
quirements for advanced treatment of wastewater been set. Advanced
wastewater treatment may be accomplished using a variety of treatment
processes. These may be physical, chemical, or biological in nature.
More often than not, advanced waste treatment systems do not employ
these processes singly but rather make use of compatible combinations
of them. Additionally, the number of possible interactions within each
process can be quite large. The fact that no single system has gained
strong popularity among designers of municipal systems should be judged
as sufficient evidence that none is obviously superior, and additional
research, as well as operational evaluation, seems warranted.

This study has been limited to land treatment as a means of achiev-
ing advanced wastewater purification. Land treatment has the advantage
of incorporating the recycling concept directly into its treatment mode,
resulting in replacement rather than deﬁletion of natural resources.
Also, some form of control over ecologically damaging components is re-
tained. However, these same components can be dispersed into the en-
vironment if proper care in selection and management of land treatment
sites is not exercised. Normally, land treatment is thought of as the
application of a moderate amount of wastewater to soils, which allows
for vertical penetration at a rate sufficient to prevent ponding but
slow enough to accomplish treatment. Such a system has been used
successfully for 10 years by Pennsylvania State University and is
probably the most studied in the United States. The Environmental Pro-
tection Agency (EPA) has recently funded the construction of a large
municipal and industrial wastewater treatment facility at Muskegon,
Michigan, which includes tertiary land treatment. Michigan State Uni-

versity is also in the process of constructing a related lagoon-land



treatment system. It is hoped that the operation of these facilities
will answer questions concerning the use of land treatment in large
municipal areas. Studies being conducted at Phoenix, Arizona, and
Tallahassee, Florida, are addressing the problems of land treatment in
fairly porous soils.

Wastewater treatment on sloped and impervious soils, commonly re-
ferred to as the "overland flow" mode, has generally been considered to
have little applicability to the treatment of municipal wastewaters.
Only one system that utilizes low-permeability soils has been studied in
any detail, that of the Campbell Soup Company's plant at Paris, Texas.
This system has been operating since 1964 and has been shown by an EPA
study (36) to have good nutrient removal capability. However, the sys-
tem treats cannery rather than municipal wastewater. Much of the nutri-
ent load in this system is in an organic form and would initially be
bound with the organic fraction on or in soils or grasses. Therefore,
the level of treatment achieved has often been dismissed as a mere
physical filtration phenomenon, or rather an efficient retention of
nutrients in the organic phase. Another enigma of the runoff-type sys-
tem is the frequent occurrence of a significant amount of unaccounted for
nitrogen. This has been attributed to the gaseous loss of nitrogen,
termed denitrification. However, no quantitative and very little direct
evidence of this fact has been produced even though denitrification in
a similar system, the rice paddy, is well established (63). In both rice
paddy and overland flow systems, the soil pores are filled with water,
and oxygen must diffuse through a water layer of several millimeters to
several centimeters thick. Since the diffusion coefficient for oxygen
is approximately ten thousand times less in water than in air, the rate
of movement of oxygen into the flooded soils is quite low. Consequent-
ly, anaerobic sites and concomitant denitrification quickly develop even
in the upper few centimeters of flooded soil. Thus, considering the
good performance of the Paris, Texas, overland flow system, the similar-
ity of such a system to a rice paddy system, and the large amounts of
underutilized low-permeability soils, it seems promising to pursue the
stewaters. Th

concept of overland flow treatment for mmdicipal w
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research presented in this report deals with wastewater treatment
by the overland flow mede, with particular emphasiz on nitrification

and denitrification.



LITERATURE REVIEW

Land Treatment of Wastewater

Various methods of treating wastewater on land have been practiced
for many years. Presently, there are several hundred municipalities in
the United States utilizing land treatment for part or all of their
wastewater treatment needs (54). The American Public Works Association
has recently completed a survey of facilities using land application of
wastewater (5); readers desiring information regarding details used in
these systems should consult the referenced publication. For the pur-
poses of this review, however, only a few of the more publicized and
studied systems will be discussed.

The Penn State Land Treatment System is used to treat part of the
secondarily treated wastewater for State College, Pennsylvania., This

spray irrigation system has been in operation for 10 years (46). It

handles a hydrological load of a few inches of applied wastewater at the
treatment site per week, an amount typical of agricultural irrigation.
With this type of land treatment, wastewater-soil particle contact is at
a maximum. The opportunity for ionic exchange, fixation, adsorption,

and precipitation is great, and microbial transformations and plant up-
take are active components. Rates of nitrogen removal by corn of 0.0078
to 0.0168 kg/m2 (65 to 127 percent of the nitrogen applied in wastewater)
have been reported from the Penn State system (32). This system functions
well in terms of both water-quality improvement and crop growth, but like
most land treatment systems, it allows vertical penetration into the
groundwater. Therefore, its performance and the hydrogeologic inter-
actions must be constantly surveyed.

A system has been designed to avoid the possibility of groundwater
contamination and hydrogeologic problems while utilizing the treating ca-
pacity of the upper few feet of soil profiles. In this system, which is
presently under construction at Muskegon, Michigan, underdrains
will be used to collect the treated water (4l4). The water will then be

returned to the municipality for reuse or discharged into a waterway or



lake. There is, however, the possibility of drains becoming clogged if
reduced conditions are prevalent in the soil profile sbove the under-
drains (24,58). It is hoped that this system will provide much needed
information on the practieability of transporting large volumes of water
from one watershed to another for treatment and returning the same to
the original watershed for reuse or diacharge.

Another type of land treatment, rapid infiltration, allows several

feet of wastewater per day to be passed into porous and reasonably deep

soil profiles., MNitrification, denitrification, and soil exchange are
cofsidered guite important in this system. The most studied system of
this type is that at the Flushing Meadows Site near Phoenix, Arizona.
The greatest weskness of this type of treatment is that, when large vol-
umes of wastewater are passed through the rapid infiltration system,
plant and microbial upteke of nutrients is rather inconsequential. When
wastewster from the system is allowed to pass into the groundwater,
simple dilutiom is probably & major factor in reducing excessive concen-
trations of water soluble constitituents. If, however, the trested
wastewater can be kept separate from groundwater and reused as irriga-
tion water, this system has considerable potential, primarily as a
physicel filter. In addition, the system functions adeguately when the
application rates are kept low enough so that plant as well ss soil and
micreobial removal or conversion of nutrients is significant. BSuch a sys-
tem is being used at Tellahassee, Florida, snd major groundwater pollu-
tion has not been obserwved. BStudies are continuing to establish what
effect, if any, the wastewnter application rate might have on the
groundwater aquality.

Az stated previcusly, land trestment of wastewater on relatively
impervicus soils, which allow very little penetration of water, is

commonly referred to as the overland flow treatment system. The Camp-

bell Soup Company's plant at Paris, Texas, is the best known and most
studied system of this type. This system gives high removal of biochem~
ical cxyEen demand {Bﬁﬂ} end nitrogen and moderate removal of phosphorus
E}E}. However, when overland flow sgystems sre considered for treatment

of municipal wastewater, the question often arises as to treatment



mechanisms and their applicability to such a wastewater. Plant uptake and

denitrification have been proposed but not proven as the major mechanisms
of treatment in the Paris, Texas, system (29,36). However, the possi-
bility of surface denitrification does not seem so remote when the sim-
ilarity of this system to the rice paddy system is considered. The
importance and magnitude of denitrification in rice cultivation are well
established, and the concept of denitrification under continually and
intermittently flooded soils will be pursued in more detail later in

this report.

Although land treatment systems differ greatly in some aspects,
they have many underlying treatment mechanisms that are similar, in-
cluding biochemical immobilization and denitrification, chemical ex-
change, and physical filtering by the soil as well as plant uptake. The
proper management of a land treatment system in accordance with the prop-
erties of the site is of paramount importance. The remainder of this
literature review will address land treatment principles with emphasis

toward those sites that should be operated as overland flow systems.

Reduced Soil Conditions

When the gas phase of soil pores is readily supplied with dif-
fusible oxygen, aerobic, oxidized conditions usually exist. The
oxidative-reductive condition is normally expressed in terms of the
oxidation-reduction potential (Eh) at a pH of 7 and a temperature of
25 C. According to Patrick and Mahapatra (49), oxidized soils have Eh
values of +400 mv or greater, while soils with Eh values of +100 to
+400 mv are moderately reduced, resulting in oxygen and nitrate in-
stability. Consequently, oxygen and nitrate tend to buffer a drop of
Eh when soils are flooded, but their effects are of a few hours and days,
respectively. The rate of decrease in Eh is highly variable, and is
related to the organic content, temperature, soil texture, and time
between floodings of the soil (63).

Air must diffuse through water films to the sites of aerobic
respiration when the soil is flooded or saturated. Since the diffusion

coefficient for oxygen through water is approximately ten thousand times



less than that in air, the potentisl for serobic metabolism at more than
g few millimeters inteo the soil is quite small (25). The actual depth to
which oxygen can penstrate is dependent upon such things as the depth of
the flooded water, the rate of metabolism in the system, and the length
or tortuosity of the diffusion path. Although an oxidized layer may
only be a few millimeters thieck, it has a profound effect on the function
of fleooded seils, for in this layer asrobic activities, particularly
nitrification, can occur (50). Under flooded conditions without this
layer, nitrate would not be formed, and denitrification (which is de-
pendent upon the formation of nitrate) would not occur. Defining de-
nitrification as &n asset or a detriment depends on whether wastewater
is being trested or a wetland farming operation 1ls being conducted.
Althoughn oxyzen would be rapidly depleted within a few millimeters
of soil depth, its presence would tend to stabilize reduced soil cen-
ditions. The same iz true of nitrate at these depths, bubt abnormally
high concentrations would be required for nitrate to be available longer
than a few days (62). More affective buffering of the decline toward
reductive conditlions is obtained from the Mnfi, FE+3, and oxidized
organic fraction of the soil (51). It is only under extremely reduced
conditions that sulfate begins to be reduced, whereby oxygen is removed
and hydrogen is added to the compound. As a result of the intermittent
nature of Clooding in the overland Tlow treatment of wastewater; ex-
tremely reducsd conditions should ceecur only at depths of several centi-

meters in the goil profile.

Mineralization and Immobilization

Mineralization as discussed in this review is defined by Alexan-
der (1) a= "the conversion of organic complexes of an elsment to the
inorganic state." The process may involve the processes of several
microorganisms, or it may be a simple cleavage of an element or com-
pound from an organic molecule. This review will consider the reverse
of mineralization to be immobilization, slthough in the broadest sense
incorporation into soil humus or plant meterial can be considered

immobilization.



If a highly carbonaceous material is added to an serated soil, im-
mobilization of nitrogen and other elements is likely to occcur. This is
because under zercbic conditions, 30 to Lo rercent of an applied carbon
source is likely to be converted to cellular material (1,2). Similarly,
other nutrients (such as nitrogen, phosphorus, and sulfur) will tend to
be taken up as these are needed to form Protein and other NeCesSSary or-
ganic compounds in an expanding microbial population. This biclogical
immobilization is due to the high energy yielding reasction in electron
transport with oxygen as the terminal electron acceptor. Concomitantly,
the reduced carbonaceous materials tend to be extensively oxidized to
CDE. The result iz a decrease in zeil organic carbon while nitrogen
continues to remain immobilized in soil organic material, Under re-
duced conditions, the energy yield is not as great, and the conversion
(5 to 10 percent) to cellular meterial is much lower. Consequently, the
demands on nitrogen and other nutrients are not as high, and more nitro-
gen is likely to be mineralized and remain in the inorganic form. In
addition, the extent of organic matter oxidation is not as great under
reduced soil conditions., After nitrate has been consumed and the termi-
nal electron scceptors zre organic compounds, degradstion tends to stop
at two- to five-carbon compounds, end in the sbsence of oxygen aromatic
molecules are not readily cleaved. Thus, it is possible under reduced
conditions to obtain an increase in both organiec matter and ammonium,

In & go0il profile that will allew significant leaching of nutri-
ents, immobilizetion and slow mineralization are extremely important in
maintaining nutrients in the root zone where plant uptake is an effective
means of removal. However, in an overland flow Eystem, the nutrients
normelly do not leach past the root Zone, and immobilization and min-
eraglization are not as important in the Prevention of groundwater con-
tamination. Their importance iz in moving nitrogen in and out of the
s0il organic matter and microbial ecells and in meking ammonium available
Tor nitrification during aerobic Pericds. Something worth considering is
thet a nitrogen increaze of only 0.0l percent in the upper 15 cm of the
soil profile is equivalent to an inerease of ool kg/ha.

It might be hypothesized that most of the nitrogen in cannery



wastewater is In suspended organic matter and would thus be guite easily
removed by filtration, while the nitrogen in secondarily treated muni-
cipal wastewater would be contained in the dissolved fraction and would
not be easily removed by physical means. In the latter system, bio-
logical immobilization would sppear to be the dominant process in soils.
With cannery waste, immobilization would also tend to predominate due

to the increassed load of organic materials, but slight changes in
microbial populations, deficits of certain mutrients, or other environ-
mental factors could result in & latent release and subsequent minsrali-
zation of the profuse supply of organie nitrogen. The mineralized
nitrogen, being primarily ammonium, would then be biologicelly oxidized
(nitrified) to nitrate during periods of soil drainage and drying.

Such an hypothesis might explain the need Tor rest periods in overland
flow systems and the initial flushing of nitrate from the system after

a rest period (36). The authors feel that the reguirement of a rest
period and the functioning of an overland flow site are very complex,
probably invelving such factors as oseillation between reduced and
oxidized conditions, sgite zlope end uniformity, buildup of toxic com-
poinds, microbial sealing or coating of the soil surface, and possibility

of nitrogen fixation (69,70).

Mitrification

Kitrifiecation, the oxidation of ammonium to nitrate, is a resction
of great sgricultural and ecclogical importance. Tt is nitrate nitrogen
that is readily taken up by most crop plants as a nitrogen source, but
it is also nitrate nitrogen that readily moves through the soil profile
into groundwater and reservoirs causing public health and esutrophication
problems. Witrifieation is normally thought to cccur through bacterdal

procesges, by the conversion of ammonium to nitrite by Nitrozomonss and

the subseguent conversion of nitrite to nitrate by Nitrobaeter (1).
However, it should be borne in mind that in the soil other micro-
organisms are involved in nitrification, and their activity may at

times be guite significant (1,2).



WMitrification is normally = very rapid process. Ammonium is often
converted to nitrate in the few minutes reguired for water to flow

through & soil colurm conly = few inches deep. Nitrosomonas and Nitro-

bacter, which derive energy solely from ammonium oxidations, are not
as efficient in wtilizing this energy ss are microbes that cbtain
energy from the oxidation of various organic molecules. As a resuli,
nitrifying organisms tend to oxidize a relatively large amount of ammonium
per unit cell mass.

The authors tend to agree with Alexander (3) who feels that the re-
lationship of pH to nitrification has been sufficiently stressed. How-
ever, it must be emphasized that significant nitrification does not cceur

in goils with pH wvalues lower than 5, while ammonium and nitrite oxida-

|_h

tions are thought to be adversely afTected by ammonia and high pH values,
respectively (57). The sensitivity of Niircbacter to ammonium ions may
result from the buildup of nitrite, which may subsequently have adverss
seffects on biological components (2). One of the more interesting
studies on pH-nitrification phencmena was conducted by Morrill and
Tewson (42). They noted that nitrite accumulated at pH wvalues higher
than 7.3, with further oxidation to nitrate cceurring at a slow rate.

fn the other hand, low pH values (4.5 to 5.9) resulted in no nitrite
tuildup but also little or no nitrate sccumulation. HFeutral pH levels
prompted the greatest rate of nitrification.

It is well to remember when thinking of overland flow treatment of
wastewater that flooded soils tend to approach a neutral pH level and
are therefore in the proper pH range for active nitrification. This
Pactor is guite important since there is intense competition for the
small smounts of oxygen present under flooded conditions.

Since nitrification is an aerobie process that is rather rapid
under the proper conditions, neither smmonium nor nitrite is found in
gignificant concentrations in asrated, neutral, and warm soils. Under
such conditions, mineralization is the limiting step of nitrification.
203l moisture levels that do not limit oxygen diffusion are better than

dry soil conditions. Moisture tensions near field capacity (0.1 to 0.3
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bar) sre normally found to promote the highest rates of nitrifica-
tion (29).

The effects of temperature and organic matter on nitrification
appear to be predictsble. If the temperature is lowered or raised
significantly from the renge of 25 to 35 C, the rate of nitrificstion de-
clines. Organic matter sesms to have little effect on the rate of
nitrification other than its effect on the amount of oxygen present and
the rate of immobilization and mineralization.

Nitrification has been shown to oceur in continuelly and inter-
mitzently flooded soils by Patrick (47,49). He postulates that a thin
3- to 10-mm leyer of oxidized soil exists above the reduced zone of a
floodad soil and that nitrification occcurs in this layer. The thickness

of such a layer depends upon the factors that establish the diffusion

L]

ate of oxygen, such az goll texture, depth of floodwater, and organic
content. The widespread occurrence and acceptance of this phenomenon
are evident in rice-cultivated aress. In rice paddies, surface-spplied
ammonium is rapidly nitrified to nitrate and subject to loss by deni-
trification in the underlying soil. Therefore, surface application of
emmonium is recognized as a poor cultural practice in rice farming.
These same properties, however, can be used to an advantage in overland
flew trestment of wastewater by ensbling the system to achieve cr exceed

required nitrogen removal rates.

Denitrification

Volumes have been written on the intricate biochemistry of deni-

el

rification, and this report attempts only to summarize the practlcal
points of these studies. Readers that sre interested in this aspect

are referred to U. 8. Army Enginesr Waterways Experiment Station (WES)
Miscellansous Paper Y-73-1 and its cited review artielegs. In this
s=oticon, however, an attempt will be made to circumvent the confusion
surrounding denitrification and to emphasize the predominant Drocesses
sz well as the ecological and sngineering importance of these processes.

Denitrifieation is the proesss whereby nitrate and nitrite are
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converted teo more reduced gaseous forms of nitrogen (15). The most
common form is elemental nitrogen, but nitrogen oxides can be formed and
more readily persist under acidie conditions, Denitrification can be
either biological or chemical; however, biological denitrification is

the more common ang significant process. Biologieal denitrification is =
rather straightforwara anaerobic processz in which nitrate serves the func-
tion that oxyzen does under aerchic conditions, the terminal acceptor of
electrons in eell respiration. ‘The termina] acceptor of electrens can
be thought of as the Tinal step in energy formation by an organism. The
acceptor makes the formation of energy continuous by rejuvenating the
last component in an energy formstion chain. This is done by mesns of
oxidizing it at the sacrifice of nitrate reduction, whereby nitrate
accepts the transferred electrons. In turn, each Preceding component

can also be reoxidized (electrons removed) through a chainlije transfer
system. The oxidized compounds in this chain are again reduced by in-
gestion of ather reduced materials in the enviromment, The same pro=-
cess takes place in aerobic oxidation with oxygen serving as the reju-

venator of the energy formation chain, the terminal electron acceptor.

The end products of aerobic respiration are GGE, HED’ and NE.

Mast denitrifying microorganisms use Lx¥gen under aerchic condgi-
tions and nitrate under anasrcbic conditions and are thus referred to &s
Tacultative anserchbes, There is some evidence of the Processes occurring
similtanecusly in the Seme organism at very low DEyVEen concentrations
(35 However, denitrification should te considered g strictly snaer-
obic process, with the realization that in g s50il system gtrictly aerchic
and strictly anaercbic sites can exist within millimeters of' each other.

fnother confusing point about denitrification is whether or not
denitrification is controlled by ox¥gen concentration or oxidation-
reduction (redox) potential {15). Here again, the point is of 1itile
tonsequence since the measure of one is not independent of the other,
The authors fesl that redox measurements are the bettier indicator of
denitrifying conditions because Ghey are more reliable under reduced
conditions. The exact redox potential at whigh nitrate is unstable is

not agreed upon because of variability in the measurement. However,
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below a2 potentiagl of +220 mv, adjusted for a pH of 7 and corrected to the
hydrogen ion as a reference, nitrate can be considered- unstable. This is
a2 significant point when the quickness with which a potential of +220 myv
can be reached by flooding or rapid censumption of oxygen is considered.
Thus, denitrification occurs befare what might be thought of as intense
reducing conditions,

Denitrification is favored by both extreme Physiological tempera-
tures and neutral pH levels (15). However, normal field temperatures
of 20 to 30 0 do not suppress denitrification greatly, and flooded soils
tend to equilibrate at a near neutral pH level (53). As a consequence ,
significant denitrification under flooded conditions is normally not

limited by the pH or Temperature.

Fhosphorus Fixation and Availability

Well-drained soils have been shown to diff'er in their capacity to
fix phosphorus depending on the quantity of iron and aluminum oxide
present (20,67,10), the kinds and amounts of clay minerals (59,13,39),
and the soil pH velues (20).

Tron and sluminum compounds are largely responsible for the fiva-
tion of phosphorus, especially under acidie well-drained soil conditions
(20).

Bear and Toth (10) noted that the amounts of soluble iron and
aluminum are very low when compared with the amount of phosphorus a
s0il is capable of fixing. Coleman (20) coneluded that iron and alumi-
num do not have to be in sclution in order to fix phesphates. It was
assumed that iron and alumimm are present in scils as film coatings of
oxices and hydraxides.

The behavior of phosphorus in flooded soils is remarkably different
Trom its behavior in well-drained aerated soils (432). Reasons for the
wide difference in phosphate response observed under aercbic and anssrc-
bic conditione have not been clearly defined, but it is generally under-
stood that the chemical nature of phosphate compounds and their reduc-
tion; hydrolysis, fixation, and refixation in the soil are responsible

for these differences. This difference in behavior is of grest practical
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slgnificance in the phosphorus nubrition of rice (L9),

The phosphorus in soils is inorganic or organie. The inorganic
forms of phosphorus have been classified by Chang and Jackson (17) into
four subgrours: Calcium phosphate, aluminum phosphate, iron phosphate,
and reductant-soluble iron rhosphate. Both types of iron Phosphate ars
of special importance in flooded soils used for rice Erowing.

According to Chang and Jaclkson (18), calcium and aluminug phos-
rhates are more likely to be formed than iron phosphate immediately
after phosphate fertilization of rice fields, with movement into the
iron phosphate fraction taking place as time Passes. This is te be
expected in view of the lower sclubility product of iron phosphate (17).
Movemsnt inte the reductant-scluble ircon thosphate fiwation is believed
to be a slow process related to soil maturity (18). The formation of
reguctant-soluble iron Phosphate is apparently unhampered by soil cul-
tural practices (18), This soil phosphate fraction may be of signifi-
cant Importance as a Phosphorus source for plants grown on waterlogged
s0lls even though it iz not considered so for upland crops.

Considerable research has been conducted in flooded soils o eval-
uate the crop response to the different inorganic phosphate compounds
mentioned above (41,22,56,48,28,6). Tt is Tairly well established
that flooding a soil results in an inereased solubility of phosphorus
(56). Iron phosphates have generally been found to be more soluble
than aluminum phosphate or calecium phosphate under flooded conditions.

Fujiwara (22) explained that the better response of rice to ferric
phosphate is dus to the occeurrence of hydrolysis under flooded condi -
tions and the resultant increuss in available phosphorug. Shapirc (56)
suggested that, since both alumirum and iron undergo hydrolysis, the
superiority of the iron rhosphate must be attributed to reduction as
well as hydrolysis. Patrick (48) reporied a marked increase in the ex-
tractable phosphorus with the lowering of the redox potential below
+200 mv (pH of 5.7). At +200 mv the ferric ion also begins to be
reduced to the ferrous form. This tends to confirm the belief that the
increase in phosphate results from the conversion of ferrie phosphate

to the more soluble Ferreus vhosphate,
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Valencia (64) found that immediately after flooding there was an
inerease in phosphorus availability, apparently due to hydrolysis of
aluminum phosphates and reduetion of ferric phosphates, but after &

long ineubation peried less phosphorus was aveilable, This was explained
as refixation of the mvailable phosphorus.

Bignificant changes in the selubility patterns of soil phosphorus
oceur when a s0il is fleooded, especially in the presence of a good supply
of easily decomposable organic matier. The effects of organic matier on
phosphate availability have been investigated by Bass and Sieling (9).
Generally, organic matter inecreases both the solubility and avallability
of soil phosphorus to plants. A number of mechanisms have been postu-
lated to explain the inereased availablility of soil phosphorus by or-
ganie matter. Under flooded conditiens, it has been suggested that
organic matter affects availsble phosphorus through reduction end che-
lation phenomena (56). It should be noted, however, that a reduction
in the amount of available phosphorus can occur through the process of
assimilation, that is, by bacteria decomposing the organic matter.

Az pointed out earlier, the soil pH can have a remarkable =ifTect
on the availasbility of phosphorus. However, under flooded conditions,
reduction of phosphate compounds overcomes the pH factor in determining
the solubility of soil phosphorus. Even so, Acki (6) found that the
solubility of phosphorus was minimal at pH wvalues between 5 and T. At
PH values below 5 and above T, the gquantities of soluble phesphorus
were much larger under flocded soil conditions.

The solubility-pH curves for flooded and nonflooded soils resemble
those of precipitated ferrous and ferric phosphates, respectively (Ll).
This fact led Mitsui (41) to postulate that phosphate availabilty under
flocded conditions was governed mainly by the solubility of iron phos-
phate. The high solubility of phosphate in the slkaline pH range was
presumed to be dus to the hydrolysis of this compound.

15
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Heavy Metals

Both manganese oxides and ferric iron compounds that predominate
in well-drained soils are reduced to the more soluble manganous and
ferrous forms when a soil is flooded (51). The kinetics of the re-
duction of manganese and iron are similar in nature, the only difference
being one of degree, manganese being more easily reduced than iron (51).
Turner and Patrick (62) have reported that manganese becomes reduced at

an Eh of +40O mv and is essentially completely reduced at an Eh of

+200 mv. Iron, on the other hand, becomes reduced when the Eh falls be-
low +200 mv (4B8). Patrick (48) attributed this increase in reduced
iron (ferrous iron) to the reduction of insoluble ferric compounds that
were unstable at this reducing potential.

The conditions that favor the reduction of manganese and iron in
flooded soils have received much study (51,23,60,1,40,37,45). These
studies have shown that the reduction of manganese and iron is favored
by (a) the absence of substances at a higher level of oxidation, such as
nitrate (57), (b) the presence of readily decomposable organic matter
(51,23,40,37,45), and (c) a good supply of active iron (51). There
have been numerous mechanisms hypothesized that might govern the reduc-
tion of manganese and iron in flooded soils. The general consensus of
the numerous reports indicates that manganic and ferric compounds are
reduced to the more soluble manganous and ferrous forms either (a) by
serving as biological electron acceptors (45,60,1) or (b) by being re-
duced chemically by organic compounds during the anaerobic decomposition
of organic matter (1,40,60,23,51). According to Mann and Quastel (LO)
and Alexander (1), several factors may be involved in these mechanisms.
The solubilization of unavailable manganese and iron oxides can be
accomplished by an increase in acidity accompanying fermentation that
favors the mobilization of manganese and iron; the depletion of oxygen
as a consequence of microbial metabolism tends to lower the Eh and lead
to the reduction of manganic and ferric compounds; fermentation products
(reducing organic substances) react directly with the oxidized forms of

manganese and iron and shift the equilibrium from oxidized forms to the
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reduced manganous and ferrous forms; and finally, electron transport
results, with the iron and manganese functioning as &n electron acceptor
in eell respiration in a2 manner snalogous to the reduction of nitrate

by denitrifying bacteria.

According to Leeper (37), mierpbial reduction of manganese can
take place at any pH value, if the oxygen tension is low, when the an-
aercbic bacteria use the higher oxides as a source of oxygen. Reduction
of the higher oxides in flooded so0ils takes place when the bioclogical
oxidetion of organic matter proceeds s0 rapidly that air cannot supply
oxygen in adequate amounts. When this occurs, reduction of the higher
oxides of manganese takes place. OUxygen is thus supplied with a subse-
guent increase in the available manganese. Redman and Patrick (53)
reported & sixfold average increase in extractable mengenese after 30
days submergence,

Mangesnese and iron reactions in reduced enviromments are very
closely related (34,11). In soclutions with low oxidation-reduction
potentials, manganese and iron form carbonates, sulfides, and silicates
that are fairly insoluble in neutral or basic solutions. Berner (11)
stated that once hydrogen sulfide is formed in flooded sediments, it
reacts with warious iron-containing minerals to form inscluble iron
sulfate. Krauskopf (34) found that manganese sulfide was readily
oxidized under aerated conditions to give insoluble oxides of higher
valence., Oxidation of manganous compounds reaquires higher potentials
than does oxidation of ferrous compounds, znd hence manganese sulfide
is more soluble than iron sulfide. Connell and Patrick (21) reported
that reduced manganese was Tound to be less efficient than reduced ircon
in precipitating hydrogen sulfide. The fact that ferrous sulfide is
more insoluble then manganous sulfide indiecsates that iron is & more
effective sulfide-precipitating agent than manganese.

Very little research has been done on the availability and solu-
bility of zinc, copper, cedmium, nickel, and lead under enaserchic condi-
tions. Jenne (31) suggests that the role of hydrous oxides of manganese
and iron is important as a control on heavy-metel solubility through
sorption and desorption reactions with the heavy metals. Jenne (31)
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indicated that the principal factors affecting the availability of
hydrous-oxide~occluded heavy metals are oxidation-reduction potentials,
PH level, concentration of the metal of interest, concentration of com-
peting metals, and concentration of other ions capable of forming inor-
ganic complexes and organic chelates. Jenne (31) stated that the most
significant factors probably are the oxidation-reduction potentials and
pH level.

Geologists have demonstrated that heavy metals readily form very
insoluble sulfide salts when exposed to anaerobic conditions in which

hydrogen sulfide is present (34).
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EXPERIMENTAL, PROCEDURE

Two types of soil systems for overland flow treatment of waste-
water were investigated during this study. One soil was from an 8-year-
old commercial cannery wastewster treatment site; the other was from an
untreated natural site in a national forest that was low in indigenous
E0ll organie matter. Consequently, this latter system was amended with
sludge in order to increase its organic matter content, Thus, both
experimental soils represented soil systems that had more organic matter
and biological sctivity than an average heavy clay soil. Overland flow
on previously untreated, low-organic elay scil was investigated in an
independent but parallel study (16),

Experiment I

Meodel Construetion and Loecation

The experimental model consisted of & wooden box that was 3.05 m
(10 £t) long by 1.52 m (5 ft) wide by 19 em (7.5 in.) deep., The hox was
constructed at a 0.91-m (3-£t) height on a permanent 2 percent slope.
Bottom sampling ports were inserted at distances of 0.76, 1.52, 2.29,
and 3.05 m from the upslope end, with four ports being spaced 25.4
and 50.8 em from each edge at each unit length. At the downslope end,
Tour ports were similarly placed across the box at 7.6 and 15.2 em
above the bottom. The upper set coincided with the soil surface within
the box, and the lower =zet allowed the exit of soil water from inter-
mediate depths.,

The model was heavily coated with an epoxy paint, Cnna-glaze,a to
prevent interaction between the construction materials and the soil
system and to allow ssaling of the Plexiglas nipples and collection
trays. All ports were fitted with 0.79-cm I.D. clear Plexiglas Tittings.
In addition, ports at the 7.6~ and 15.2-cm heights of the 3.05-m down-
slope end of the box were fitted with L Plexiglas collection trays,

* Manufactured by Con/Chenm, Inc., 15524 5. Broadway, Gardena, Califernia
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2.54 cm wide and 38.1 cm long, which were sloped to the bottom of each
port. Tygon tubing led to various sized narrow-mouth polyethylene
bottles from the collection ports. The bottles allowed for the collec-
tion of runoff and subflow liquid and for monitoring of flow rates and
total volumes. The remaining bottom ports were filled ang covered with
fiberglass cloth that acted as a wick for trapping subsurface liquid
and prevented soil from sealing the outlet fittings. The ports were
then sealed from underneath with rubber stoppers into which a needle
could be inserted through a septum for withdrawal of samples,

The model was located in a fiberglass-covered Growmore greenhouse,
measuring 9.75 by 6.70 m. The greenhouse was electrically heated and
was cooled through evaporative pads on the north end, contributing to
a temperature range of 4 to 35 C during the experiment.

Soil Collection and Preparation

So0il and grass samples were obtained on 1 February 1973 at the
spray irrigation overland flow site of a commercial cannery in north-
eastern Texas (see Figures 1-3). The sampled area had been used
repeatedly since the latter part of 1964 as a disposal area for the
cannery wastewater and was being irrigated at the time of collection.
The dominant vegetation at the site was Reed canary grass (Phalaris
arundinacea L.), which at the time was in winter dormancy. The soil

was classified as a gray podzol with a regolith composed of calcareous



Figure 1.

Figure 2.

Close-up of an overland flow treatment site.

General view of an overland flow treatment site.
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Figure 3. Water-monitoring site for treatsd water
leaving the overland flow treatment site.

place, samples were randomly taken throughout the profile for later
analyses. A centrel divider, consisting of an epoxy-paint-coated steel
strip 5.1 cm deep and 3.05 m long, was then installed down the length
of the box to divide the surface runcff and minimize channeling. How-
ever, the divider was not extended below the l-cm goil depth for fear
of obtaining an edge effect. The behavior of this soil during the ex-
periment indicated that this fear was probaebly unfounded.

For the first 3 weeks, a mixture of approximately 0.05 percent
sucrose-water was applied to the soil system in order to stimulate the
grass cover and the microflora, By the end of this period, the grass
had responded well snd was giving uniform coverage of the model,
Wastewater Collection and Preparation

Secondarily treated wastewater was obtained from a small extended
aesration treatment plant cperated by the Scottish Inn, Inc., Vicksburg,

Migsissippi. The wastewater was collected with a small portable pump
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from near the chlorine inlet line and stored in two 208-liter epoxy-
Paint-coated drums for approximately 15 hours prior to application to
the model. This allowed for dissipation of the residusl chlorine, which
approximated L ppm. The wastewater wes pumped from the drums into two
polyethylene barrels, adding equal volumes to each.

Since the wastewater was lower in nitrate and ammonium than most
secondarily treated mmnieipal wastewater and cammery waste, it was
amended with ammonium nitrate to increase the fipal nitrogen concen-
tration by 7.5 ppm for each component. The final concentration for
nitrate plus ammonium was generally from 16 to 20 rpm nitrogen. In
order to simulate the cannery waste in reduced Organic components,

0.1 g of sucrose was added to cach liter of influent to give a final
chemical oxygen demand (COD) of epproximately 200 mg/L. The schedule
involved running the model for 2 days, Monday through Friday. Due to
additicnal weekend drying, 70 liters of wastewater were applied on
Mondays, and 57 liters were applied on the other 4 days to approximate
adding 6.35 cm of wastewater per week.

The wastewater was Dumped from each of the two calibratsd storage
barrels into two Plexiglas trays, one for each side of the model. This
Wwas accomplished by means of a single peristaltic-setion pump using
8 double head, with speed adjusted +o Eive a flow rate of about 100 ml/
min to each tray. This rate allowed for continuous epplication of the
wastewater over a S-hour veriod. The trays were located at the upslope
end of the model and measured 0.76 m by 5.1 cm by 2.5 em; with an over-
hanging 1ip on one side to allow for overflow onto the soil. Faper towels
were cut in 7.5-em-wide strips and placed along the length of the lip.
The toweling acted as = hydrophilic wick and served to distribute the
tray overflow mors evenly., It was Previcusly sosked to remove any
soluble materials. Tests revealed that the paper towels did not signi-
ficantly change ths composition of the applied wastewater.

Wastewater Sampling and Analyses

Wastewater samples were collected from the inflow and outlet lines
similtansously, and both flow rate in milliliters per minute and time
of collection were recorded at each location. Samples other than at
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3.05 m were obtained from small pools at various locations on the model
surface by means of a syringe. These sites were labeled for future
collection. Bottom samples were also collected with a syringe through
the rubber caps of the bottom ports. Amended and raw wastewater samples
from the model were analyzed daily for nitrate and ammonium concentra-
tions using Orion specific ion electrodes and an Orion Model 801
expanded-scale millivoltmeter. These -readings were occasionally com-
pared with results obtained using the chromotropic acid method for
nitrate (6l) and distillation-nesslerization for ammonium (65). Nitrite
was determined with the sulfanilamide-N-1 naphthyl -ethylenediamine
hydrochloride colorimetric analysis, using the Technicon Autoanalyzer IIb
(65). Total Kjeldahl nitrogen (TKN) determinations varied in frequency
because of instrumentation problems but were made at least on a weekly
basis, and COD tests (65) were performed regularly. Occasional analyses
of the effluent from the soil system were made for phosphorus using the
stannous chloride method (6l), and for magnesium, calcium, potassium,
sodium, manganese, lead, zinc, cadmium, nickel, and aluminum using a
Perkin-Elmer. Model 303 atomic absorption spectrophotometer., Measurements
for pH were made for wastewater sampled at various locations within the
experimental model using a glass electrode.

Soil and Plant Sampling and Analyses

Soil samples were also obtained at 0.84- and 2.29-m locations from
each side of the model for compositional analyses. Each site was sampled
from O- to 7.5-cm and 7.5- to 15-cm depths. Moist soils were used for
determining TKN and exchangeable ammonium, the latter being extracted
with acidified sodium chloride. A composite of 20 samples from the
soil surface was used to obtain a measure of TKN variability.

Upon drying the soil at 60 C for 48 hours, phosphorus was determined
in an acidified salt extract using the previously described method.

Atomic absorption was used for determining the magnesium, calcium,
potassium, sodium, manganese, iron, aluminum, lead, zinc, cadmium, and

nickel in the same extracts. Total readily available organic carbon was

b Manufactured by Technicon Corp., Tarrytown, New York.
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determined by wet digestion using the Walkley-Black method (19). Seil
pH measurements were made on random samples obtained from the upper
5 cm of the model using a saturated paste.

The vegetation within the experimental model was zlmost exclusively
Reed canary grass, which began to emerge fram the soil shortly before
initistion of the eXperiment, After 2 weeks of wastewater application
when the grass had reached a height of about 30 cm, the grass on one
side of the median divider of the model was cut to a height of 5 om.
This height vas maintained weekly for a tosal of U weeks in order to
allow for establishment of a thick algal slime layer and the study of
pursuant changes in the model functioning. The other side of the box
was maintained at a height of 30 con during this period to serve as a
partial eontrol. After the L weeks, the grass was allowed to grow to
the height of 30 em to simulate normal regrowth of the grass after
harvesting. Previous to regrowth, the model was on one occasion cov-
ered with a thick canvas cloth to prevent light from reaching the algal
mat and thus to deﬁermine if photosynthesis by the algase had a signifi-
cant effect on the Tunction of the model, Complete regrowth of the
grass on the cut side took about 2 weeks Tollowing the last cutting,
and algal decay required an additional 2 weeks, Thus, for the final
2 weeks of experimentation, the model approached the ecological condi-
tions that prevailed when the model was initially studied.

All grass cuttings were dried st 60 C for 96 hours and then ground
for compositional analyses, Samples were analyzed for TEN, =eid
extractable ammonium and nitrate, rhosphorus, magnesium, caleium,
potassium, sodium, manganese, iron, aluminum, lead zine, cadmium, ang
nickel, as previously desecribed. (rass cuttings were obtaiped from
different areas on the model in order to correlate changes in composi-
tion with the various locations,

Didation-Reductien Megsurements

Oxidation-reduction potential measurements were monitored in the
s01l system of the model using bright platinum electrodes and a calomel
reference electrode. The platinum electrodes were Precalibrated in a

saturated aqueous quinhydrone solution at a PH of 7.0 (25 C) before use,
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then inserted into the s0il along with small wooden supports the day
previous to monitoring. Electrode readings were recorded on a portable
Oricn Medel LO7 millivoltmeter, Random locations wers sampled in the
model at downslope distances of 0.6 and 2.4 m on both sides of the
median divider. Two electrodes were placed less than 5 cm apart at
each location, one at less than 5 mm into the soil surface Just under
or within the surface organic slime and the other at g depth of 13 mm
within the soil. The four sites wers monitored at random times over
an 18-day period ending 1 week prior to the completion of experimenta-
tion. At this time, elesctrodes were installad at downslope distances
of 0.8, 1.5, and 2.3 m and were monitored from Thursday through Monday
of the final week in the manner previcusly deseribed. The purpose of
the latter measurements was to show the discrete fluctuations that
oceur during alternating periods of surface saturation and drainage on
the model.

Experiment IT

Model Construction and Location

The model used in Experiment II was guite similar to that used in
Zxperiment I. The only significant difference was that the collection
ports at the downslope end of the model were only at the bottom and the
15.2-em s0il surface levels. The model was located in the same green-
house and under the same conditions as Experiment I,

Soil Collection, Preparation,
and Gragg Establishment

A low-permeability clay soil of the Susquehanna series was used in
this study. OSusquehanna soils ocecur in higher elevation areas of thea
Atlantic and Gulf Coastal Plains from Virginia to Texas, extending into
western Tennessse, Arkansas, and Oklshoms. The soil was cbtained in thHe
De3oto Nationsl Forest, b miles south of Camp Shelby in Forest County.,
Mississippl., The site was an eroded Tisld supporting a sparse growth
of grzss and scattered pine trees and with clay subscil exposed. The
elay is hard and stiff when dry and highly plastic and sticky when wet
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but shows a granular structure cn partial drying. Permeasbility to
water in the field is estimeted to be less than 0.15 cm per hour.

Burface soil to a depth of 15 cm was removed in a moist condi-
tion (28 percent water content) and stored in covered containers to
prevent drying. Surface litter and grass tufts were removed before
collection.

The soil was & clay loam according to U, 5. Department of Agri-
culture textural classes, with 36 percent clay, LO percent silt, and
2L percent sand. According to the Unified Soil Classifieation System,
the soil was & heavy clay (CH) with 90 percent fines, & liquid limit of
£5 percent, and & plasticity index of 37 percent. The soil was scidic
with a pH at 5.0 for a 1:1 scil-weter suspension. The cation exchange
papacity was 25 milliequivelents per 100 g-of soil and 35 percent
saturated with bases (14).

Thne soil was sieved through a 1.27-cm wire sereen and spread over
the entire bottom of the model to a depth of 2.5 cm. Then, hardwood
blocks weighted to 0.35 kgfcm? were placed without dropping or vibrating
on the surface to compact this soil to a l.25-cm-thick layer. After
compacting, the surface was scarified to allow for better adhesion
with the next layer. This procedure was continued until the compacted
depth epproximated 12.7 em. Then, digested sludge (Table 1) from the
Belzoni, Mississippl, Wastewater Treatment Plant was incorporated into
the top compacted 2.5 cm on a 6 percent dry weight basis.

The model was tThen seeded with & 5:2:2:1 mixture of Reed canary
grass, perennial rye grass (Lolium peremne L.), Kentucky 31 tall fescue

{Festuca arundinacea}, and Bermuds grass (Cynodon dactylon L.) et &

rate of 38.5 gfm.E Once established, the upper layer was compacted
in the same fashion as previously deseribed.

Wastewster Collection and Preperation

Secondarily treated effluent was collected from the Scottish Imm
cite =t the same time and in the same mammer as in Experiment I. Fre-
liminary tests showed that the nitrate and ammonium nitrogen levels were
very low, approximately 1 to 2 ppm, so & solution of HHHHG3 was added to

the effluent to increase the nitrogen concentration to 16 to 20 ppm. In
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Table 1
Chemical Characteristics of Dried, Digested Sewage

Sludge From g Municipal Trickling Filter Plant,

Belzoni, Mississippi

nxuractable

Total mnhOAC Hgo
Constituent C:ncenzration, ppm
cd 5 0.66 0.30
Cu 212 2.20 0.44
Pb 197 0.50 0.19
Mn 304 40.95 4.80
Zn 1954 136.95 10.62
Al 562 6.56 5.22
K 753 169.16 Lo.sh
Na 180 80.92 57.73
Mg 2382 250.16 L6.29

TKN = 1.02 percent
Total P = 0.41 percent

addition, a heavy-metals solution consisting of lead acetate and zine,
manganese, copper, cadmium, and nickel chlorides was also added to boost
the concentrations of each to approximately 0.3 ppm.

Wastewater Application, Sampling, and Analyses

A 1.27-cm (6fl-liters total) application of supplemented wastewater
was put on the model each day over a 6-hour interval. These applications
were made Monday through Thursday making a h-day wet and 3-day dry cycle.

The runoff and subflow were collected daily in Polyethylene
carboys from each half of the model, and volumes were recorded. The
supplemented wastewater, runoff, and subflow were analyzed daily for
nitrates and ammonia as described in Experiment I.

Surface liquid samples were collected by use of a syringe along

both sides of the model at distances of 0,74, 1.52, and 2.29 m, and



subflow liguid samples were also taken along the length of the box.
Nitrate, ammonium, and TEN; total phosphorus, potassium, ealcium, mag-
nesium, cadmium, copper, manganese, nickel, and zinc; and the COD were
determined on these samples as previouszly described.

Soil and Plant Sampling and Analyses

The grass was cut to a height of 2.5 cm after 2 months of growth.
By that time, the grass had reached a height of about 48 cm at the upper
end of the box and 15.2U4 to 22.86 cm at the lower end. The box was
divided into eight sections before harvesting, four 76.2 by 76.2 cm
sections on each side of the median divider.

The grass was dried at 60 C for 4B hours and then analyzed for
ammonium N, and TEN and total phosphorus, potassium, caleium, magnesium,
cadmium, copper, manganese, nickel, and zinc acecording to the procedurss
deseribed for wastewater samples of Experiment I,

ATter 9 weeks of application, scil samples were collected from
several sites at downslope locations of 0, 0.76, 1.52, 2.29, and 3.05 m,
at a depth of 0 to 2.5 em, after removal of the surface organie layer.
Moist soil samples were tested for TEN and exchangeable ammonium. The
elements anglyzed Tor the grass were also determined for soil extracts.
All values were made on an oven-dry soil weight basis.

Cxidation-Eeduction Measurements

Redox measurements were monitored as those in Experiment I had
been during the S5-day period of the fingl week of experimentation, ex-
cept the loeations were 0.5, 0.8, 1.5, and 2.3 m down the length of the

model.
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RESULTS AND DISCUSSION

Analysis of Test Results from Experiment I

Nitrogen removal in overland flow treatment of cannery wastewater
is quite good, and denitrification has been suggested as a significant
component in the process (36). Cannery wastewater, however, is normally
quite high in organic and ammonium nitrogen and requires nitrification
before denitrification can proceed. In addition, denitrification re-
quires the absence of oxygen, while nitrification and plant growth re-
quire oxygen. Thus, an enigma concerning nitrification and denitrifica-
tion in overland flow systems exists.

The process of overland flow treatment of wastewater has been

studied in large and small field plots, and the number of nitrification
A and denitrification studies of small and large sizes is myriad (h,l5,26,
36,57). For this study, however, a compromise between a well-controlled
bench-scale study and a less-controlled field-scale study was used., A
1.52- by 3.05-m model located in the greenhouse offered the opportunity
for relatively controlled conditions, intensive sampling, on-site in-
strumentation, and access during inclement weather.

During this initial 12-week study, attempts to learn of the treat-
ment efficiency, range in variation under existing conditions, and mode
of model functioning were made. A balance sheet for nitrogen was
attempted by partitioning data into soil, plant, and runoff liquid
categories. Although it was realized that N15 studies would have to be
made for a more quantitative accounting of nitrogen, it was felt that a
qualitative accounting, interpreted in relation to the conditions of
the model, would be best in this phase of the study.

Account of Nitrogen in the System

The model, having a soil volume of 0.698 m3 and a downslope
length of 3.05 m, represented a highly impervious soil which had previ-
ously been lrrigated with cannery wastewater under field conditions for
8 years. Its nitrogen content was 0.179 percent. Yet, after 12 weeks

of fortified wastewater application to the soil surface, an average of
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g1.4 percent of the applied nitrogen had been either immobilized or wvol-
atilized, with both ammenium and nitrete being removed rather well
(Table 2), Including organiec nitrogen, 81.7 percent of the total nitro-
gen was removed. Table 3 gives average percent removal efficiencies for
nitrate, ammonium, and crganic nitrogen after passage of the fortified
effluent over the length of the model. Tables U-6 and Figure L show how
these efficiencies [luctuated with time. All values used in caleculations
for the efficiencies, including concentration and volume fluctuations,
are given in Appendix I, Tables I-1 through I-4. Figures 5-7 show the
concentration fluctuation for nitrate, ammonium, and TEN in the applied
wastewater and runoff, and Figure 8 depicts the losszes in wastewater
volume after passags over the modsl.

During the first 4 weeks of analysis, nesrly all wastewater nitrate
was removed. Significant but lower losses of smmonium also occurred.
The relatively high organic nitrogen valuss were thought to be stimu-
lated by the addition of excess sucrose to the wastewater (0.35 g/2)
during the first 5 days of the experiment. At that time, COD walues
approximating cannery waste wers being sought. A sugar ecncentration
of 0.1 g/4 in the wastewater gave an appropriate COD {epproximately
225 mg/1), and this ratic was maintained throughout the remainder of the
experiment (Tabls 1-5). The decrease in nitrate trsatment efficiency
during the fifth through tenth weeks appeared to be related to an in-
crease in algal growth and will be discussed in the following section.
Concentration of ammonium and organic nitrogen decressed during the
f£ifth through the sighth weeks. This reflects the great decrease of
these nitrogen forms from the half of the model on which algae were
not allowed to develop. The slde that was covered with the algal crust
continued to give high TEN salues.

Mthough the reasons for these differences are not fully under-
stood at this time, several hypotheses are given in the Tollowing two
sections, which include physical separation of the surface liguid and
nitrogen fixation by the algel layer. Removal efficiency variations
did not appear to be dependent on temperature fluetuations in the

greenhouse during the course of experimentation {Table I-12).
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Table 2

Average Nitrate, Ammonium, and Organic Nitrogen® Values

for Applied Wastewater, Runoff, and Subflow From the

Cannery Wastewater Model

Nitrogen
Volume Concentration
Liquid liters Nitrogen Source mg/ 4 Nitrogen, g
Wastewater 3212 Nitrate N 9.70 31.16
Ammonium N 8.2L 26.47
Organic N k.16 13.36
Totel N 22.10 70.99
Runoff 1h7h Nitrate N 1.96 2.89
Ammonium N 1.31 1.93
Organic N _4.89 _7.21
Total N 8.16 12,03
Subflow 233 Nitrate N 0.37 0.09
Ammonium N 0.16 0.04
Organic N _3.60° _0.84
Total N k.13 0.97
a

Represents TKN values excluding ammonium.
b Based on one measurement.

Table 3

Average Percent Removal Efficiencies From the Cannery

Wastewater Model for Nitrate, Ammonium, and Organic

Nitrogen During a 1l2-Week Application Period

Percent Removal

Nitrate N 90.4
Ammonium N 92.6
Organic N 39.8
Total N 81.7
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Table 4

Nitrate Nitrogen Removal Efficiencies for the Cannery Wastewater Model

Ber

cent

i Hemoval for Ciggﬂ Weam

Day 1 2 3 4 5 [ 7 _ ' _E ‘ 9 10 11 12 Mean
Mon 99.91 98.47 89.30 83.23 98.46 94.97 66.8& 89.01 100.00 97.44 93.76
Tue 98.78 95.42 96.38 90.26 86.81 79.64 T1.13 75.14% 85.13 87.90 86.66
Wed 100.00 96.11 86.70 83.83 80.73 :79.80 81.75 83.45 88.75 86.79
Thu 98.87 98.37 96.77 92.44 98.16 92.30 78.03 81.05 87.50 91.50
Fri 100.00 98.06 96.67 96.1k4 66.10 80.32 81.65 92.92 88.98
Mean**  99.43  99.02 96.25 95.86 9L.11 86.54 80.83 83.68 80.48 82.53 90.86 92.67

**  Significantly different at the 0.01 levgl using the F test,

Table 5
Ammonium Nitrogen Removal Efficiencies for the Cannery Wastewater Model
Percent Removal for Cited Week
Day 1 2 3 L 5 6 1 9 10 11 12  Mean
Mon 99.52 84L.70 98.09 92.44k 99.59 98.51 ?0.5& 91.69 100.00 99.10 95.42
Tue 93.78 94,03 88.16 9rL.42 91.81 95.06 97.64  81.25 90.56 94.86 91.86
Wed 87.65 86.70 91.97 89.21 9k4.o4h 91.43 88.99 86.92 89.35 89.59
Thu 84.72 TL.96 96.99 96.75 9k.67 90.45 91.55 90.02
Fri 92.00 81.82 84.43 Th.23 92.75 94.29 87.83 96.26 87.95
MeanN's' 92.00 89.50 85.03 86.02 94.56 91.16 95.26 94.83 91.09 86.62 93.55 96.98
N.S. -Not significantly different at the Q.Ol‘leyel using the F test.
Table 6
TKN Removal Efficiencies for the Cannery Wastewater Model
Percent Removal for Cited Week

Day 1 2 3 N 5 6 7 8 9 10 11 12 Mean
Mon 73.7h 86.07 92.96 85.69 99.99 87.69
Tue 62.03 59.05 68.03 83.05 64.79 84.20 70.19
Wed 73.57 T73.89 L6.35 83.53 76.79 82.41 92.84 75.63
Thu 69.25 58.63 51.76 82.85 65.62
Fri 58.84 35.35 68.87 54.35
Mean** 58.84 59.39 65.86 57.73 T77.05 86.52 75.76 87.36 92.84

** Significantly different at

the 0.01 level using the F test.
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Figure 5. Nitrate concentrations in wastewater and runoff
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Grass cut from the model was analyzed for TKN, phosphorus, and cer-
tain macro- and microelements (Table 7). Based on the TKN data, 53.9 g
of nitrogen were incorporated into 15uLL g'(3320 kg/ha) of grass tissue
(dry weight) harvested during the experiment. If there was no incorpora-
tion of soil organic matter nitrogen, this would account for 75.9 per-
cent of the 70.99 g of total nitrogen added to the applied wastewater.
Reed Canary grass has been shown to be effective in removing nitrate
nitrogen from soil (33). However, mineralization and utilization of
nitrogen from the soil most likely added significantly to the plant
nitrogen. The percent of total nitrogen in the grass ténded to decrease
slightly with greater distance from the applied wastewater source.
Values for the O- to 0.76-m, 0.76- to 2.29-m, and 2.29- to 3.05-m sec-
tions were 39.4, 34.0, and 26.6 percent, respectively.

The soil was also analyzed for organic nitrogen, ammonium nitrogen,
organic carbon, and 12 other elements (Table 8). The final analyses
were made with soil obtained from O- to 7.5-cm and 7.5- to 15-cm depths
at four different sites. Additionally, seven TKN analyses were made
using a composite sample representing 20 different soil locations within
the model. Initial soil nitrogen, determined from random samples ob-
tained from the soil profile prior to growth of the dormant grass, was
0.179 percent on an oven-dried soil weight basis. Final nitrogen con-
centrations in the soil gave an average value of 0.217 percent, but
levels in the upper half of the profile were three times those in the
lower half. Also, concentrations in the upslope half of the model were
nearly three times those from the downslope sampling areas. Free
ammonium nitrogen in final soil analyses constituted a negligible
fraction of the total soil nitrogen (5.6 g) and failed to show a con-
centration pattern. Soil nitrogen calculations indicated an increase of
0.038 percent during the course of the experiment. However, using a
calculated bulk density of 1.33, this small change accounts for an in-
crease of 211.6 g in nitrogen. This value is of course unrealistic
since only about 71 g of nitrogen were added. Yet, it emphasizes the
previously stated problem concerning the construction of a nitrogen

15

balance sheet without the use of N"”. This is especially true in a
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soil that already has a high nitrogsn content.

Although the soil system could not be properly evaluated, a better
picture was realized by comparing the more precisely measured soil water
and grass data, The amount of nitrogen applied was 70.99 g (Table 2).
Of this, 17.1 percent (12.1L g) was accounted for in the runoff, and
T5.9 percent (53.9 g} was calculated as being removed from the system
by the Resd canary grass. This leaves a deficit of only 7.0 percent
{4.97 g), which could have either remesined in the soil or been denitri-
fied., It is most likely that s major portion of the plant nitrogen
came from the soil nitrogen rather than the applied nitrogen, and an
amount considerably greater than 7.0 percent would have been denitri-
fied, Yet, it is not possible to determine the fate of this nitrogen
deficit or whether grass nitrogen values actually reflect the true
deficit. However, it would appear that the soil system should have
reached a dynamic eguilibrium in terms of nitrogen incorporation. As
will be pointed out in the discussion on Eh studies in the model, the
conditions for significant denitrification were definitely present.

Physicochemical Inhibitlon by
an Algal Layer on Nitrogen Removal

Figures 9-12 represent schematiecs of the ways the surface ares of
ari overland flow system might function. The aerobic-anasrcobic double-
layer concept of Figures 9 and 10 has already been discussed in the
literature review, and it is considered to be the means by which nitri-
fication and denitrification occur in marsh and rice paddy soils (L9).
When an sbnormally high oxygen demand is placed on the system, a situa-
tion similar to that shown in Figures 11 and 12 might occur. Figure 11
depicte what may happen when an actively respiring filamentous algal
layer rests within the surface liguid of an overland flow system, seting
as & physical barrier by impeding the rate of nitrate and ammonium
diffusion between the surface liguid and the liguid flowing beneath the
algae. This msy slso allow for greater biochemicel interaction, thus
retarding both oxygen and nitrate from reaching the diverse micrcbial
population at the soil surface. Oxygen would be eliminated by biclogical

respiration within and beneath the crust. Figure 12 shows a situation
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in which acecentuated microbial metsbolism in the surface liguid, due to
& high level of reduced organic matter therein, almost eliminates an
gerobic zone.

In order to study these systems, the grass was cut to a height of
about 5 cm on one-half of the model at the end of the second week (Appen-
dix I, Figure I-1A). This resulted in the development of a thick, tough,
slimy elgal crust on the surface exposed to greatest light (Figures
1-18 and I-1C). Only an inconspicuous "bacterial" slime was observed
on the shaded side (Figure I-1D). Optical and scanning electron micro-
scopic analysis of the thick slime showed that it was composed primarily
of tightly packed parallel filaments belonging to specics of the blue-
green alga, Oscillatoria. The blue-green slgal genus Anabeens became

prominent around the margins of pools, especially at the downslopse end

of the box, where it produced very thick, dark mucilaginoiis masses.
Flanktonic forms of algae, protozoans, and worms were more abundant in
association with the blue-green elgal mat (Table I-6).

During establishment of the algal slime, organic nitrogen values
in the runef{ dropped conspicucusly, and ammonium nitrogen values also
decreased noticeably. Conversely, nitrate removal efficiency decreased
markedly con the light-exposed side of the model that supparted the algsl
crust, and this trend persisted in the presence of the elgae. Nitrate
reduction was also observed to be slightly hindered at this time on the
shaded half of the model, upon which the grass was left at a height of
about 30 cm. Once the algal crust was fairly well established, ammonium
levels also increased in runoff on the side exhibiting the slgase, while
only trace levels were generally observed on the side lacking the algae.

At the end of the sixth week, the grass was allowed to regrovw on
the cut side of the box, although noticeable disappearance of the algal
mat was not observed until about the end of the ninth week. During this
period of grass regrowth, nitrate reduction efficieney stabilized and
then increased at a substantial rate. However, ammonium nitrogen in the
surface runoff reached its highest levels at this time, averaging
4 to 5 ppm in effluent from the surface exhibiting elgal decay. Ammonium

concentrations continued in trace amowits in surface liguid from the
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cther hal? of the model. This ammonium was thought to be derived from
minerslization of nitrogen in the slgee. The control side elicited com-
plete removal of nitrate by the twelfth week, whereas the side on which
the slime had developed continued to improve in this respect until the
culmination of the experiment. During the final week, total nitrogen
removal efficiency was greater than for any other week. Thus, the inhi-
bition was apparently not correlstive with permanent functional damage,

The rather dramatic decreasse in nitrate and ammonium removal
during the period of algal growth on the model gave strong support to
the hypothesis that the algal layer did not increase nitrogen treatment
efficiency by enhancing denitrification. Nitrogen fixation by certain
algae could accentuate the buildup of amino nitrogen (69), but how this
would be correlabive with poorer nitrate removal is unknown at this
time. Further work is needed in this area.

The half of the model that displayed luxurious grass growth and
no algal mat probably functioned similarly to the aercbic-anaercbic
double-layer system depicted in Figure 10. Treatment on this half was
superior to that on the side with the surficial slgae, but before and
af'ter the algel crust developed, treatment was similar over the entire
model. These cbservations lead to the hypothesis that a system that

functions similarly to a riee waddy is better than one in whicn a hlue—
green algael layer is prevalent. One possibility as to why the filamen-
tous algae caused a drop in treatment efficisney is that it thysically

separated the nitrate and smmonium concentrations from the soil (Figure
153, Englerc nas shown that denitrification does not readily occur in
Tloodwater over & soil but in the soil. When water from over an ac-
tively denitrifying system was separated from the soil, no denitrifica-
tion occurred in the liguid. Yet, when the water was sgain placed over
the soil, denitrification occcurred. The algas could act as & medium
for denitrification by supplying anaerobic microsites. However, the
algal barrier could alse have blocked the movement of ammeonium from the

ansercbic s0il layer to the aersbted surface, which could overshadow

i = i i — e Fy e
Personal communication, Dr. R. M. Engler, OES-WES, Vicksburg, Miss.
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nitrogen loss attributable to the algae. Additionally, the nitrifying
population on the aercbic surface side of the barrier could have r~-
mained small among the algae-associated microbial populations, and
accordingly, rapid nitrification may not have been occurring even when
ammonium was present.

The experimental basis for the above hypotheses is that on several
occasions, liquid collected with a syringe from below the algal layer
was compared with the surface liquid for nitrate and ammonium concen-
trations. The nitrate concentration decreased threefold in liquid
sampled from beneath the algae, while the ammonium concentration re-
mained about the same throughout. This indicates that the previously
described concept could be operative.

In summary, it could be concluded that for nitrification and de-
nitrification to function on an overland flow system, there must be an
aerobic and an anaerobic layer in the soil. Extensive blockage to dif-
fusion or nitrogen transformations between these layers must not occur.

Assuming that this conclusion is correct and an aerobic-anaerobic
layer is required in the soil, an interesting hypothesis concerning the
need for rest periods for overland flow systems can be made. If the
system uses a highly organic wastewater (e.g., cannery waste), the de-
mand for oxygen might become so great that the aerobic layer in the soil
would become quite thin or the aerated zone might move into the surface
liquid as depicted in Figure 12. The absence of a well defined aerobic
zone could cause great reduction in both nitrification and denitrifi-
cation. This would correspondingly result in a deterioration of treat-
ment efficiency. A rest period under aerobic conditions would reduce
the oxygen demand of the soil surface and stimulate nitrification.

When wastewater was reapplied to the system, the thickness of the aero-
bic layer would decrease, and this would result in an increased removal
rate for nitrate. These types of responses have been observed in the

field (36), and it will be interesting in future research to see if the
proposed hypothesis of double-layer disappearance is in fact true. If

it is true, it would follow that a wastewater such as secondarily treated

municipal effluent with sufficient but not excessive BOD might be treated
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Yetter on an overland flow site than cannery Wasoe. However,. the suthors

caution that these are only hypotheses extrapolated from limited data

and literature, snd they should not be considered provern. They &are

discussed instead to give the reader the scope of possibilities for

nitrogen treatment on &n overland flow system.

Biochemical Inhibvition by an
Algal Layer on Nitrogen Removal

In addition to the barrier concept discussed previously, it was

suspected that slgae could inhibit denitrification by two other methods.
One is by the simple production of oxygen during photosynthesis which
could inhibit denitrification (WES Miscellaneous Paper ¥-T3-1).
Jannaseh noted this in experiments with the gresn alga Chlorells (30).
The other method is by the production of a toxic product or excretion
of a by-product that would accumilate to toxic levels under anaerobic
conditions.

In order to test whether axygen production by photosynthesis and
the mssociated asrobiec conditions were reducing nitrate removal effi-
ciency on the algal-covered side of the model, a cover was pleced over
the model on the seftsrnoon pvefore & wastewater application was made.
Thiz would eliminete &0y production of oxygen the following dey and
during the application period. No significant change in either ammonium
or nitrate treatment occurred. This indicates that the poor nitrogen
treatment was not significantly related to oxygen production. Perhaps
the extensive proliferation of organisms within the algae was depleting
the oxygen as rapidly as it was being produced. For additionel evidence,
redox electrode potentials at the algae-soil interface and at l.2- to
1.5-cm soil depths were compared with similar depths on the side lacking
the algae. These electrodes were moritored for 3 weeks (Figure 133
Table I-T). With the exception of one apnormally high value ob-
tmined beneath the algal erust during the first week, the redox vael-
ues from the two sides were surprisingly similer. Additionally, tThe
potentials were generally in the reduced range during the wastewater
application pericds and in the oxidized range during the weekend drying

period. This is alsoc in agreement with the redox potential findings

L7



OXIDATION-REDUCTION POTENMTIAL ; MILLIWOLTS

-Ysla]

| I [ | I =
| ] LEGEHND
i | i ALGAL CRAUST
=—== WO CRUST
K | 1 0.2-CM DEPTH
1 A& L3-CWM DEPTH
a00 |
Ag0}
iy
i
i
il v
i I i
200 ! E{
\ ,
] e J:
)
! \
i \ A v
i ! N ’ f
[} \ i
| 00— i \ ¥
! \ F
i A\ /
] | b ,-'
I
d
ol
| /
i
#
L] I
-1 00— I A
e T-.
| o
] u!
1] 0
-zaa 1 i pre—_ L4 | |

TUE WED THU FR! SAT 5UN WOM TUE WED THU FRI SAT SUM MOM TUE WED THU FRI SAT SUN

Figure 13. Adjusted oxidation-reduction potentials within the cannery
wastewater model over a 3-week period, showing application times
(light), drying times (dark), and soil pH (5.0).

e e W g T Y T T ——— ——— el o e T b T T o e b it



desceribed in the following section. From the results of these two
studies it was concluded that extensive anaerchic conditions Trobably
persisted in the presence of the algas, and thus seration by algal
vhotosynthesis was not a significant factor in the decline of nitrogen
treatment efficiency.

Many species of the blus-green alga Anabsena are known nitrogen-
fixers, and some are also considered to be the most toxie of the blue-
green algae, whereby the toxin is releazed only by living cells. Other
inhibitive substances are alsoc known to be produced by various blue-
green algae and other organisms which are in close assoeciation with
them (52,69).

To test for an inhibitory effect, the blue-green algal slime was
collected from the surface of the model. A centrifuged cell extract of

the identified genera, Oscillatoria, Anabaena, and Cylindrospermum, was

then added to fortified wastewater in flasks and bubbled with nitrogen
gas to remove oxygen. No inhibition of denitrification appeared to

occur when compared with controls lacking algal extract or to which

boiled extract was added. The removal values were 25.7 percent without
algal extract, 3.1 percent with algal extract, and L0.6 percent with
poiled extract after 3.5 days of incubation at room temperature. Yet, no
conclusions should be drawn from this data due to small variation in
nitrogen removal, lack of significant growth of Anabasens at the time of
sampling, and limited experimentation. I% can only be stated that in-
hibition of nitrate reduction by algae still appears to be s viable

poseibility and should be investigated mors theoroughly.

Uxidation-Reduction Fotential Study

In order to further establish whether conditions for denitri- 3
fication were actually occurring very near the soil surface and how
these varied over the rest period, bright platinum electrodes were
placed at 0.2- to 0.5- and st 1.2- to 1.5-cm depths at six locations
on the model. Eleetrods measurements were then made from Thursday
through Monday (Figure 1i; Table I-8). 'This allowed Tor a 2-day wet,
2-day dry, and l-day wet cycle, respectively. The scil pH was 7.0, and

“he effluent was normally close to neutrality (Table I-9). Under
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these conditions, an Eh of spproximately +220 mv or less would cause the
nitrate tec be unstable (L3).

It was noted that even during the weekend, the Eh at 1.3 em re-
mained in the range of nitrate instebility., This indicated that at the
1.3-cm depth constant denitrificstion was occurring. Thug, any nitrate
that reached that depth would be denitrified. However, ammonium st that
deptn would be stable, for no nitrification would be cccurring. The Eh
of the 0.2- to 0.5-cm layer cosecillated from reduced to oxidized to reduced
conditions during the wetting-drying-wetting cycle. Unfortunately, the
measurement.s were not near encugh to the scil surfacs to discern the
presence of an aercbic layer that might have been no more than s fracticn
of 8 millimeter in depth. Its presence was assumed, but proof of its
existence in this oxygen-demanding system will have to await further ex-
perimentation. It was also noted that the 2- to 5-mm depth became re-
ducad within a few hours after wastewater was regpplied on Monday.

A nighly significant difference in Eh values existed with respsct
to both depth and time. In addition, Experiment II (Appendix II, Table
II-5) and a parallel study (16) had similar results with highly signif-
icant depth and time differences. These findings show that conditions
for denitritication definitely existed at the studied depths and near
the soil surface during wastewater epplication and stirongly support the
aypotheais that denitrification is s significant process in overland
flow treatment of wastewater.

An pbzervation concerning Reed canary grass growth was mades in
conjunction with Eh values. Throughout the experiment, the grass growth
Wwas aquite lwourious, despite the presence of Eh values too low fTor
oxygen to exist in most of the =oil profile. Thus, most likely the
grass was readily transporting oxygen from the leaves to other parts of
the plant as does the rice plant (7,8). Thin sections from the stem and
crown of the Reed canary grass growing on the model showed large inter-

cellular cavities in areas that were originally conductive bundles.
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Effect of Downslope
Distance on Nitrogen Treatment

In order to correlate downslope distance with losses of inorganic
nitrogen, concentrations of nitrate and ammonium weére monitored over the
length of the model from designated surface sites ang bottom ports during
the course of experimentation. Surface concentration distributions
showed g characteristic pattern (Figure 15), whereas subflow values were
usually in trace amounts at all locations. When the same locations on
the soil surface were repeatedly monitored during weeks 2 through 4,
before the algal crust had become established, nearly half of the total
nitrate and ammonium losses from the amended wastewater were incurred
within the initial 30 cm.,

Wijler and Delwiche (66) noted that the rate of denitrification
is independent of the nitrate concentration in soil. Ideally then,
it would be expected that & constant rate of decrease in concentration
as the slope distance increases would occur. The nonlinear slope ob-~
tained could be partly explained by loss in runoff of applied waste-
water volume through evapotranspiration, which averaged 54 percent (L4
to 68 percent) through the 12-week period (Figure 8; Table I-4)
vided that no other factors were involved, the true rate of nitrate
reduction should parallel this initial slope, excluding concentration
due to the evaporation.

Since the soil had an average C/N ratio of 16.9 and the wastewater
had a sucrose concentration of 150 mg/ﬁ, immobilization of mineral forms
of nitrogen by both microbes and pPlants seemed evident (1). This
assimilation into living tissue would also accentuate the initial up-

‘take of ammonium nitrate. The near zero slopes shown by surface flow
concentrations from the lower half of the model Probably indicate g
nonlinearity in removal rate at concentrations below about 1 pPpm. A
similar finding was reported by Law, et al. (36) for a cannery overland
flow system. They found 15.0, 0.7, and 1.0 ppm total nitrogen after
0, 12.19, and 30.48 m of overland flow, respectively.

When the same areas on the model were monitored during the ninth

week, the algal crust was bresent on half of the model, and the graph
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to wastewater application, and much of this carbon Probably was readily
removed by the soil system, thus causing a severe nitrogen deficit near
the source of the applied wastewater. This is indicated by influent
COD values obtained during the initial 2 weeks (Table I?S). However,
the amount of easily degradable carbon in the soil near the source
probably had decreased significantly by the ninth week. This is re-
Tlected by a decrease in the initial rate of nitrate and ammonium removal
and their resultant lower final concentrations. The question remains,
however, whether or not the slope of the concentration decline would
have approached zero at approximately 1 ppm. It is interesting that in
Experiment II and another study with previously untreated Susquehannsa
clay that the concentration did go to zero within the limits of the ex-

perimentation. It could be that, in new systems with low levels of nitro-

gen, very high nitrogen removal is possible, whereas in older equili-

brated systems, a concentration lower than 1 or 2 ppm total nitrogen could

not be reached.

Effect of Flow Rate
on Nitrogen Treatment

It was observed that treatment efficiency was quite responsive to
changes in application and runoff flow rates, which were monitored con-
tinuously during the final 6 weeks of the experiment. This seemed in-
tuitively reasonable since the liquid would remain in contact longer
with reactive sites. In order to quantify this effect, a simple linear
regression analysis was made for nitrate and ammonium concentration

fluctuations in the runoff with changes in flow rate (Figures 16 and 17).
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Despite the observed fluctuation with time, a good correlation was found
using 6 weeks of flow rate data (Table I-10). For each milliliter per
minute increase in flow rate, nitrate was found to increase by 0.013 pe/mi
and ammonium by 0.005 ug/ml in the runoff, using the simple linear regres-
sion formula. It was noticed that ammonium fluctuations were more time-
dependent than flow-rate-dependent.

These findings are quite interesting and point out that many fac-
tors are involved in the performance of an overland flow system. For
instance, the overland flow rate would vary with slope, and longer
treatment areas or lower rates of application might be required for
steeper slopes. These effects and interactions of slope and application
rate are some of the more interesting phenomena that will have to be
investigated in more detail in the future.

Account of COD and
Major and Minor Elements

The wastewater was fortified only with ammonium nitrate and su-
crose. The sugar raised the COD of the effluent to an average value of
237.4 mg/l, although values were as high as 630 during the first 2 days
of experimentation (Table I-5). Average COD for the runoff was 116.6,
which indicated a removél efficiency of 76.5 percent. This is a rather
substantial reduction when the fact is considered that the treatment
distance for the surface liquid was only 3 m. A similar system at Paris,
Texas (36), reduced COD by about 92 percent (750 to 60 mg/4) and BOD by
nearly 99 percent within a 2 percent downslope distance of approximately
85>m. However, runoff COD vélues for the experimental model were only
about twice those obtained for fhe field plots. Thus, substantial COD
reduction might be realized within a very short initial overland flow
distance.

Phosphorus was depleted from an average wastewater concentration
of about 17 to 4.9 mg/z in the runoff volume. This gave an average
removal of 89.4 percent (Table I-11). This value is surprisingly high
for an overland flow system, even with the more ideal conditions of the
experimental model. More analyses are needed to confirm the initial

data. The influent phosphorus amounted to approximately 55 g after the
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12 weeks of application. Only 7.3 and 0.6 g of this were recovered in
the runoff liguid and grass (Table 7), respectively, Therefore, the
major part of the phosphorus appeared to be held by the soil. Calecium,
magnesium, potassium, sodium, and manganese inereased in concentration
in the runcff. The higher runcff concentration for sodium was due to
wastewater evaporation, but elution of the other elements from the soil
system seemed to be the reason for their increase. The highly signifi-
cant increase of manganese in runoff and subflow liguids could have been
due to the low oxidation-reduction potential of the soil., Manganese is
readily reduced to the more soluble manganous ion at potentials of less
than +300 mv. Other heavy metals tested for were in trace amounts in
both runoff and subflow. Significant increases of caleium and magnesium
in grass tissues from the control half of the model , where the grass was
allowed to grow to a greater height, probebly reflect greater maburity
of this grass resulting from smaller harvests. Both elements appeared

to be readily available in the soil profile as was previously mentioned.

Analyvsis of Test Results from Experiment II

Witrogen Treatment

The sludge-amended soil model in this experiment was studied to
evaluate the effect of treatment of secondarily treated efflusnt on =
new overland flow system with increased organic content. It was also
used to investigate the compatibility of overland flow with digested
sewage sludge dispozal. The rationale for using a 1.52- by 3.05-m
model in a greenhouse was the same as thal disenssed for Experiment I,

Daily concentrations of nitrate, ammonium, and TEN =ffluent; run-
off; and subflow and liguid volume are presented in Appendix II, Tables
1I-1 - II-4, The percent nitrate removed from the wastewater after pas-
sage over 3.07 m of sludge-amended Susquehanna clay is presented in Fig-
ure 18 and Table 9. The statistical data of Experiment II were handled in
the manner described for the previous experiment and are considered non-
significant at the 0.1 level. The runoff liquid had a highly signifi-
cant ineresse in percent nitrate nitrogen removal, ranging from 50 to
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93 percent during the first through fourth weeks, while no significant
changes were noted during the remainder of the experiment. The subflow
contained essentially no detectable nitrate nitrogen during the entire
experiment. Ammonium removal followed a similar but less dramatic
highly significant change during the first 3 weeks of the experiment
(Table 10). However, except for this short period, no detectable ammon-
ium was observed in the runoff or subflow samples. TKN removal data are
Presented in Table 11; unfortunately, they are not as extensive as the
nitrate and ammonium data. For the TKN removal in runoff, a significant
effect of time exists, with the removal percentage declining in weeks 7
and 8. TKN percent removal from subflow through the first 5 weeks was
nearly complete, and thus further analyses were deleted. Since the TKN
analyses used in this study did not measure the nitrate, the summation
of nitrogen removed as nitrate and TKN is quite meaningful. These data
are presented in Table 12. Although there was a significant inerease in
treatment percent removal during the first 4 weeks of the experiment,
the increase was related to percent nitrate removal, and the total
removal was more constant after that time. This effect of total percent
removal being more uniform than TKN, NO3, or NHh removal, was even more
pronounced than in Experiment I. Average combined nitrogen values for
the experiment indicated that 18.1 percent nitrate and 10.6 percent TKN
(3.7 ammonium and 6,9 organic nitrogen) had remained in the runoff.
However, only 2 fercent nitrate, O percent ammonium, and 8.8 percent
organic niﬁrogen were found in the runoff during the last week of the
experiment. The lég in nitrogen removal efficiency could have resulted
from a number of factors. It could have been a simple biological re-
sponse, dependent on the time necessary for both plants and microbes to
become active. This hypothesis is supported to some extent by the fact
that, in a parallel study with Susquehanna clay in a 6.10-m-long modél,
a similar lag in treatment efficiency was observed (16). The lag could
also have been caused or intensified by channeling on the model surface
during the first 2 weeks. This hypothesis is supported by the fact that
one side of the model received most of the liquid during this period and

removed significantly less nitrogen than did the other side. If the
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surface reaction of the model was similar to that of a trickling filter
and was mass-transfer—limiting, the channeling and concomitant reduced
surface contact would have lowered the treatment efficiency significantly.
The surface of the model was leveled during the second week of treatment,
increasing both surface contact and treatment efficiency.

However, the most surprising observation was that the treatment
efficiency was very high after only 5 weeks. It was originally feared
that the ammonium ang nitrate removals might never be high on the rela-
tivelx short (3.05-m) slope. It can also be seen in Figure 19 and in
Table II-4 that the runoff varied from greater than two-thirds to greater
than one-third the applied volume and that the subflow never exceeded
one-sixth the applied volume. Extensive upwelling was not occurring,

for the model was dammed at 1.52 m and no downslope surface discharge
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Figure 19. Daily liquid volumes for the sludge ~amended model.



occurred. The same was found to be true in an experiment with un-
treated Susquehanna clay. These results indicate that the treatment
was truly a surface phenomenon.

Another interesting point was that the amendment of sludge into
the surface of the Susquehanna clay did not significantly change its
treatment efficiency from that of an unamended Susquehanna clay in a
model that was treated in a very similar manner (16). The unamended
clay also showed nearly 100 percent removal of nitrate at 6.10 m after
3 weeks, and after the fourth week nitrate and ammonium were essentially
removed after passage over 3.05 m of surface.

A nitfogen balance sheet is presented in Table 13. An amount

equivalent to 30 percent of the nitrogen applied was removed by the

Table 13
Nitrogen Balance Sheet for the Susquehanna Clay Sludge-Amended

Model Irrigated With Secondary Effluent for 10 Weeks

rercenv or Lovats

Component Applied Nitrogen
Runoff N 12
Grass N 30
Soil N 34
Unaccounted for N ol

plants, 34 percent remained in the soil, 12 percent remained in
runoff, and 24 percent was unaccounted for. It is hypothesized that
the 24 percent unaccounted for was lost by denltrlflcatlon. Unfortu-
nately, this hypothesis cannot be quantitatively supported since le
was not used and the TKN measurements of soil nitrogen are not accurate
enough to detect small changes in soil nitrogen percentages. How-
ever, the oxidation-reduction measurements made over a 5-day period
that encompassed a wetting-drying cycle strongly support the hypoth-
esis that significant denitrification was occurring (Figure 20; Ta-

ble II-5). The horizontal line at +320 mv represents the potential at
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which nitrate instability occurs at a PH of 5 and & tempsrature of 25 C
(L9). As can be seen, the Eh at the 1.3-cm depth did not reach +320 mv
even afier a weekend of drying. Ancther point of significant interest
iz that the Eh of tHe soil at depths of only 3 to 5 mm was in the
denitrifying range during the wetting peried and in the nitrifying
range during the weekend drying period. The Th of the 3= to 5-mm sur-
face layer declined into the denitrifying range within only a faw hours
after wastewater application, even after & weekend drying period. The
accuracy of this redox curve is not only supported by similar results
in Experiment I (Figure 14), but also by the previously mentioned
prarallel study (16).

In hypothesizing the functioning of this modsl, it should be re-
membered that it was operated 4 days and allowed to dry for 3 days
during most of the experiment. Under these conditions, significant
nitrification could ocecur within the system. The nitrate formed during
this period would have been subjected to denitrification when waste-
water was reapplied or when it diffused downward to the anasrchic zone
during the drying period. This mechanism could elz0 aceount for the
loss of nitrogen from the applied sludge, without its notieceable appear-
anece in the runoff or subflow. Theze hypotheses seem even more rea-
sonable when the facts are considered that denitrification wasg also
thought to be a major mechanism in the loss of nitrogen from cannery
wastewaters at the Campbell Soup Company's Paris, Texas, plant (36) and
thet this system is similar to & rice paddy system. As shown in Fig-
ure 9, a rice paddy normally has an "asrobic-anaerchic double layer"
that functions to the detriment of & rice farmer by converting
ammonium to nitrate in the asrobic layer and denitrifying it in the
anaerobic layer (50). It is hypothesized that the overland flow sys-
tem would be sven more efficient in eliciting the gaseous loss of
nitrogen than a rice paddy system because most rice fields are kept
flooded rather than cycled through flooding and drying pericds. As a
result, nitrate is only formed in a thin, surficial aerobic zone, and
its formation rate is dependent on the diffusion of cther forms of

nitrogen from the lower soil profile. In the eycled overland flow
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system, the surface aerobic layer would be thickened during the dry
periods, and the larger quantity of nitrate formed at this time would
then be subject to denitrification upon wastewater application.

In order to better understand the mode of disappearance of the
combined nitrogen, the concentrations of nitrate and ammonium in over-
land flow were monitored down the length of the model (Table 14).
Nitrate failed to show the initial rapid decrease that was observed for

the more mature cannery wastewater model of Experiment I. The most

Table 1L
Removal of Major Nutrients from Wastewater With Distance

Along Susquehanna Clay Amended With Sewage
Sludge After 10 Weeks

Concentration, ppm, of Cited Nutrient

Liquid Distance, m NO3 NH3 K P
Wastewater 0.00 8.8 7.2 6.23 31.10
Surface 0.76 8.6%* 3.9%* L. ok** 28,59

Liquid 1.52 L.65 A7 1.92 25.66

2.29 1.15 0.0 0.56 25.9
3.05 1.05 0.0 0.13 21.60
Subflow 0.76 0.0 0.0  0.56 0.0
1.52 0.0 0.0 0.26 0.0
2.29 0.0 0.0 0.26 0.0
3.05 0.0 0.0 0.28 0.0

*% gignificantly different at 0.0l level using F test for values in
respective columns. '

NS ©Not significantly different at 0.1 level using F test for values in
respective columns.

rapid nitrate loss was observed at about half the downslope distance,
near where luxuriant grass ceased to grow. Thus, a newly developed

system on soil deficient in nitrogen may show much greater potential
than one that has reached a nitrogen equilibrium. The rapid nitrate

loss also indicates that different processes may be involved in
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nitrogen loss from a new versus an old system. Ammonium loss followed
a pattern similar to that observed in Experiment I.

The results of this study show that, within a relatively short
time period, a very high degree of nitrogen treatment was achieved by
overland flow on a clay soil that had been amended with digested sewage
sludge. However, the establishment of the mechanisms involved have not
yet been proven conclusively, and the development of criteria for de-

sign and operation of such systems must await further study.
Macroelement Treatment

The removal efficiencies of phosphorus, potassium, calcium, mag-
nesium, and sodium in overland flow of the wastewater are presented
in Table 15; daily concentrations of these elements are presented

in Tables II-6 - II-10. Due to man power limitations, these elements

Table 15

Removal Efficiency of Macroelements From Wastewater

on Susquehanna Clay Amended With Sewage Sludge

Removal Efficiency, percent, for Cited Week

Element 5 6 7 8 9 10 Mean
P 9l.1
K 9k.5
Ca 83.8
Mg 2.3
Na 51.8

were not sampled during the first 4 weeks of the study, but were sam~
pled routinely after this time. Although the phosphorus in the runoff
varied considerably and was not measured extensively, the mean removal
of 69 percent is in moderate agreement with that of the previously
mentioned parallel study where 67 and 33 percent of the phosphorus re-
mained in the runoff after passage over 3 and 6 m of Susquehanna clay,
respectively. This low treatment for phosphorus is still surprising
since the Susquehanna clay had a PH of 5 and high iron and aluminum
contents (43). It is hypothesized that this low removal was a result
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of poor contact of the liquid with the compacted clay soil and the
higher solubility of phosphorus under reduced conditions (49). Addi-
tionally, the microbial cell mass in the upper few millimeters of soil
was perhaps so intense that it may have limited the contact of liquid
with reactive zones on or within the soil. It has already been pointed
out that reducing conditions existed in the soil profile at depths of
0.5 em under flooded conditions and at depths greater than 1.3 cm most
of the time. Numerous studies have confirmed the increased solubility
of phosphorus under reduced as opposed to oxidized conditions (50,51,53).
One of the primary means of phosphorus release under reduced conditions
is associated with the breakdown of ferric oxide-ferric phosphate
coatings of clay colloids (49,68). Thus, phosphorus is not only less
‘effectively removed by the soil, but is also released from inéoluble
forms within the soil under reduced conditions.

The authors believe that phosphorus removal may well be the
limiﬁing factor in an overland flow treatment system. However, phos-
phorus removal with distance down the length of the model (Table 1k)
was basically linear in this and the parallel study, giving support to
the hypothesis that increased slope length could raise the phosphorus
removal efficiency to greater than 99 percent. This is, of course, an
extrapolation beyond the limits of the Present data. Thoma.sd claims
that soil treatment systems may require up to 4 months before phosphorus
removal efficiency stabilizes. With the use of primary municipal waste-
water, he found this to be around 50 percent (220-L4L0O kg /ha fyr).

Treatment might be increased by combining a shallow, rapid infil-
tration system with the overland flow system. The shallow, rapid infil-
tration bed could greatly reduce the phosphorus concentration and con-
vert the nitrogen to nitrate, while the overland flow could polish the
nitrogen and heavy-metal removal. This combination might be particularly
good where small volumes are involved.

Potassium was removed quite extensively (96 percent) throughout

Personal communication, R. E. Thomas, EPA, Water Quality Control
Branch, Ada, Okla,
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the 5-week perioed, and it was primarily removed on the upper half of the
model (Table 14). The removal was probably an exchange phenomenon, with
& considerable amount going into plant tissue,

Sodium, an element similar to potassium, was only 50 percent re-
moved (Table 15). However, the concentration of sodium was always an
order of magnitude higher than sither potassium or the combined concen-
trations of caleium and magnesium. Calcium was moderately removed (75
percent), but magnesium showed poor removal (35 percent) (Table 15).

The apparently poorer magnesium removal from the wastewater may have re-
sulted from the leaching of magnesium from the sewage sludge, which
initially contained 2380 and 660 ppm magnesium and caleium, respectively.
However, removal of both probably resulted from mass-actiocn dizplacement
by the more coneentrated sodium (55). A prolonged gpplication of a lig-
uid with a sodium to caleium plus magnesium ratio as high as these ef-
fluents had would most likely result in both soil structure and rlant
osmotic damage problems (12,27). The high sodium content of this waste-
water probably resulted from the fact that restaurant waste constituted a
high percentage of the wastewater. Concentration fluetuations down the
length of the model for csleium; magnesium, and sodium are given in

Table 16. The results indicate %hat nlgh evapotranspiration may accen-
tuate the zodium concentration problem.

Minor Element Treatment

Using 5 weeks of data, removal percentege m2ans for manganese,
copper, lead, and cadmium were greater than 90 percent, while thoge for
zine and nickel were 75 and 83 percent, respectively (Table 17). Daily
toncentrations of these elements are presented in Tables II-1 - IT-16.
During the downslope monitoring of heavy-metal concentrations in the
overland flow, manganese, lead, nickel, and cadmium were greatly re-
duced within the first guarter of this distance (Tsble 18). At this
time, though, copper, as well as zine, was not greatly reduced in this
zame distance, and zinc even appeared in much of the subflow,

Tn2 grass was also analyzed for the amended elements. Table 19
gives the removal percentages of varicus macro- and microslements by the

grass, based on both the total smount of <€ach applied in the wastewater
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Table 16
Removal of Macroelements With Distance Along Susquehanns Clay Amended
With Sewage Sludge and Irrigated With Secondary Effluent for 10 Weeks

Concentration, ppm, of Cited Element

Liquid Distance, m _Ca _Mg _Na
Wastewater 0.00 3.85 1.56 87.5
Surface 0.76 2.60%* l.ShNS 86.3

Liquid 1.52 2.15 1.53 9k .05

2.29 1.70 1.54 99.75
3.05 1.63 87.5

Subflow 0.76 1.80 5.65
1.52 1.40 1.87 3.05
2.29 1.26 1.28 2.45
3.05

** ©Significantly different at the 0.0l level using the F test.
NS Not significantly different at the 0.1 level using the F test.

Table 17

Removal Efficiency of Minor Elements From Wastewater

on Susquehanns Clay Amended With Sewage Sludge

Removal Efficiency, percent, for Cited Week

Element 5 . 6 7 8 9 Mean
Zn 80.26 74.85 441 ( ) 77.86 T4 .61
Mn 90.82 96.79 96.24 ( ‘ 96.95 95.47

S Cu 89.17 91.29 100.00 { : 96.32 92.36
Ni 62.87 75.61 100.00 ¢ ‘ 89.70 83.24
Pb 95.06 90.45 79.1h4 1 - 89.70 90.32
cd 96.06 97.46 89.71 ¢ ' 96.97 95.45
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Table 18

Removal of Minor Elements With Distance Along Susquehanna Clay

Amended With Sewage Sludge and Irrigeted With Secondary

Effluent for 10 Wesks

Concentretion, pom, of Cited Element

Liguid Distance, m Zn bn Cu Hi Fo Cd
Wastewater .20 0.23 0.19 0.15 0.19 0.22
Surface Q.76 D.Diﬂs Q.0%%  [00%x .lﬂms Q.o Ol

Lagad 1.52 0.06 0.0 0.07 0.0 = 0.02 0.0

2.29 0.05 0.0  0.06 0.04 0.01 0.0
2.05 G.oT a.o G.03 0.03 0.04 0.0
Subflow J.76 0.1k 0.0 0.0 0.0kL 0.03 0.0
1.52 .10 .0 C.01 a. 0.02 &0
2.29 0.06 2.0 0.01 G. C.03 0.0
3.05 0.0 0.0 0.0 0. 0.0 &0

*¥% Bignificantly different at the 0.0l level using the F test.
N& Dot significantly different at the 0.1 level using the F test.

Table 159

Removal Percentage of Major and Minor Elements by Grass on

Susguehanna Clay Amended With Sewage Sludge and Irrigated

With Secondary Efflusnt for 10 Weeks

Femoval, percent Bemoval, percent
Of Total of Total
Of Total Remaining Of Total Remaining
Element Applied in Medel Element Applisad in Model
P T.27 10.17 Zn 18.80 26.53
K £6.95 £3.26 Mn 10.37 .31 5
Ca 14.36 22.18 Cu 3.88 6.83 -
Mg 25,36 58.12 Ni 0.98 1.12 i
iia 3.06 6.29 cd 0.51 0.54
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as well as on the total retained by the model, excluding runoff loss.
Table 20 shows how these elements varied in concentration in grass col-
lected from even downslope quadrants. In agreement with the overland
flow values, the high concentration of zinc in plant material did not
vary down the slope. The zinc was most likely being supplied by the
sludge rather than the wastewater. Additionally, in the parallel study
on unamended Susquehanna clay, the zinc concentration in plants varied
between the much lower values of 75 to 150 ppm.

The appearance of copper in wastewater at the 1.5- and 2.3-m

distances at this particular sampling time was probably due to

Table 20

Nutrjents in Grass Harvested From Susquehanna Clay

Amended With Sewage Sludge and Irrigated With
Secondary Effluent for 10 Weeks

Concentretions, percent, for Variocus Downslope
L1lstances, m

Component 0.76 1.52 2.29 3,05 Mean
TKNT+ 2.115 1.99 1.695 1.36 1.79
P 0.4k 0.385 0.345 0.345 0.3785
K% 1.46 1.145 1.115 0.825 1.13625
ca™ 0.1818 0.2041 0.28325 0.28185 0.23775
Mg™ 0.41 0.382 0.3785 0.3665 0.38425
Na'o 0.935 0.87 0.71 0.755 - 0.8175
7 225.5 200.5 206 205.5 209.37
M Th.55 64.45 59.2 72 67.55
cu® 17.45 13.9 17.0 10.1 14.61
Ni D 3.6 0.85 1.3 0.95 1.675
Cdx 7.05 0.8 2.85 0 2.675

Kg/ha

Yield** 2505 1235 1121 1066 1482

*% Significantly different at the 0.0l level using the F test.
tt Significantly different at the 0.10 level using the F test.
NS Not significantly different at the 0.10 level using the F test
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experimental veriatien, for normally G2 percent removal was achieved.
In addition, the copper concentration of the sludge was not extremely
high (212 ppm). Manganese was removed more efficiently than expected,
with 100 percent removal in the initial quarter of the overland flow
distance, Howsver, 2 considerable amount of manganese was incorporated
into the plants down the slope of the model, averaging 67 ppm. This
reflectad the moderately high (304-ppm) concentration of manganese in
the sludge. Cadmium also showed a significantly higher uptake by the
grass, probably reflecting the 100 percent removal efficiency cbtained
for surface liguid within the upper hali of the model. Totzl cadmium
removal was 95 percent. Om the other hand, relatively low nickel re-
moval was reflected in the low concentrations Tound in the plant tissue.

Remcval of nutrients by the plants resulted in the reecyeling eof the
elements, a development which could be eilther beneficial or detrimental
under existing conditions. The heavy metals present in the harvested
grass, ranked from highest to lowest with respect to concentrations,
were zine, manganess, copper, nickel, and cadmium. The zinc and manga-
nese removals by the grass were guite significant, whereas the removals
of copper, nickel, and cadmium were so small in comparison to the
percentazes retained by the soil that their recycling was rather
incongequential.

The soil was analyzed for various nutrients and heavy metals
both before initiation of the experiment and at five evenly distributed
downslope sites sfter culmination of experimentation (Table 21).
Following the 1l0-week application of amended wastewater, no significant
increases of heavy metals in the soil were noted. In addition, the
concentrations did not vary significantly with location on the slope.
The plant response to heavy metals was measured more accurately and
was mors obrious in this study. However, on & long-term basis, con-
siderable amounts of heavy metals mey be immobilized in the soil with-
out the metals becaming significantly more available to plants (38).
Although it muet be recognized that, after the ability of a soil to
immobilize heavy metals has been exceeded, heavy metals may well be

available at toxic levels to plants (38).
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10.

1.

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Overland flow is an effective means of removing nitrogen from
secondarily treated wastewater (pp 30-37, 57-6l4).

Algal crust probably hinders rather than prometes nitrogesn
removal (pp 31, 41-L9).

Reed canary grass is capable of removing considerable guantities
of nitrogen from an overland flow system [pp 35-4o).

Witrification and denitrification in an overland flow system
appear tec Mneticn in g manner similar to that observed in rice
fields. Nitrification occurs in a surface "oxidized" layer, and
denitrification occurs in the underlying "reduced" layer of an
"Dxi%izegireduced double layer" in the upper soil profile (pp L49
51, 65-68).

The thickness of the spil aercbic zone rapidly fluctuates in re-
sponse te Tleoding, and diminishes with duration of flooding and
organic load in the epplied water (pp 47-51, 65-67).

Anaeropic conditions seem to be prevalent at greater than a few
millimeters soil depth during flooding of overland flow systems,
but aercbic conditions can be attained after a 2-day rest
pericd (pp 49-51, 65-67).

Accumuilation of easily degraded organic material on the soil sur-
Tace may cazuse the oxidized layer to be &8t or in the surface
liguid above the soil, which would result in the need for a rest
period (pp L1-LE).

Generally, nitrogen remcval should be higher if the nitrogen
is in the nitrate form, dus to the prevelence of reduced conditicns
in an overland flow system {FP h?-51, 65-67).

Flant speciszs that can tolerates reduced soil conditions must be
uzed in overland flow systems. BReed canary grass functions quite
well under these conditions (p 51).

Contact of the wastewater with the s0il and its sssociated large
microbial populsation may be essential Lo proper system functioning

(p 45).

FProper functioning of an overland flow system seems to require
free diffusion between the oxidized and reduced zones in the
soil (pp L1-46).

Titrogen treatment efficiency is highly related to the rate of
application and slope length (pp 52-56, 68-69).

T
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A new overland flow system may require a L4- to 5-week period before
nitrogen removal efficiencies approach maximum values (pp 64-65).

14. Sewage sludge incorporated into the upper few centimeters of the
soil on a 6 percent by weight basis does not greatly help or
hinder advanced treatment of wastewater by overland flow (pp 6k-

65, 67, 69).

Heavy metals in the wastewater appear to be removed quite effec-
tively within the first meter of downslope distance (pp 71-73).

16. Phosphorus removal appears to be the short-term limiting factor
for overland flow (pp 69-70).

17. Models 3.05 and 6.10 m long are effective in studying overland

flow, especially with respect to nitrogen treatment (pp 20, 30-31,
52).

Recommendations*

1. In areas that have soils of low permeability, advanced treatment
of wastewater by overland flow should be considered.

2. Slopes of an overland flow system should be made as smooth as pos~
sible so that the thinnest and most uniform flow of water will

occur. Gullying and ponding should be prevented to the maximum
degree practicable,

3. An overland flow system 50 to 100 m in length and at a 2-8 percent,
slope should give good nitrogen treatment of wastewater.

4. A daily application of 1 to 2 cm of wastewater over a 5- to 6-hr
period should give an adequate residence time at the given length
and slope of treatment area.

5. Overland flow length should increase with an increase in slope or

rate of application to allow sufficient residence time on the soil
for treatment. o '

6. A rest period of 2 days per week may or may not be necessary or
adequate, depending upon the quality of the wastewater, the weather,
and the condition of treatment slopes. Runoff monitoring should
provide the clue as to when the system is in need of a rest period.

7. Vegetation should be selected that can tolerate semiflooded sur-
face conditions and nearly continuous reduced conditions below a
few centimeters depth. Reed canary grass, rice, and freshwater
sedges are examples of such vegetation.

* These interim recommendations are based on both the literature
review and experimental results of this study.
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12.

13.

14,
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At this time, overland flow is not recommended for forested areas.

Water-quality monitoring stations should be installed in aresas
where the treated water from several slopes enters a natural
stream or lake.

Phosphorus treatment efficiency should be checked carefully, and
the application rates should be sdjusied to maintain the desired
efficiency.

A method of application should be used which provides for uniform
distribution.

Slopes should be sprayed at night as well as during the day to
minimize peak pumping.

Slopes should be cycled so that wastewater guality and treatment
condition can average out over the trestment area.

Operation and treatment information should be logged so that
system design can be refined.

Research on overland flow for the sdvanced treatment of waste-
water should be continued to develop a2 clearer understanding

of the prineciples involved, to determine the effectiveness of
the processes under varying conditionsz, and to improve eriteria
for design and operation of facilities.
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APPENDIX T

Data From the

Cannery Wastewater Model




A. Soil surface without algal growth in high grass
on overland flow model

B. Algal mat on cut-grass side of overland flow model

Figure I-1



4

Algal layer covering scil on model with grass cut

D. View of the cut and uncut sides of the model

Figure I-1



Table T-1

Daily Concentration of Nitrate on the Cannery Wastewater Model

Concentration of N0, pom, for Cited Wael

Liguid Desy T 2 3 H 5 & T [+ 9 10 i1 fi=] Mean
Wastewater Mon .25 7.40 7.62 6.10 5.50 7.25 8.60| 9.80 8.Lko 7.45 10.20 8.1k
Tue 12.00 9.07 6.30 8.10 10.10 B8.60 8.85]11.35 9.30 10.20 13.15 9.73
Wed 12.00 8.00 11.00 8.60 8.90 10.10 10.05 9.60 9.35 12.80 9.55 10.00
Thu 11.50 10.70 7.3 6.80 9.15 15.25 10.00 9.70 10.50 11.75 12.30 9.15 10.34
Fri 12.50 10.90 7.45 - 6.40 10.10 10201 R &7 17 An A LA PN
e e ———— — I d {evLC {7 .4 Y.21 Q. ux Q o7 Ty 1L an A A . - =
Runoff 0.35 23 2.08 1.65 1.95 2.00 2.20 1.91 0.0 2.02  1.44
0.40 0.76 40  1.08 2.b0 2.39 3.55 3.72 3.20 2.b5 2,90 2.11
ed 0.0 0.75 1.78 2.70 2.90 L.15 3.07 2.8 2.7 1,50 2.2,
Thu 0.37 0.k0 0.0 0.72 0.32 2.05 k.10 3.61 L.05 3.50 2.17 1.91
Fri 0.0 0.40 0.47 0.LoO L.Bo 3.55 2.92 3.56 2.85 2.11
Meen 0.18 0.24 0.60 0.4k 1,45 2,20 3.23 3.37 3.19 2.55 2.25 2.15
Table I-2
Daily Concentration of Ammonium on the Cannery Wastewater Model
Concentration of NHj, ppm, for Cited Week
Liguid Day 1 2 3 L 5 i 8 9 10 11 12 Mean
Wastewater Mon 9.20 10.k5 8.97 5.35 L.50 6.50 6.90 5.60 9.40 22.00 7.30 8.74
Tue 9.70  5.50 13.90 6.75 T7.90 5.90 B8.65 5.45 7.50 21.80 T7.00 9.10
Wed 9.10 6.85 8.35 5.90 10.50 6.10 6.70 6.40 7.50 1k.35 7.0 8.10
Thu 7.50 11.00 10.80 11.50 0.0 7.80 6.20 6.85 B8.00 8.55 8.00 7.84
Fri 5.70 10.00 9.55 8.10 5.00 7.60 7.00 97.00 6.70 7.4
Mean 70 3.10 &.67 10.02 7.38 5.73 6.26 7.31 6.26 7.88 14.68 7.43
Runoff lan 1.58 ©.35 0.60 0.47 0,35 0.85  1.47 [ T TS s T
Tyie 1.0 063 2.5 0.9 1.5 o.ke g.Bz 0.25 1.00 3.20 0,83 1.29
Wied 2:42  1.82 070 2.0 Q.52 L1 1.1 1.8 2.65 p.LB 7
o 275 w530 05l 873 QA7 o07s 123 1 1.8 1590 ol 1.38
Fri 50,2 R P T~ S A o b 0.k3 o0.78 L.60 o0.85 1.0 1.66
Mesn 1.00 2.kl CB.O4 321 08F 1,03 0.55 0.87 L.op 1l o s R v 18




Table I-3

Daily Conecentration for TEN on the Cannery Wastewater Model

Coneentration of T, ppm, for Clted Week

Liguid Day 1 2 3 4 B T 9 10 il 12 Magr
Wastewater Hem 10.25 T-28 1h.600 28.32 15.10
Tue 10.90  9.25 8.25 11,90 Z7.7T0 13.60
Wed Bk 1215  9.00 T.32 13.600 IB.60: 9.95 11949
Thu 10.10. 11.35 16.20 12,20 1300 11.37
Fri 9,30 9.10 13.55 10.65

Mean 9.3C 9.20 11.99 9.67 .61 13.07° #1.90 9.95
Funeff Man 6.75 2.30 5U080 0015 3.55
Tus T3  6.ls 2. 7% B.20  TuE25 5.96
Wad G607  T.50 TS0 2.55 nB0° 5.8 3.85 5.60
Thiu 7835 Hios TG .75 540 6. 70
Fri 7.85 110 84S 9,03

Mean Y.B3 B2k T.EA T 2.53 B.lk  LiB6  3.65

Tahlae I-h
off Ligunid for the Cannery Wastewster Model
Liguid Voluse, X, for Cited Wesk

Liguid Py i F 3 5 5 [ Fi ] ] 10 11 ] Meon
Wastewnter Mon o7.50 27.50 L1.00 35,00 35:00 35.00 35.00 35.00 3k.00 3h.500 3h000 3h.00
Tus 27.50 o7.50 £4.50 2B.50 28,500 28,50 2B.50 28.50 2B.00 28.00 2B8.500 2B.10
Wed Z7.50 Z7.50 27.50 28.50 28,50 27.50 27.50 27.50 2B.00 27.30 27.50 E2T.70
Thu 2T.50 27.50 27.50 28.50 28,50 28.50 28.50 28.50 26.50 28,00 27.50 27.30 28.00
Fri 27.50) PT.50 2Tio0 2850 -2B.50 2B:50. 28,50 28.50 28,00 27.50 eH.10

Mann 27.50 OT.5 27.5 3206 258 301 296 29.6 29.6 232 @9.0 29.M
Runoff Marn 0.8 0.0 365D 12,50 19.500 200 6 1640 1225 00:25 bjoo Ba2
Tue 10.00 14,25 15.75 18.50 15,50 17:15 13.75 22,30 1B.00 15.2% 1k.25 16.0
Wed 12,00 I11.ko 1T7.65 16.60 1k.hs 1B.00. 13.00 ab.io 13.60 1475 10.26 1k.2
Thu 10,00 12.000 16:40 18,05 1k.59 17.25 1h.30 21.20 14,00 1B2.T0 10.55 1.8
Frl 14,55 14,50 1h.50 1750 15.00 19:95 15.75 15.95 §.50 300 k.2

Hean 121 9.9 L3 174 156 167 143 1k 164 133 5.3 8.5
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Table I-7

Oxidation-Reduction Measurements for an 10-Day Period, Monitored at £n

2.4-m Downslope Distance During Three Wetting and Drying Cycles off the

il

Sth Through 11lth Weeks, at Soil Depths of 0.5 and 1.3 em Within the

Cannery Wastewater Model

Oxidation-Reduction Potential for Cited
50il Surface Condition

Elue-Green Algal Crgst No Algal Crust
- \brass Kept Short) {Tall Grass)

Week Day Time 0.5 em 1.3 em 0.5 em L.3 em
= Wed a +17H4 -1 +8l +4
b +256 -131 +9 -36

Thiy b +6l -161 -106 -114

Fri & +h5] -166 -1k6 -126

10 Mon & +314 -176 +31L -114
B +2Lg -15A + 1l =196

Wed b +164 -181 +hly -196

Thu a -86 -171 +14 -156

11 Mon g +354 +324 +324 -154
Tue & +114 +l +324 =56

+224 -61 +12h -96

Wad a -1 -71 +84 -2t

Thu S ~56 +24 +8L =156

b +119 -21 +54 -156

Sun b +369 +204 +350 +34

a denotes morning; b denotes afternoon.



Oxidation-Reduction Measurements for & 5-Day Wetting and Drying

Table I-8

Cycle, Monitored at Soil Depths of 0.5 and 1.3 cm During the

12th Week in the Cannery Westewster Model

Thu

Eri

Mon

Uecidation-Reduction Potential for Cited Soil Depth of
Verious Downslope Distances

0.76 m 1.52 m 2.29 m Mean

Day Hours® 0.5 em l.3cm O0.5em 1.3 em 0.5 em 1.3 cm O.5 cem 1.3 em
10 +112 -6L  +1hLT =76 +39 -1 +119.0 -L6.0
11 +104 -66 +304 +10l4 +2P -36 +1L3.2  +66.0
12 +184 -81 +00 -89 +2p +79 +101.5 -30.2
13.5 +2h4o -86 +34 -114 +1R2 = | +154.8 -80.2
15 +194 -119 eyl -109 +119 -56 +100.7  -94.3
16 +119 -59 ~55 -111 +10% +72 +56.5 =46.0
20 +14 -84 -56 -g1 -1 -3k -14.3 -69.3
Mean +276.7 -84, +65.4 -69.2 +78.6 -2.
1145 -76 ~14E +139 -166 +2l ~T1 +29.0 -127.7
k.5 -66 -156 -30 -131 +140 =166 -21.5 -151.0
Mean -T1 -151. +50.3 -148.5 +32.0 -118.
13.5  -59 -9h 2 -181 -49 <106 -11.8 -126.8
Mean -59.0 =93. +71.5 -181.0 -LB.5 -106.
15.5 +279 -221  +29h +7h +219 -21  +264.0 -56.0
Mean +279.0 -221.0 +294.0 +74.0 +219.0 -21.
10.0  +479 +72 4417 4389 4319 46  +hok.8 +138.2
13.5 +288 -8k +2Gh +289 +319 +4 +300.2 +86.8
18.0 +1L2 Y23 +oll +119 +27h =49 +£19.8 -16.8
Mean +302.7 -L4b.3 +318.2 +265.7 +30L.0 +28.5

Based on 24-hour clock.



Table I-9

Wastewater and Sail nH Valiiee fAw +ha

Cannery Wastewater Model

Model Horizontal pH
Sample Location Distance, m Value
Wastewater Surface 0.00 7.3
7.2

7.5

Bottom 3.05 7.2

Soil Surface 0.00 6.9

7.2
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Table I-11

Ormanmbannd o Major
Cannery
Concentration (mg/4 i Percent
Element Applied Wastewater Runoff Removal®
P 16.96 L.93 89.4
K 2.35 7.02 -k1.9
Ca 22.50 61.00 -28.8
Mg 1.70 L.30 ~-20.1
Na 76.85 107.20 33.8
Mn 0.03 0.17 -169.2
Zn 0.10 0.08 62.2
Cu 0.02 0.02 53.0
Pb 0.02 0.02 53.0
Ni 0.00 0.00
Cd 0.00 0.00 --

vaiculatea on a weight basis.
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APPENDIX II

Data From the

Sludge Model




Table II-1

Removal of NO.J. by Susquehanna Clay Amended With Sewage Sludge

Concentration of NO,, ppm, for Cited Week

)
_Liguid =~ Day  _1 = _2_ 3 0 e U TR T T B 9 10 Mean
Effluent Mon 8.00 8.0 7.00 8.ho 8.50 8.05 9.00 10.00 8.42
3232?' Tue 8.00 9.k0 8.90 9.10  10.60 9.35 9.10 13.20 9.71
Wed 9.05 8.90 9.50 10.55 9.60 8.85 9.90 10.80 8.80 9.55
Thu 8.00 9.20 17.00 11.00 8.90 10.00 11.65 11.80 9.20 10.75
Fri 8.50 8.50
8.52 8.52 11.07 9.36 9.00 9.49 9.7k 10.17 10.30
Runoff Mon 5.00 0.86 0.70 2.25 0.0 0.0 C 1
Wed 0 5 2.00 0.34 0.75 1 2.10
« L.70 8.90 0.8 0.ko 0.5T 0.62 1.57 0.0 2.148
i k.95 L.gs
L.86 5.20 5.4k 1.2k o0.k2 1.35 0.31 0.67 0.k2
Subflow Mon 0.28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.03
Tue 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Wed 0.25 0.25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.05
Thu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fri 0.0 0.0
Mean 0.0 0.13  0.13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table IT-2
Removal of lﬂ-ll4 by Susquehanna Clay Amended With Sewage Sludge
Concentration of NH]&’ ppm, fof Cited Week
Ligquid Day 1 2 3 L 5 6 ki 8 9 _10 . Mean
Effluent Mon 16.25 h.70 9.0 7.00 8.50 7.30 10.75  22.75 6.70 10.37
astes  rue 13.25 5.05  5.10 6.80 T.l0 6.70  B8.40 21.00 6.95  8.96
Wed 11.75 4,90 9.20 6.50 7.90 7.25. 7.95 11.90 7.20 8.28
Thu 16.85 3.45 10.00 6.ho 6.80 6.50 8.20 8.25 7.85  8.26
Fri 10.00 10.00
Mean 10.00 1k.52 4,52 8.42  6.67 1.65 6.9k 8.82 15.97 7.17
Runoff Mon 2.Lo 1.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
W 1.55 L 0 0 0.0 0 0.0 (
2 25 ) 0.0 0.0 0.0 0.0 0.0
F 1.ko 1.4o
Mean 1.92 0.51 0.06 0.0 0.0 0.0 0,0 0.0 0.0
Subflow Mon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tue 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Wed 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Thu 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fri 0.0 e 0.0

Mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




Table II-3

Removal of TKN by Susquehanna Clay Amended With Sewage Sludge

TKN Concentration for Cited Week -
Day X 2 3 L 5 E i 8 9

Liguid 10 Mean

Wastewater Mon 5,45 0.0 14.70 26.10 11.55
Tue 7,85 5.35 T.60 12.20  27.ho 12.08
Wed 9.40 | 9.20 10.85 16.60 11.51
Thu | 13.30 12.10 11.80 12.ko
Fri
Mean 9.40  6J65  6.22  T1.60 9.20 12,46  20.47

Runoff Mon 1.60 1.50 1.20 2.00 5.60 5.75 2.h49
Tue 3.0 1.13 1.00 0.60 1.00 3.75 3.50 2.05
Wed 0.50 0.75 1.15 0.70 2.30 k.25 2.90 1.79
Thu 2.50 0. 1.20 1.15 3.65 3.25 1.96
Fri
Mean 2.95 o.bl 1.11 1.02 1.23 2.380 4.3 3.85

Subflow
Mean 0.0k 0.17 0.10

Table II-4
Wastewater Applied to and Collected From Susquehanna Clay Amended With Sewage Sludge
Liguid Volume, £, for Cited Week
Ligquid Day 1 2 3 [ 5 6 1 8 9 10 - Mean

Wastewater Mon 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50
Tue 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50
Wed 30.50 30.5d‘ 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50
Thu 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50 30.50

|
Fri 30.50 \ 30.50
Mean 30.50 30.50 30.50|  30.50 30.50 30.50 30.50 30.50 30.50
1.50

Mon 22.00  10.50| 6.15 8.70 5.00 5.0

8.2
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Removal of Sodium From Susquehanna Clay

Table II-10

Amended With Sewage Sludge

Concentration of Sodium, ppm, for Cited Week

Ligquid Day 5 6 7 3 9
Mon 101.40 66.35
Wastewater Tue ‘ 87.60
Wed 86.10 67.70 82.60 85.85 81.80
Thu 107.70 100.00
Mean 93.75 67.70 82.60 96.77 83.94
Mon 89.95 S 93.65
Runoff Tue 93.75
Wed 68.75 T70.95 T7.30 81.50 69.55
Thu 107.10 93.45
Mean 79.35 70.95 T7.30 ghk.30 87.60
Mon 8.50 9.30
Subflow Tue 18.90
Wed L.65 6.20 8.10 16.35 16.50
Thu ‘ 20.55 17.60
Mean 6.57 6.20 8.10 18.45 15.57

Table II-1l1
Removal of Zinc From Susquehanna Clay
Amended With Sewage Sludge

' Concentration of Zinc, ppm, for Cited Week

Liquid Day 5 6 7 9
Mon 0.33 0.34
Wastewater Tue 0.21
Wed 0.32 0.37 0.53 0.32 0.13
Thu 0.39 0.22
Mean 0.32 0.37 0.53 0.36 0.23
Mon 0.15 ' 0.12
Runoff Tue 0.07
Wed 0.15 0.16 0.22 0.1k 0.07
Thu 0.21 0.08
Mean 0.15 0.16 0.22 0.17 0.09
Mon 0.06 0.10
Subflow Tue 0.08
Wed 0.08 0.12 0.13 0.24 0.1k4
Thu : 0.1k 0.30
Mean 0.07 0.12 0.13 0.19 0.16




Table II-12

Removel of Manganese From Susquehanna Clay

fmended With Sewage Sludgs

Concentration of Manpanese ., ppm, for Cited Week

Liguid Day 5 6 T 8 g
don 0.22 0.26
Wastewater Tue 0.7
Wed 0.20 0.19 0.21 0.21 D.1h4
Thu 0.23 0.18
Mean 0.2 0.19 J.21 0.2 0,19
Mon 0.07 0.01
Runoff Tue .01
Wed 2.01 Q.01 0.0 0.0 0.01
Thu .01 Q.01
Mean 0.04 0.0L 0.01 Q.00 .01
Mon Q.09 0.02
Sublflow Tue 0.02
Wed 0.0L Q.01 0.03 0.05 0. 04
Thix 0.04 0.0l
Mean 0.05 0.0L 0.03 0.0k 0.02
Tahle II-13

Bemoval of Copper From Susguehanna Clay

Amended With Sewage Sludge

Concentration of Copper, vom, for Cited Week

Liguid Day 5 5 7 & g
Mon O LT 0.22
Wastewater Tue 0.16
Wed 0.08 Q.07 .20 .02 Q.07
Thu 0.05 .11
Mean 0.13 0.07 0.20 0.06 Q.14
Mon 0.06 0.0L
Bunof'f Tus 0.0L
Wed 0.0L 0.0L 0.0 0.0 0.0L
Thu 0.03 0.0L
lMean 0.03 0.01 0.0 0.0L 0.01
Mon 0,00 0.01
Subflow Tue 0.0L
Wed 0.0 0,01 0.0 B, .01
Thu a.0 0.01
Mesan 0.01 -LE i3 3 2.0 0,01




Table II-1L

Removal of Nickel From Susquehanna Clay

Amended With Sewage Sludge

Concentretion of Nickel, ppm, for Cited Week

Liguid Day 5 o] T 8 g
Mon 0. 0L
wWwastewetey Tue 0. 30
Wed 0.0k 0.1l 0.10 0.06
Thu 0.0 ), Ol
Mear 0.0k 0.05 0.14 0.05 0.06

Mon 0.0
Runoff Tie 0.01
Wed 0. 0F e 0.0 0.0 0.0
hiu 0. 02 001
Mean 0.02 ). D2 0.0 0.0] 0,01

Mon 0.0
ubflow Tue 8
Wed 0.02 ), D2 Q.0 0.0 0.0

28Tl 0.02 Q 8.0 0.0 0.0

Table II-15
Removal of Lead From Susquehanna Clay
Amended With Sewage Sludge
Concentration of Lead, ppm, for Cited Week

Liquid Day 5 6 7 8 9
Mon 0.09 0.03
Wastewater Tue ' 0.02
Wed 0.25 0.22 +0.11 0.08 0.03
Thu 0.22 0.10
Mean 0.17 0.22 0.11 0.15 0.05
Mon 0.02 c.01
Runoff Tue : 0.01
Wed 0.03 0.0k 0.0k 0.0 0.01
Thu 0.01 0.01
Mean 0.02 0.04 0.0k 0.00 0.01
Mon 0.01 0.01
Subflow Tue 0.01
Wed 0.01 0.01 0.0 0.01 0.01
Thu 0.01 0.01
Mean 0.01 0.01 0.0 0.01 0.01




Table IT-1§

Bemoval of Cadmium From Susquehanna Clay

fmended With Sewage Sludpe

Liguid

Wastewater

Runoff

Subflow

Concentration of Cadmium, ppm, for Cited Week

Day B
Mon 0.23
Tue

Wed Q.22
Thu

Mean 0.23
Mon 0.05
Tue

Wed 0.0L
Thu

Mean 0,03
Mon O.0L
Tue

Wed B2 )
Thu

Mean 0.0

o

r

o]

01

+01

=

0.23

0.23

0.0U

0.04

.01

g 9
a.27
0,10
0.24 0.13
Q.2 0.19
0.23 0.1.7
0.0L
0.0L
0.01 0. 0L
0. 0L .01
001 0.0k
0.01
0.01
0.01 0.01
0.01 0.01
0.01 0.01
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