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ABSTRACT

This s;udy assesses the processes of nutriént loss to ground-
water and adjacent soils from a sgasona]ly-operated septic system
operating‘under favourable conditions.

In published studies, highly variable results precluded general-
izations about nutrient losses from septic systems. For these reasons,
a detdiled source-to-sink study of a single septic bed was undertaken
to (a) esfimate nutrient losses from the bed and (b) identify the
intensity and spatial distribution of effluent processes within a septic
bed soil.

A research site 40 km northeast of Parry Souﬁd on Whitestone
Lake was chosen as typical of cottage waste disposal systems. Sampling
surveys using 4 deep soi]‘%hspection pits and 137 coring sites in the
septic bed soil and nearby field and woodland soils were undértakén
during the summers of 1974, 1975 and 1976. Spatial ﬁapping of §oi] prop-

erties, multivariate analysis and madelling of soil solution and ions

© were used to interpret the measuréments: Soil solutes, including nut-

riengf, and environmental soil conditions in the septic bed édil and
site a}ea were mapped: Nutrient and soil water fluxes in the septic
bed and reference sites were estimated from a mathemax%ca] model.

The reference gites are characterized by p]qpf/gxc}ihg of soil
solutes, combined with small Qértiéal‘leaching losses following.rain-

fall events. The septic bed s0il, when in equilibrium with large
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-septic bed becomes anaerobic (oxygen diffusion rate (ODR) < 20 ug cm

effluent input, experiences continuous ]grge vertical and 1ater;ﬂ 1gach-
ing losses. As the septic bed soil begins to receive effluent, ieacﬁing
accelerates and nutrient fluxes increase, becoming more uniform.‘ The
-2
min'l) from its centre outward at 30-60 cm depth, and within 7 days, égg
the soil surface and Tateral sides of the bed are anaerobic. Precipita-
tion of Ca and PO4 andvlowering of PO4 and Ca levels in solution occurs
after two weeks of operatiohl A marked drop in ionic Tevels occd}s less
than two weeks after effluent input ceases. P)ant’upta§§§of nutrients
becomes larger than leaching lgsses as legching by periodic rainfall
cycles becomes apparent. ‘

The distribution of nutrient fluxes and decompositioﬁ processes
varies with- depth and from place to p]ace in the septic bed. For
example, large lateral effluent f]uxes out\of the septic bed are assoc-

1ated with small nitrate fluxes (0.659 x 10 -5 meq cm -3 d” ), and anaero-

A \
bosis {QDR<< 18 ug cm -2 n']). Converse]y; large nitrate fluxes

-5 -3

, J ) o
(0.150 x 107° meq cm = d~ ) are associated-with moderate effluent fluxes

and aerobic s611 (0DR > 22 pg e~ mfn-l). The spatia) pattern of

effluent fluxes also varies mafkédly within the septic bed, from small

net inflows of groundwater((0.0]G cm/d),. to large effluent outfﬁowé,
\

up to 49 cn/d. - \ !,
Mathematical modelling *ndicatess;:>ses of NO3 and 904 of 0.234
X lo's;and 0.131 xllo -4 ‘meq cm 3 d‘lgfre tt%vgly. 10 and 10 greater

than in the reference sites. Increased losses of Ny, at 0.915 x 1077
meq cm déizyhre less (10‘ to 10 ), and represent \ess than 12% of the
nitrogen losses from the sgptic bed. This indicates that serious -

v mg‘f;‘
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. environmental pollution can occur from a septic system aperating under

favourable conditions. , y

3

4 3 -1

Large leaching losses of sodium, up to 0.609 x 107 meq cm ~ d ,
from thet septic bed soil C horizon indicate long-term changes in soil
fabric are océﬁrring, whiéﬁ will probably accelerate effluent flux

losses from the septic bed soil, thereby increasing surface water and
groundwater polaqtion. It is concluded that similar estimates of .

) nutrient fluxes must be gathered from many sites before this environ-

mental pollution source can be accurately estimated or effectively

controlled. ; :/;)
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CHAPTER I
INTRODUCTION

This thesis examines the mechanisms of and the potential for
pollution from a typical cottage soil septic system. Levels and fluxes
of soil pollutants, including nitrogen and phosphorus ions, are measured
then compared with those levels existing in nearby cropped field and
forest soils. Some of the processes controlling the levels, the
transport and the transformation of polliutants are identified and‘
quant%fied as precisely as possible.

{
A septic system is traditionally used to dispose of domgstic

wastes on the same lot where a house is located. iIt consists of a
septic tank and septic tile bed. The septic tank is a rectangular or
cylindrical container through which waste slowly f]ﬂLs, allowing solid
particles to settle and decompose on the bottom of the container. The
effluent released from the septic tank contains w;ter and partially-
decomposed waste with both dissolved material and transported small
solid particles in suspension. The septic bed consists of drainage
pipes or tiles ‘placed below the soil surface and connected to the
septic tank outlet. Perforated pipes or clay tiles ségarated at the
Joints allow effluent to seep into the soil. Around the tile, sand and
grével is usually added .to increase effluent percolation and aeration. -

Most of the water %n the effluent flows through the septic bed énd out

1
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of the sides and bottom of the bed. Wastes are altered and removed as
they are carried through the bed by the water iQﬁthe eff]uentf/ If this
alteration and removal is inadequate, water flowing o;i of the bed will
still contain waste prodgcts potentially harmful to humans, animals or
the environment. Most\df'ihé?e substances leaking out of the septic s
bed reach and dispersel$n\the groundwater or reach surface water.
Although stability of substances in%groundwater varies, the rates of’
alteration and removal of waste products are reduced in groundwater and
these substances may reach surface streams or lakes intact. One of the
objectives of this thesis is to evaluate ihese assumptions with a
detailed assessment of the changes in effluent properties and processes
sbatia]]y‘and with time as the eff]uent Flows through the septic bed
and into the adjacent-fie1d. . |
Harmful effects from waste proﬁucts include health hazérds to
humans or animals and eutrophication of nearby lakes and\streams. :
Eutrophication is an abundance of biological growth in lakes and
streams and is usually accompanied by low oxygen levels. Pollutant
substances from septic systems include pathogenic organisms, toxic
chemicals and agents causing eutrophication. Eutrophicétion in lakes
and streams can be caused by decreasing the oxygen levels or increasing
the quantity\of nitrogen and phosphorus 13 water. When oxygen is
removed %rom lakes or streams, decompositibn becomes slow, permjiting
organic material to accuﬁu]ate. This organic accumulation supports an
increase in eutrophication. Sinée the lack of nitrogen and phosphorus
is usually limiting to biological growth, an increase in N and P levels

in streams and lakes will also cause eutrophication, as is well known

N



(Ryden et al., 1973). /

- Septic systems are used where distances between houses are
great, and where sewers are prohibitively expensive to install. In
most rural and agricultural environments, septic drainage beds are
dispersed and their use has not caused major visible problems. Under -
such favourable conditions, adverse effects are limited to one local

. but possibly contentious possibility--eutrophication from losses of
nitrogen and phosphorus in soluQ]e ionic«fo}m. Péthogenic organisms
die rapidly outgide the. human body since the soil is a hostile environ-
ment for them (Ziebell et al., 1975; Béuma, 1975). Thus only in poorly-
designed septic systems do these organi%ms reach groundwater lakes or
streams. Heavy metals and the complex molecules in detergents,. such as
surfactants, cannot be safely processed in soil, and are best removed in
the manufacturing process and excluded from septic systems as far as
possible. Organic material in the houséhold waste consuhes oxygen as
i£ decomposes, lowering oxygen levels and causing eutrophicétion; how- ‘
ever, the recommended installation of septitqsystems is usually. far
enough from lakes and streams to prevent sucﬁ\effecfsvof inhibition and
oxtdation. Since most soil and groundwater édhtains some oxygén,
substances which consume 6xygen are slowly decombosed‘as escaping
effluent flows from the septic bed,fb nearby lakes and streams. Thus,
by the time effluent reaches lakes and streams, it has } very low
organic content and oxygen demand. As previously noted, small 1ncrea£es
in nitrogen and phosphorps levels in lakes and streams can also .cause
eutrophication.” The inorganic or jonic forms of nitrdgena N03' and

NH: » and phosphorus, H,P0,", HP042' and P043‘, are more mobile and
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available to micro-organi%ms in soil and water than the organic forms

of nitrogén and phosphorus (Ryden et al., 1973). Unlike other causes
of eutropﬁication, nitrogen and phosphorus jons tend to be stable in
groundwater and decompose little. Thus, some authors contend that the
most prevalent and serious environmental threat from most septic systems

is the loss of nitrogen and phosphorus in ionic form (Bolt and Bruggen-

.wert, 1976; Deamish, 1972; Robinson, 1971, personal communication).

Conversely, others claim that this is not a serious problem, most
notably Bouma (1975), who asserts that "the gonventional soil adsorption
system for on-site disposal of septic tank- effluent has worked well fgr
many years in many different soils..." and "Generally, pathogenic
bacteria and viruses should bé completely removed within a specified
soil volume and the BOD, suspended solids ;nd N and P concentrations
should be lowered to concentrations that would allow human consumption
and addition ta surface waters without creating adverse effects.” \‘\x
This divergénce of interpretation arises from limitations in

the state of the art of studies on septic pollution. Most field

studies of septic pollution survey several septic beds for pollutant
. r

concentrations and po}lutant-sensitive properties from several sites
in and around each géptic bed. Most laboratary studies of septic
pallution use several large rigid columns pécked with soil ¥eprésent4
ative of the soil materials in the septic bed. ééptic tank effluent
introduced at the top of guch a_co]umn percolates down the column,
qventua]l& draining out. the bottom, not the sides. Although field and
Jaboratory approaghes have comparative advantages and disadvantages,

both share assumptions_which reflect present knowledge, which’

« !
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assumptions are as follows:

?

1. Since measurements of several sites over a limited time period are
used to represent the system -mainly to save'timé and money in rou;ine
monitoring-~- it is assumed that the septic bed can be studied}as a homo-
geneous sygtem. This implies that average 1eve1s:are more important
than variations from place to p]éce and time to time, which should be
or are assumed to be small. Using soil column studies in the laboratory
has enabled limited determinations of the degree to which pollutant
levels and soil processes vary over time. In beés used seasonally,
there is some concern whether nutrients are stored over the winter
period in septic beds and then released in the spying. The release of
nutrients from manure and fertilizers during the spring thaw has been

studied (Chichester, 1977; Klausner et al., 1976; Burwell et al., 1976;
Duffy et al., 1975; Gambre¥! et al., 1975b; Baker et al., 1975), blit not

. from septfc systems. Also, the initial response of the septic bed soUl

to initial use or cessation of use has not been studied in actual
field samples.
2. A1l significant septié,pdl]ution can be estimated and detected from

concentration measurements. Previous research (Campbell, 1974), using

‘many sites, ind¥cated that it was difficult to relate measured concen-

,traiions of pollutants in soil and water sinks to nearby septic system

sources. In the literature, the variations in pollutant levels assoc-

iated with septic”beds'are large and attempts at estimatind the extent

of septic pollution over large areas or fn dissimilar fields have-

-



resulted in widely divergent va]ues.]. This lack of consensus quéstions
the usefulness of concentration measurements. . Some flux measurements
have been made using soil columns in the laboratory and through the
methods of Bower (196%, 1962) and Bouma et al. (1971) and Boumg and
Denning (1972) in the field. These, however, are exceptions. Both
field and laboratory techniques have only been‘used to produce estimates
of vertical effluent flow for a single.point location. Lateral flow
and spatial variability are not assessed. Also, the field techniques
developed by Bower, Bouma and Denning are laborioys and disturb the
site sampled, making them unsuitab]é for continuous flow measurement.
This available information, therefore, most of which is expressed as
concentration measurements, has led many authors to conclude-that
nutrient losses from most septic systems are low and do not pollute or

produce negligible pollution. . -

3. In re§tni6fijgymeasurements to pollutants and a few soil character-

_ istics known to/be sensitive to effluent, implicit assumptions have

been made. It has béen assumed that only soil gases and the composition
of the soil solution vary; with other soil propertfes, especially the
soil solid gompoﬁents, being unaffecteﬂ. If the solid components do

not change, a septic system's life expectancy is algost infinite and
thus the system need not be monitored. nIn most temperate agricultural

and natura1‘sbils, soil processes change .the soil solid components only

Yhis is discussed in detail in Chapter II in reviewing
published pollutant.levels in septic systems.
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very slowly. Thus the assumption is made that these processes are

operating at similarly slow rates in septic bed soils.

In the studies mentioned above, an initial decision was made to
study more than one septic bed so thét the results could be generalized.
Studying several beds limits the detail of the study, such as the prop-
erties and processes which can be measured and their spatial and
temporal variation. To study more than one bed, simplifying assumptions
are necessary to bring the volume of work within the constraints of
available time and funds. Additional constraints of technology and the
researcher's knowledge may also exist. The measurement technology is
such that certain pollutants can be easily determined (e.g., NO3' and
NH; ) whereas others are difficult to measure (e.g., HZPOQ', HP042' and
P043'. Since satisfactory direct methods of measuring fluxes have not
been developed, fluxes are computed from a series of measurements.

This may explain in part why few flux measurements have been made. In

perspective, much of this initial extensive research has focussed on

high levels of septic pollution from septic systems operating under

unfavourable conditions. In contrast, this study addresses more subtle

moderate pollution from a septic system operating under favourable
conditions.

At the risk of being accused of producing a study which is site

specific, it was felt that the only way to test the validity of the

above assumptions and evaluate a serious, if contentious, pollution
threat would be to study in detail a single septic bed soil operating

under favourable conditions. As this system is typical of a seasonally-
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used septic system, it is hypothesized that moderate losses of nitrogen
and phosphorus ions have gone undetected from many septic systems for
many years. The hypotheses or assumptions on which this study is based
are opposite to the assumptions on which most extensive studies of
septic pollution are based. /These assumptions are:

' ! Y
1. The septic bed soil is a heterogeneous system which cannot be S
represented by average levels. Spatial and temporal variations in
soil properties are large and significant. The response of the septic

bed soil when use begins or ceases is also considerable and significant.

2. Estimates of fluxes are necessary to quantify septic pollution, in
addition to any measurements of concentration of components. Nutrient
losses of nitrogen and phosphorus in ionic form could be significant,
even ﬁnder favourable Fonditions. and can only be detected by estimates

of nutrient flux.

3. The solid components of the soil may be changing. Processes may be
operating which have not previously been linked with soils in septic

-{
beds; also, the fntensi;y of soil processes may not be the same ip

both natural and septic bed soils.

To test these three assumptions, specific measurements are
required. For the first assumption, soil properties in the various
parts of the septic bed must be studied, as well as around or adjacent

to it. The variation in these properties, as the use of the bed begins



and ceases, must also be determined. The.first assumption can then be
evaluated by comparing the variation in soil proderties within the
studied septic bed to that reported in the literature as existing
between specific septic beds. I[f the variation within the studied
septic bed exceeds that between septic beds, it suggests that using
average levels to characterize septic beds is invalid and that this
and further detailed site-specific research is necessary to determine
how to characterize septic bed soils.

The second assumption requires estimates of the fluxes of
water and of dissolved-soil ions. From the 1iterature2, mathematical
algorithms to estimate these fluxes from soil properties were translated
into Fortran computer programs. The third assumption is an indication
of the broad scope of soil properties measured. In addition to known
pollutants and pollutant-sensitive soil properties, soil properties
indicating soil processes not previously associated with septic effluent
are measured. For example, the relationships between sodium ioE levels,
soil acidity and leaching ihtensity, and soil calcium ion levels and
plant recycling are not usually considered in soil pollution research,
but are included in this study because they give a more complete -
characterization of the soil environments. This facilitated the study
of known pollutant processes such as nitrification, and, in addition,
revealed previously unreported changes in soil fabric and soil ionic
levels.

2The mathematical algorithms are discussed in section 3.4 and
their programming is discussed in Appendix C.
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In the following five chapters, these measurements are described,
analyzed and the results tested against these assumptions and a few
other measurements from the literature. Chapter Il includes a brief
review of the literature pertaining to “the relevant soil processes and a
summary of the work on nutrient ]eve]; in septic systems. This summary
illustrates the limited usefulness oflstudies based on average levels of
pollutants. Fn Chapter III, the research design is discussed, including
the choice of a research site and of the soil properties measured. The
methods of measuring these properties, both spatially and temporally,
are explained, as are the methods of modeliing the system. In Chapter
IV, the variation in soil properties is used to determine the nature an&‘
duration of the soil environments and bo]lution in the bed and adjacent
field. For example, it was evident where much of the nitrate from the
effluent was being nitrified and denitrified or lost in seepage to the
adjacent field. The extent to which nitrate could be stored oveprwinter
in a seasonally-used bed was also évideﬁt. In Chapter V, the ca?%h*éled
estimates of nutrient and water f}uxes are discussed. This includes
vertical and lateral fluxes 3" the centre and at the edge of the septic- .
bed. These are compared wit% vertical fluxes in the field and forest
soils. The response in flux magnitude after use of the bed commences
is also discussed. The conclusions and a summary of the research are
presented in Chapter VI. This includes assessment of thé validity of
the assumptions on which the study is based and an estimate of the
amount of soil pollution occurring. The appendices include outlines .of
analytical methodology whére these are dl{ferent from standard proce-

dures and also the computer programs are presented.



CHAPTER 11
SOIL PROCESSES AND POLLUTANT LEVELS IN SEPTIC SYSTEMS .

This chapter outlines the soil processes which occur in septic
beds, 1nciud1ngﬁpoi]utant adsorption, degradatidh and transport. Also -
reviewed are the practical techniques for altering ghese processes.

From a review of reported levels of pollutants in septic beds, it is

evident that a new approach is needed to study septit bed soils.

2.1 Soil Processes

Septic tank effluent leaves the septic tile and flows through
the septic bed soil, gventual]y reaching groundwater after a variable’

'residence"time period. In flowing through the septic bed, the

"effYUent usually (e.g., Walker et al., 1973a; Bouma, 1974) passes through

four sail environments as portrayed schematically in Fig, 2.1:

1) aerobic sand and gravel, 2) anaerobic sand and gravel, 3) adjacent
aerobic soil and, at depth, 4) anaerobic 5611: As efflueht flows. -
through these environments, decomposition proce§ses act on the nitrogen
and carbon'éﬁbstances within 1t (Table 2. 1)' The adsorption and precip-
itation proce556s controlling phosphorus losses qu,apparent1y {ndepen-
dent of the degree of anaerobosis (de Haan, 1975) (Table 2.1). The

. nitrogen in the effluent entering the septic bed sofl is in the form of

organic nitrogen and anmonia (Otis et al., 1975) - In the aerobic sand

. . ) . N T
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FIG. 2.1 ‘Typical septic bed soi) .environments
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and gravel, this is rapidly Ehsqrbed on the soil exchange complex and
converted to nitrate. As the nitrate enters the .anaerobic sand and

gravel, it is denitrified to nitrogen gas (NZ)’ providing&carbon is

" ~_Ppresent.” Any nitrate which is not thus denitrified is leached through

the ynderlying aerobic soil until it reaches a stream or lake. Such
nitrate loss is most likely if the groundwater has*a low soluble carbon
content and/or is high in dissolved oxygen. Organic carbon in the tile
effluent is rapidly decomposed to carbon dioxide in aerobic sand or
gravel. Any carbon reaching the anaerobic sand and gravel beneath 2)
is slowly decomposed to hydrocarbon§. e.g., methane. These compounds
are assimilated during denitrification in anaerobic environments and
respiredlas carbon dioxide. If oxygen or nitrate is limiting, some
carbon will be lost in pollutant form as dissolved ‘carbon anq move to
3) with the eff]pent flow.

Phosphorus enters the septic bed soil in both organic and

inorganic forms (Swahney and Hill, T975). Organid ﬁhosphorus (Taylor

and Ashcroft, 1972) is rapidly adsorbed and converted to inorganic

phosphorus in fhe aerobic and anaerobic sand and gravel. If calcium,.

" aluminum or iron compounds are present, inorganic phosphorus is rapidly

adsorbed and co-precipitated irrespective of’thekdegrée of anaerobosis
(Bower, 1971). This adsorption is more complete in the adjacent clay
o# loam soils with a higher particle or speéific surface area and more .
cation adsorption sites than sand and gravel (Buckman and Brady, 1960;(
Banin and Amiel, 1970). If calcium, aluminum or iron compounds are
lacking, inorganic phosphdrus is Earéied through the system; producing

significant phosphorus losses. Three processes, therefg?é, control the

N N .
e .
. . o
- - 1] *
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losses of phosphorus and nitrate in ionic form from the septic bed:
precipitation-adsorption reactions controlling phosphate 1evé&s;
denitrification controlling nitrate levels; and the rate of‘eff1uenf
transport through the septic bed soil.

A number of studies on the adsorption of nifrogen and phosphorus
have been carried out. Lance (1972) reported that cation exchange was
important in holding NH4 in loamy sands withwa cation exchange capacity
2-2.5 meq./100g. until it cdu]@ be ﬁitrifiedf He used columns 10 cm
X 2.5 m of disturbed soil ;hat were flooded with secdndary sewage
effluent for 2, 9,'16 and 23 days followed by 5 dry dgys between inun-

dations. Engelstad (1970) reported that clay soils were able to 'hold'-

‘nitrates against considerable infiltration of rain water.. Hill (1972) .

reported a bonding affinity or adsorption sequence of.N03== Cl2 > PO4
.:>SO4 and the desorption sequence of P04<: SO4<: Nb3f; C12, sqggesting
that phosphate and sulfate soil ions wgu]d be 1eachqd or lost more
readily than nitrate ions. Bower (1971), Beek and Frissel (1973)-and
Magdoff et al. (1974) used equilibrium thedry to compute the ammonia
adsorbed. Magdoff et al. (]974)'predicted ammonia adsorption in §
septic bed soil. In this s£udy, adsorption of cations was 9a1culated.
using a similar approach to that of Beek and Frissel (1973).

The recent work of Shah et al. (1975), Novak et al. (1975),
Novak and Adriano (1975), ‘Swahney and Hi11 (1975), and that reported in

- Bolt and Bruggenwert (1976) indicates that phosphorus adsorption is a

two-step process. The first séep 1s adsarption of phosphorus ions
onto clay and organic matter. The second is rapid precipitation of -

adsprbed phosphorus followed by a regeneration of the precipitation}‘
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. N
sites. This precipitation is irreversible and functions as a phosphorus

sink. Little is known about regeneration .rates or the factors which

control it. In- the first step, clay and organic matter act as cataltysts,

bringing‘phosphorus ions into contact with other substantes to facilitate
the precipitation reaction. brganic phosphorus seems to precipitate
djrect]y; without preliminary adsorption on clay surfaces (Taylor and
Ashcroft, 1972) and mest strongly in the eresencé of iron oxides or
humic and. fulvic acid complexes. Phosphorus 1ons‘brecipitate 1h a
number of ways. They—can be irreversibly adsorbed on the surfacee of
iron and alumimum oxides and calcium and magnesium compounds ‘( Bower,
1971), or. they can rep]ace 1ons within the matrices of iron -and alum-
inum oxides and compgunds (Engelstad, 1970) and alumiwpsilicates (Hin,
1972; Ryden et al., 1973). Iron and alumimum oxides have the greatest
capacity as precipitation sitee, followed by calcium. and magnesﬂuﬁ.

The net effect, termed chemital gieving by Swahney and Hill (19f5¥. is

|

‘phosphorus remova1 from effluent before it reaches gro ndwater aAImost
‘complete chemical s?eving 1§?norma1 for natural system , especiahly 4
forests (Ryden et al., 1973; Bo]t and Bruggenwert, 1973&. and foy most
septic systems. For egamp1e, éwahnei and Hi11 found that in one:septic
. system, phosphorus‘transport was one meter in fifteen 3ears, logica1ly‘

giving an infinite life expectancy for phosphorus preci 1tation. Phas- -
phorus -adsorption in the septic bed can be 1ncveased by| adding iron,
aluminum, calcium and magnesium-compounds, as reported y Deamish (1972)
and (aak et al:- (19?5)

While phOSphorus adsorption and p?ec1p1tat10n hdve been quanti-

fied and modelled (Shah et al.. 1975 Novak et et al., 1978; Novak and

|
J y - -
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Adriano, 1975), regeneration has not, thus precluding long term models -
of the process. In addition, the long term implications of this
increasing phosphorus sink are unknown (Larsen, 1974). . “

The decomposit1on of nitrogen has been studied in the fo]1ow1ng
manner . walter (1974) has summarized the chemical equations and optimum
conditions for nitrification and denitrification (Table 2.2), Of the
vartous forms of soil nitrogen in septic bed soils, nitrate s the most
seriqus potential po}'tdtant?3 Oréanic nitrogen is rqfativelyzimmobile,‘
ammonia vo]dti;;s and is rapidly adsorbed, and of’the other inorganic
nitrogen forums, only nitrate 1sistab1e in thé soil. penftrification
accounts for ﬁost éqjlznitrate redqction (Lance and Whisler, 1974). For
thesé-reasons. estimates of Henitrifica@joh were made for this study. .

benitrifying,bacteria use gaseous oxygen preferentially (Skinner,
1968). Therefdre, for'denitr1f1cation to occur, thé oxygen content
must be zero (Skinner, 1968; Broadbent' 1971). Cady and Bartholomew’
(1961) found that the denitrification rate was determined by the oxygen
concentration or oxygen diffusion rate (ODR) and the biological oxygen
demand exerted by the microbial population. Anomfne (1962) fdund‘that
denitrification occurred on1y in soils with botﬁ oxidized énd feduced

Jayers. He also found that the drop 1n redox potent{g} (Eh) after —\\\

water]ogging depended on- the extent of prior drying of soils and upon

" the quantity of readily decomposible(organic matter. Kimble et al.

(1972) found that the potential for denitvtf1cation decreaéed gebmetrf-

cally with depth due to a'Iack of energy soureaé far microﬁial:activity.,
The 1dent1f1cation of the aerobic-anagrobic interface which |

divides denitrification frem nitrificaxion would be most Ynteresting
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in this regard (Table 2.3). Brand;—(1964)'1dentified the interface at
an ODR of 20 ug em2sec™).  Anomine (1962), Turner and Patrick (1968)

and Rich (1973) found that the shift from anaerobic to aerobic occurred
3

“at an Eh of B30 to 350 mv>. Anomine and Rich also identified the Eh

range for reduction of NOy at an Eh of 350 to 100 mv. Lihde (1969)

found that the aerobic-anaerobic shift occurred at a resp1rat10n quotient

l

(RQ) of 0.80 and a gaseous oxygen’ content of 10% in the macropores

e
N
hl
e

\\

TABLE 2.3

Aerobic-Anaerobic Interface

'Measure . ‘ Interface Value

RQ a 0.80

| ) . ’ . -2 -1
ODR - 20 pg tm min
0, pct. macropores - 10 pct.
02 pci. micrapores 0.0 pctl
Eh ’ | 350 mv

In this study, OOR was measured and Brandt's figure of an ODR

-2 . -1

of 20 pg cm “min ~ was used- to idéntify environments where-denitrifi-

A . .
cation would be possiblé. It should also be noted that chemical decom-
position or denitrification can occur (Bremner and Nelson, 1968; Buresh
et al., 1975). |

3A11 vaiues are. standardized ‘to Eh7 or pH-— 7 0.

5 4The ratio of oxygen consumed. to carbon dioxide produced (Bell
and COombe et et al,, 1967; Lahﬁ&. 1969). - .

V . }, i
. ) . . .. .
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A1l the methods of measurement of denitrificgfion'Hetermine(the
process indirectly and are not very satisfactory..'Pratt et al. (1972),
using transit time equations, measured denitrification as a residual

after N input, plant uptake of N and leachingylosses“had been assessed.

" Mann et al. (1972) used denitrification constants. Kimble et al. (1972)

used nitrate té chloride ratios to distinquish leaching from denitrifi-
cation, for when this ratio is decreased, denitrification is indicateé; >
In such, an approach; care must bg taken to account for plant uptake of
éhloride when it occurs. In the present study,.nitrate to chloride
ratios were so used to estimate denitrification.

There gré five ways by'wHich the rate of denitrification can be
influenced in septic bed soils: (i) by soil 'clogging', (i1) by %esting
(ﬁot using) the system or controlling dosing cycles, (iii) addi;ions of

~organic substrate or carbon, (iv) artificial moisﬁure bérriers and

(v) effluent cycling. = ,

Magdoff and Bouma (1975) describe soil_eidgg{ng as an inhibiting
layer at the infiltrative surface. Where septic tile hEE;been laid in
gravel trenches, the clpgged laye? ér crust forms at the intenface of
the gravel and soil, as indicated 1n_F1§. 2.1. The crust is an

accumulation of organic matter deposited during continuous effluent

‘flow, The saturated hydraulic conductivity of ;he cruqt‘3s much..lower

than that for the gravel in the. tile trench, and markedly uniform at

~ around 8.cm/hr, thus ponding effluent in the bottom of the gravel
trench. The ponded effluent becomes gﬁaerobic and denitrification

" oceurs 1f-n1trugeﬁ and”carbon-areupréseﬁt (Walker et hll. 1973a).

P f

Tﬁe.manibyIatfon of dosing cycles of(land.wasie djsposal
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systems has been discussed by many authoré, Gilbert et al. (1974),
Lance and Whisler (1972, 191;), Converse et al. (1975), Lance et al.
(1973, 1976), Bou@a et al. (]974ql;é?q Mégdoff and Bouma (1975). Such
a technique influences both the removal of pathogenic bacteria by
controlling the .degree of unsaturated flow in the bed and nitrogen
removal by éontro111ng‘thegmagnitude of effluent flux and crus£
formation. \The flux must.be small enough to permit sufficient oxygen-
ation by diffusion from the atmosphere to maintain nitrification in

.. the upper part of the bed and large enough to maintain saturation and

" anaerobic denitrification in the lower part of the bed. Resting andy

dosing cyc}es influence the development aéd dissipation of such soil \\\
crusts. Converse Eﬁ,él- (1975) recommend a once or twige daily dosing
“regime for septic systems.

‘ Aqq1tions of organic»carbon substrate to enhance &enitrifi-
cation have been discussed by Lance and Whisler (1974), Whisler et al.
(1974), Mann et al. (1972), Sikora and Keeney (1975) and Walter (1974).
The}amount,of carbon required for dgnitrificqttoﬁ\&f\gj;easured quantity
of organic_N can be computed from the methane equation ASikora and
Keeney, 1975): | "

NO3™ + 5/6 CHyOH —= & N, + 5/6 CO, + 7/6 Hy0 + K 2.y
Theoretically, 1.3 mg of carbon are requir;d for every 1 mg of nitrate
reduced to nitrogen.gas. Gambrell et al. (1975a) applied these prin-
ciples to field data to determine 1f carbon was 1imiting denitrification.
Lance and Whisler (1974) reduced nitrogen content by 80-90% in $oil

columns by additions of soluble carbon as glucose. The resultant C/N
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ratio was about 1:1. Sikora and Keeney (1975) used methanol (CH3OH)

at a ratio of 2.6 mg carbon to 1 mg nitrate present in the effluent

' and compared it with other carbon energy sources. Mann et al. (1972)

indicated the feasibility of using sulfur as a substrate for\aenitrifi-
cation. Mann et al. suggest: "the addition of sulfur %o energy
deficient séjls may be more practical than additions gf exogenous
carbon since competition for available carbon émong nondenitrifying
bacteria is also keen".

Artificial moisture barriers are discussed by Bouma ({974,

1975) for use in innovative septic bed soil systems. Where soil
permeability is too high, moisture barriers.placed deep in the profile
serve to pond the efflhent, creating an anaerobic environment where
denitrification can occur.

Recycling is expensive,/as it requires pumping and may require
monitoning. It is discussed by Lance and Whisler (1974), Lance et al.
(1976), and Hines and Favreau (1975). In land waste disposal systems, .
high nitraté peékg can be redistributed or recirculated th;ough'the
disposal system. Thebreticq]]y, this can remove more than 90% of the'
nitrogen. The system designed by Hines and Favreau ;ecirculated
effluent through a sand filter. Although biological gﬁ?gen demand and

total suspended soli&s arg low at 4 and § mg/]urespective1y,,the removal

of nitrogen and pHQSphorus has not been evaluated.

Tﬁe nitrogen and phosphorus which qﬁ; not adsofbed, precipitated,

or removed By decamposition from the effluent will be lost from the
septic bed by water flowing out of the septic bed. These losses can

be estimated from the amount of nitrogen and phospﬁorus in solution and

~%
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the rate of movement of the soil water. Most models of moisture flow
are based on Darcy flow or analogies to Darcy flow. From Darcy's law,

moisture can be described after Taylor and Ashcroft (1972) as:

_x d Q
J, = Kw Vh or Jw_: Aw (2.2)
d t
S

where Jw is water flux density
Kw is hydraulic¢ conductivity
Qwiswamrfﬂm
d&/h is the hydraulic potential gradient
d_

S

y/h is the hydraulic potential

A is cross-sectional area

t is time.

As Darcy worked with saturated sand, his law is not strictly

valid for all unsaturated flow conditions. However, for most unsaturated

flow conditions, Darcy flow provides an adequate description .(Kirkham
and Powers, 1972). Soil moisture fluxes are manipulated in septic bed
soils by: (i) additions of sand and gravel or (i1i) the use of moisture
barriers as previously discussed (p.22 ). Sand and gravel were first
used in septic bed soils to increase infiltration, maintain unsaturated
flow and prevent surface ponding of effluent (Schwiesow, 1975; Bouma,
1974) and hydraulic failure or basement flooding (Beatty‘and‘gbhmgL
1973). Coincidentally, unsaturated flow and associated aerobic copdi-

tions also destroy pathogenic bacteria and enhance nitrification

/
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/
(previously discussed, pp. 3, 17, 21) and biodegradation in ‘general

(Ziebell et al., 1975). ,

Since effluent loading tends to be constant (see page 27) and
represents most of the moisture in the bed, these soil processes‘and
the properties they inf]uence tend to approach an equi]ib;ium after
several weeks of continuous operation of the septic system. Bouma
(1975) found that the crust or clogged layer, and effluent flow were
relatively uniform between different septic beds irrespective of age.
For example, moisture tension below the crust varied from 23 to 27
cm and effluent flux 8 to 11 cm/d. The work done by Gilbert et al.
(1974) on processing secondary sewage effluent in recharge basins
suggests that stable oxygen and nitrogen regimes are developed. - Column
work-with dosing cycles suggests that these oxygen, nitrogen and

phosphorus regimes are reproducible (Magdoff et al., 1974; Whisler

et al., 1974; Lance, 1972).

2.2 Pgllutant Levels in Septic Sxé;ems

Septic systems represent such an intense nutrient loading that
the septic effluent far outweighs the magnitude of other sources of
nutrients and water associated with the septic bed. For example,
results from this study indicated that, on average, 85% of the soil
moisture in the septic bed and 99.8% of the nitrate and 98.3% of the
phosphate flow to groundwater from the bed can be attributed to the
septic effluent, ‘

Few measurements of nutrient flux out of septic beds are

available. This necessitates reliance on measurements of pollutant
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levels which are sofl and site spécific and sensitive to distance from

25

1

the septic bed. Table 2.4 is'a summary of such reported information.

Due to the diversity of sample site locations, meaSUﬁements have been
selected (1) from the septic tank outlet pipe, (1) close to the edges
of the septic bed soil and (111) from groundwater measurements'be oW
the septic bed. The first set of measurements indicates the char} -
teris£1cs of the septic tank effluent; the second set indicates the
nature 'of the effluent leaving the septic bed soil and the third set
indicates the degree of grouanater pollution occurring. The variation
in measured levels is large and, lacking flux estimates, nitrogen and u
phosphorus losses cannot be evaluateq;
Some patterns are apparent, however. Total suspended solids

(TSS) and oxygen demand (BOD, COD) levels in septic tank effluent are
high, > 50, > 100 and 200 mg/1 respectively; and are reduced to < 50,

<100 and 150 mg/1 respectively, in eff]ueqt losses from the septic bed
soil. Phosphate concentrations in septic tank effluent are fairly
uniform at 16 to 20 mg/1. Phosphate removal in septic bed $o0i1 varies
from nil to almost complete removal at 10'5 mg/1. In septic tank
eff1uen£. most nitrogen occurs as ammonia, whereas in effluent leaving
the bed, it is in the form of nitrate. H1gH levels of ammonia from
septic tank effluent, from 30 to 90 mg/}, are usua]l& converted to
n1frate in the septic bed, producing Tow ammonia levels and, lacking
denitrification, high nitrate levels. Thus, déspite Tow nitrate levels
fh septic tank effluent, 2.2 to 0.03 mg/1. effluent losses from the

septic bed and ground watér may contain up to 8 mg/1 of nitrate.

~~—Effluent bacterial levels vary markedly from 10@ to 100 organisms per

N g A e L - N . R e Y
.
.
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100 ml1. The septic bed soil may femove bacteria in varying degrees

- from almost all of the harmful bacteria.to almost none. The input of

water from the septic tank is more uniform as average per capita water
use 1s 150 to 190 1 (40-50 gal) per ddy (Bennett et al., 1975; Witt
et al.,” 1975; Jones, 1975; Otis et al.,> 1975).

A tentative assessment of nitrogéﬁ and phosphorus losses from
septic systems in various North Amerjican studies is presented in
Table 2.5. The compilation of these figures is explained in the
appendices. The large variation of these estimates of nitrogen and
phosphorus losses and levels, as shown in Table 2.4, precludes an
evaluation of the efficiency of septic bed soils as processors of
nitrogen and phosphorus. More data is required for reliable estimates
of these losses.

Other nutriént inputs to, and outputs from, the septic system
of a comparat1ve1y m}nor nature are precipitation, volatization from
the septic tank, surface runoff and soil ion release from bedrock.
These ipputs and outputs are difficult to measure on a smeil scale and
are evaluated by comparing the septic bed soil with adjacent control
sites. Thus, in this study, these components were inferred rather than

measured.

5The figure is not given but can be computed from information
giyen at 47.9 gal/d.
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“1.e., the septic system is a heterogeneous system which cannot'be

29

2.3 The Effecé of Land Waste Disposal on the Natural Equilibrium

of Soil Systems - ’>

Natural soil systems tend towards an equilibrium between 1npufs
to the soil and nutrient losses from the soil (Ryden, 1973; Webber,
1973; Bolt and Bruggenwert, 1976; Iwimmerman and de Haan, 1973). In
natural systems, nutrients ;Z\an avajlable }orm are‘usua11y limiting
-to biological activity, resulting in slow rates of soil tran§formation.

As a result of these slow processes, natural soils must be studied over

" a long period of time before such changes in soil properties can be

detected (Martel and Paul, 1974). Many natural soil systems extend
over large areas‘dﬁd require sampling from many spatial locations, as
done by Jenny (1961) with organic nitrogen in North American prairie
soils. Land waste disposal 1ncrease% the nutrient supply and biological
act?vity, thus §gfe1erat1ng soil chaége, and such changes can be
'detected over Ehof%er periods of time. Impacts of land waste disposal
/are also spatially restricted, as septic pollution can be detected

over a few acres only (Beatty and Bouma, 1973). Theselrapid chapges
over small areas render the intensive study of soil p:;zution a

relatively easier émall-sca]e exercise.

2.4 Conclusions ‘

Ré%orted~$ﬂ{orﬁation, combined with information from this study,
can be used to draw some conclusions about the adequacy of the
assumptions on which this study is based ds well as,:)y extension, the

S
traditional assumptions. To test tha/fstt assumption of this study,

4
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represented by average levels, levels and fluxes of polputants.measured

in this study will be compared with reported levels. Ag part of the
second assumption, it was suggested that significant nitrogen.and
bhosphorus losses occu% from septié systems operating uﬁder favourable
conditions. This cannot be evaluated from existing 1nf?rmat10n as .
losses vary and average North AﬁE?ican losses cannot be estimated.
Thisqinformation suppofts the—assumption that more data, espeEial]y
estimates of nitrogen and phosphorus fluxes, are needed. In addition,
the reported techniques for a]ter{ng denitrification, phosphate removal
and soil moisture flow will be used to suggest ways of reducing the
losses of nitrogen and phosphorus detected in this. study. Exfsting
information also su§gests that land waste disposal accelerates soil
processes, changing the solid components of the soil, which is the
tﬁird assumption made for this study.

The acceleration of soil processes.xthe increased nutrient and
water fluxes and the ph&sical a1t§rat10ns un@ertaken to manipulate soil
processe:tFésqlztld an artificial soil. The properties of thisA
artificial soil and the way in which it functions are in maﬁy ways
different'}rom agricultural and natural soils. This unique type of
soil body requires a new épproach to its measurement and study, as

7’

describéd in the following chapter.
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CHAPTER III

METHODOLOGY - \
- :

3.1 Research Site

The site of the investigation is at a cottage and adjacent
fleld and wooded area Tocated on Whitestone Lake, 40 kn northeast of
Parry Sound, 0ntar16 (Fig. 3.1). Criteria for the choice of this.
research site included accessability, a sebtic bed sotl whi¢h would
be expécted to function reasonably well in terms of processing effluent,
and a c]éaf delineation of source, sink and background areas. The
s%te is geomorphically simp]e_w1£h relatively uniform seq1ment or
parent ma£er1a]sw Slopes are gentle and uniform .in directionn

The site is divided into three“distfnct soil environments:
the septic bed, the field soil and the forest soil (Fig. 3.2)" The
pollutant source is tha septic tank eff]uentMand its- tile distribution
system, The effluent sink includes the septic bed soil and the margin
of the septic bed where effluent leaks out as a éontaminant of the
adjacent field soil, The background aFgas include the unaffected field

soil aﬁd the forest soil.

h

The séptic bed soil 1s an artificial or humanly-altered soil

'which could be expected -to change over time due to iarge effluent

_ Fluxes. The field soil also represents an altered soil, fhis area

was logged about 100 yeans-ago, then plodghpd and cropped. The field

n j/
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soil has not been ploughed fpr several decades. Hay is cut annually in

~ August. The forest soil represents the undisturbed original nafural

soil before alteration by settlers.. The forest fringe afound the field
is prédominanf]y coniferous comprising spruce, balsam and hémléck. and
further in, deciduous species of poplar, beech and hard maple. -

Although the soil at this location is not mapped in the Soil
Survey of Parry Sound District (1962), it is apparent that it is
closely related to the Magnetewan Series. The parent materials of this
Orthic Acid Brown Wooded soil are non-calcareous silt Toams deposited
in old g]acial‘lakes. The site is near the edge of a former glacial
lake, as indicated by nearby sandy glacial lake beach arnd stream
deposits. Due to erosioq and variations in bedrock topégraphy, soil
thickness varies. In Q:Z site, it exceeds 1 m.';xpept in the north-
west'corner where the’Precambrian bedrock extends to within 60 ¢m of
the soil surface. Precambrian bedrock underlies all the soil and
occasionally interrupts the unduléting topography with small rock
islands in the fields. .

Figures 3.4 to 3.7 show the septic bed, field and forest soil
environments and the soil sampling locations, includingethe core:
sampling 5ites used for spaéial mapping and the deep soii inspection
pits used for continuous monitoring. Figure 3.3 indicates the location
and orientation-of the photographs.

-~

3.2/ Measurement of Soil Properties o -

The research design for the-four sampling surveys undertakeniis

summarized in Table 3.1, Of the four surveys, three are designed to
. ) ‘

-
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/ FIG. 3.4

Site area from the northeast

o

The saptic bed soil 1n the centre ot the picture 1s raised several
inches abave the rest of the field. The hight patches mark spati
sampling locations. :
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FIG. 3.5 bikﬂ\;rnd trom the north

View taken south from the deep soil inspection pit no. 4 to soil pit
.no. 1, showing the fringe of the“comiferous torest and pits no. @ and
no. 3 located near the piles af earth. Mt no.d 15 i the toreground
and pit no. & 1s in the myddle of the picture,

o
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FIG. 3.6 Eyold and septic bed from the southeast

In the.top right corner, the excavated sand prt is visible.  This beach
deposat marks the glacial lake shorel e,



PIG. 307 Wooded arca from the west

A view of the deciduous torest nea the deep ot nspection prt o no
ook vog van b towar ds the wwamp.
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measure transient soil properties which change rapidly and over short
distances. The remaining survey was designed to measure stable soil
properties which change very slowly and are more uniform from place to
plate. Stable properties are associated with. the so?] solids whereas
transient properties describe soil solution and soil gaseous components.
Measurements of stable properties from the -forest soil indicate
initial conditions before alteration. Similar measurements from the
field sdf] suggest some of the original prOperfies of the §ept1c bed
soi] before its a]terationhdur1ng construction, In addition, many of
the stable properties of the soil solids influence responses of the
soil solution and soil gases to nutrient and moisture inputs. For
example, the surface area of the soil, a stable property, influences
the soil moisture content, a transient property (Banin qnd Amiel, 1970; ‘
Varazashvili et al., 1976). us variations in soil solid properties
help to éxp1a1n d1ffergnces<1n soil solution and soil gases in forestl.~
field and septic bed so11s: '
| To study the average levels of stable properties, deep soil
inspection pits were used. From these sqil pits, the whole profile was
also samp]ea. As previously mentioned, thesé soils cpnsist‘of permeable
silt loams overlying impermeable clays, which are d1ff1cu1t to penetrate
with tbe core sampler when measuring transient properties. Thus
transient properties were al;o measured when the clay horizons were
made accessible during the survey of stable properties. At this depth,
transient properties“are less variable, making it easier to understand
\‘soil processes with 1imited information. In order that the transient

" properties would ba in equilibrium with effluent input, the soil pits

¢



42

N
o

were sampled three weeks after the septic bed had been 1in operation.

Referring to Table 3.1, the purpose of surveying stable prop-
erties and average levels was primarily to determine backgroynd levels
of soil solid properties,.and, as it was convenient, equ111brlj% levels
of gaseous and liquid properties. The survey is restricted in space
and time;as it was done once, at four locations, representing the
septic bed, field and forest_soils and the field-septic bed intgrface
(Fig. 3.8). Soil profiles from-the pit face describe the arrangement
and organization of s0i1 materials. Disturbed and undisturbed samples
from the soil inspection pits were‘énaiyzed in the laboratéry for '
organic matter content, texture or particle size distribution, the
physical propert{es of bulk dehsity, particle density and proportion of
'“solids, the soil adsorption properties of cation exchange capacity,
hygroscopic moistufe, specific surface area, characteristic drying
curve .and saturafed hydraulic conductivity.

As transient soil properties vary in space. and time, separate
surveys were useq(to measure spatial and temporal vqriaxion. It was
assumed, and the literature suggests} that soil properties approach
an equilibrium after several weeks of contindous operation of the
septic system. It was also assumed that responses of the septic bed
§o11 to initiation and cessation of effluent 1nput,would“produce the
largest variations in soil properties over time. The spatial survey
was designed to measure the steady state of the system while the
temporal surveys assessed the responses of the septic system to
1n1t1at40n and cessation of effluent input (Table 3.1). .The purpose

of the spatial survey was to discern patterns of spatia] variation .
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within the forest, field and septic bed soils. Also mapped were
| variations in the intensity of nitrate‘and effluent decomposition 1n
the septic bed, and the influence of their 1osses on the adjacent
field soil. This required a spatially-distributed sample which could
'be restricted in time to a single sample event. To acgghp]jsh this,
137 sites, distributed over the site area in a érid pattérn 2 meters
apa;£ (Fig. 3.2), were sampled at 7 cm 1ntervaas down to-60 cm or until
the hard clay prevented core sampling. The septic bed and its area of(
influence were not sampled until after three weeks of confinuous use

to ensure that the soil solution and gases had approached equilibrium

Q1th the effluent.

To assess temporal response, two sampling designs were uéed:§
The response of the septic be; soil to initiation qf effluent input was
evaluated by continuous monitoring of five sites adjacent to the soil
pits (Fig. 3.8). This provided measureménts which are distributed in
time and spatially restricted. Core samples were taken and, in |
addition, solugion wells at 100 cm depth were sampled. Sampling bft-
weekly for a total of seven s;mp11ng events pérm1tted analysis of’
samples between sampling events with sufficient sensitivity to detect
trends 1n soil responses. To study soil changas after use of the
system ceased, a tranmsect through the sept1c bed and field was sampled
‘ 13 and 26 days after use of the bed had ceased, '

Previous analysis (Campbeﬂ. 1974) Yndicated the most useful
"measurements of the soil solution and gases and how to 1nberpret them.
These measurements include the pollutant indicators~--oxygen diffusion

rate, nitrate and chloride fevels; pollutant-sensitive properties such



B
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(“6f oxygen diffusion rate. Using small lysimeters and a rain gauge,

3

45

as soil moisture, pH and sodium fon levels, and pollutant-insensitive
properties such as‘calcium ion levels which act as‘a background or
reference. Also measured Qere other soil fons, soil temperaturé.‘rainfl
fall, evapotranspiration and cottag@ water consumption. Soil moisture
content was determined gravimetrically froy so1l cores and calibrated
gypsum moisture blocks.  Soi) temperature was measuréd‘with calibrated
thermistors. Using specific ion electrodes and core samples, sodium,
calcium, chloride, potassium, nitrate, ammonia and phosphate soil 1§ns

were measured. Oxygen status was evaluated with in situ measurement

evapotranspiration and rainfall were measured continuously during the

sample period as was cottage water consumption.

3.3 Methods of Interpreting Soil Properties

The interpretations are largely comparisons of 1nformat10n from -
this study with the previously exfsting 1nf&rmat10n with the view to a
bettér explanation of what occurs in the field, forest and septic bed.
sotls, 'In this study, three metho&s of interpreting measured soil
properties are used. Levels of .soil properties are grouped, mapped and
tabulated for direct interpretation. Statistical mu1t1var1pte techniques
are also used to test known relationships amongst these measurements.
From the measured spi] propérties. estimates of water and nutrient fluxes
are calculated 9nd these provide a_third way to compare the results of
this study with what 1s‘known about soi! potlution and 1§sses of
nitrogén apd'phosphorus from both affected and natuﬁpl soils, ’Thg first

approach involving diract interpratation:needs no explanhtion. A brief
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discussion of the employed statistical techniques also follows. Since
discussion of the methods of calculating water and nutrient fluxes is
more lengthy, it is 1nc1udedL1n 3 subseduent and separate section,

Multivariate techniques discern relationships bgtween individual

.properties ‘and groubs of properties. This process coubd~be termed

classification. Multivariate analysis was used to\classify and group
sai1 fons. - ' L ’ |

A large number of soil ions were measured, only a few of wh}ch
have been sfud#ed in sepiic bed soils. In natural so11.sy§tems, some
of the other fons, for ekample. calcium, have been studied extensively.
For many of tﬁe fons measured, 1ittle information 1§ available to
explain variation in these fonic levels in septic bed soils., Groupings
and relationships identified by multivariate analysis permit extra-
polation from knawn behaviour of studied ion species to 1ittle studied

ion species. For example, the chloride and nitrate leaching processes

T septic beds are known. Very 11ttle 1s known about phosphate ion

leaching in septic beds. Multivariate analysis could sques£ whether i
phosphate 1s leached by effluent in a similar fashion to nitrate and
chloride.' The responses of sodium and calcium to soil processes 1s
knowp for many natural soil systems. By grouping or not'grouping these
fons with nitrate and chloride, for example, inferences about theip
response to effluant flow can be made. | | ‘
Multivariate an57y51s can also ba-used to test or corraborate
some of‘thelresults and conclusions derived by other analytical
approaches. Fbr example, sodium fons, which tend to be grouped with

known pallutants such as nitrate and ammonia.'shqw. as does nitrate,
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. large calculated losses from the septic bed in excess of the reference

s1tes. - ) '[ Ts
The multivariate techniques used include multiple regression,

‘canonical correlation and common factorind‘ﬁ%th oblique rotation, The

Ltechnique of mb?tip]e regression WaS’then used to identify relationships

between soil~properties and 1nterpret them in the light of existing
information on soil properties and processes Prediction of the levels
of properties from, regression equat1ons was of secondary concern. .
Canonical correlation was used only once, as 1t 1s uniquely su1ted to’

interpreting soil responses such as the inftiation of the use of the

.septic system. Canonica1"cooreTat10n explains one set of properties in

terms of another. and hence it could be assumed that soil dapth and the
time elapsed from starting off1uent flow 1nto the septic bed would
affect the levels of transient soi]-propert1es. This hypothesis can
be tested with canonical correlation analysis by using measuiementsd
of soil depfh and time elapsed to explain tha levels of soil properties.
In factor anhlyois. soil properties with common varfation are grouped
into a smaller number ofld1screte independent factors. Obliquely |
rotating the factor solufion a1fows the factors to be correlated or
interdependent. - Since soil propert1eo\§re’freQuentiﬁ 1ntordependent.
this provides a more realistic solution in most cases. .

For the ldmited number of measurements of ooable'soii properties,

direct interpretation was usod. as indicated in Table 3.1, With the

" large numbers of measurements of-tFansient soil properties, direct

interpretation was mostly 1imited to(spat1a11mnop1ng. More appropriate
to this quantity of information, obltivariaté analysis of transient
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properties was uséd extensively.

L

3.4‘ Methods of Ca]culaiing Mass Balance

Mass balance calculations provide additional information for
evaluating the assumptions on which this study is based (Fhapter [,
p. 8). It was assumed that nutrient ;)sses of nitrogen and phosphorus
ions could be signifiéant. even under favourable conditions, and this
could onlg be detected by estimates of nutrient flux; hence, the
primary purpose of these calculations was to estimate nutrient losses
from the septic bed‘énd compare them with similar losses from the .
reference soils. In so doing, information was afso gained about the )
variation in fluxes and changes in soil solid components in the septic
bed. This would permit further evaluation of the first and third
assumptions--the septic bed soil {s a heterogeneous sysfem which cannot
be represented by average levels, and its sol;d components may be
changing. Compariné the accurﬁcy of concentration méasurements and
flux estimates as indicators of septié pollution would test the second
assumption,

Mass balance calculations were used to provide estimates of
(1) adsorbed cations, (11) fluxes of spi) water and soil {ons,
(111) denitrification and (iv) plant uptake of soil fons. The mathe-
matical technidues for calcula@ﬂng these estimates from other soil
broperties are discussed first. These estimates are calculated in
three programs using measurements of soil properties made from the
various sampling surveys of this study, and this is discussed. next.

Translation of mathematical formulas into Fortran is described i the

/\~)
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Ton exchange was calculated, fo]lowing’Marsha1] (1964) and
Beek and Frissel (1973) as follows: o '

appendices,

Part I Calculation of the partial sum of adsorbed ions from ions in
solution and cation exchange capacity when all the adsorbed

ions are not measured.

C = CEC ]
\Qém (1)

_where C s the concentration of anjadsorbed soil fon

1A
CEC 1s the cation exchange capacity
For a monovaient-monovalent system

cation | adsorbed _ . cation 1 in solution ' (2)
cation 2 adsorbed ™ cation 2 in solution

for- sodium (Na) for example, the equation becomes

KA o oA (2a)
c C
KS Na$S
For a monovalent-divalent system .
2
monovalent cation
divalent cation in solution =K in solution (3)
divalent cation adsorbed d monovalent cation
adsorbed
for calcium (Ca) for example, the equation becomes
2
c ¢ :
T (3a)

Cas KS
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From equation (1)

C +C = CtC - CXA (4)

NaA * cKA CaA

where CXA is the sum of all those ions not measured and
absorbed on the exchange complex.
From (2a)'and (4), CKA and CNaA can be expressed as a function of

CKS and CNaS' Hence

(c Coer Cocy CEC) (5)

NaA *t Cka * Cean? = T (Cyase Ckso Cease

Assuming these relationships are independent and additive, then,

+ C ¢

+ b,C,. + b,C + b,CEC (6)

NaA caA = 3 * Dylyag * Dolyg * balrys + By

The coefficients can then be obtained by multiple regression.

Yart II Calculation of the concentration of individual absorbed ions
4

A
When the coefficients have been obtained, it will be possible
to predict the sum of absorbed cations of Ca, Na and K from the concen-'
i
tration of these fons in solutfons, Cp oy Cyog-2nd Cyo, and cation

exchange capacity, CEC. This calculated sum is termed Z as shown in (7).

Chaa * Cka t Coan =12 (7)
From (2a)
¢ ~
C L
KA KS
C.AC
—  “KA"Nas
CNd/\ o N8 (25)

KnCks
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Rearranging (3a)

2
C -
KA
Ccan = Cas Kdig*'} (3b)
KS :

Substituting (3b) and (2c) into (7)

2
Co. C C
AN 4 g+ O Ky (R =2 (8)
C asS 'd C
K Cks KS
2
Co. C K, C.o C :
KA “NaS +C. 4+ d “CaS “KA =7 (9)
c KA~ ¢
~ s j kS
L2 (K C ¢ . /
Cya { d CaS} + Cep {1 + “Na$ }- 1 =0 (10)
Cxs KnCks /
which is of the form
2. C.l4b, Cp - C =0 ()
1% * o 4p-C=
This is a quadratic equation where
2
- Chas 4 {1 + CNas }+ 4 {Kd CCaS} (-2)
Kn Cks Cxs Kn Cks
¢ = (12)
Ka "
2{ d CaS}
Cks

_ Since soil fon concentrations, i.e., CKA' must be positive, the
positive root of (12) is used.
When CKA has been calculated from (12) and since Km' CNaS and CKS are

known, equation (2c) can be solved for CNaA'
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CCaA can be calculated from equation (3b) or (7). Equation (7) was
chosen as the simpler equation. CCaA can be calculated from equation

(7) because Z is obtained ?rom multiple regression.

An empirical approach is also possible:”

From (11) and:(5), it can be seen that

Cep = T (Cysr Coass Cpase Ko Kye CEC) (13)

KA
Equation (13) can be evaluated using multiple regression. Using data
where all the values are known, (11) and (13) can be solved and

compared for their predictive ability.

Water and nutrient fluxes were calculated from Taylor and
Ashcroft (1972) and Beek and Frissel (1973) as follows:
soil ion transport is calculated as the product of the ions in solution
and the transport of soil water

I =9, Cq "(14)
. These estimates of solute flux assume that solute and water flow at
the same rate. Dispersion and diffusion of soil ions in water cause
differences In flow rates. It 15 known thgt water in large pores moves
faster than water in small pores. Similarly, water close to soil
surfaces moves more slowly than water farther from soil surfaces.
Cations are attracted to soi) surfaces and thus become concentrated in
the more slowly-moving soil solution in small pores close to sofl
-surfaces. Anions are repelled from soil surféces and concentrated in

the faster-moving soil solution in large pores away from soil surfaces.
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This process 1s termed ion dispersion and causes cations to move more
slowly and anions faster than the average water flux. As it ignores
dispersion, equation (14) overestimates catfon fluxes and underestimates
anion fluxes. Diffusion occurs as ifons flow from areas of high concen-
tration to areas of low concentration and 1s usually very small. The
effect of dispersfon and dtffusign decredses as flow velocity increases
and Bolt ;nd Bruggenwert (1976) report tﬁat. for moderate and low flux
rates, these are usually less than 10% of the total solute flux. In
the septic bed so1l with large fluxes, this means ammonia losses are
probably slightly overestimates while phOSph;te and nitrate losses gre
s1ightly underestimated, ‘}L‘

So1l moisture transport is calculated as the product of the hydraulic

conQuct1v1ty and hydraulic poten§1a1 gradient as explained tn Chapter II.

) dV’
h
W W4
The hydraulic grédient §s computed differéntly for vertical and
lateral fluxes. Ry computing the verﬁicn1 hydraulic gradient over a

distance of 1 cm,/it 1s equal to the sum of the matric potential

gradient, y/w. and gravity potential gradient, y/z' which is 1.

9/h:: Vi * Y, A S e
Assum1ng\;/w = ;/m | | (17)
%Y‘Vm + VZ‘ . ‘\(]8?

combining (15) and (18) yields (19)

dy, d¥ '
J =, L0y l2 (19)
W Y s ds

%
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Computing y/z over 1 cm, .
/
¥
ds -

(19) reduces to (20)

Yy

— m

J, ==K, ——+1 g (20)
w = ds .

For lateral moisture fluxes, the gravitationpal potential is zero and

equation (15) simplifies to (21)«

yo=y Y
| wl W
Since the flux is lateral, sz 0 and 'l/h:: g/ml
e
JwL: - I—"—l ) ‘ (22)
ds '

Matric potential is computed from the soil moisture content and the
regression equation between the log of soil mo1§ture and the log of

matric potential

‘ log 8, + b
szlo{OX(og v )} (23)

The remaining unexp?éined term in equation (15) 1s conductivity.

Satyrated conductivity 1s measured. Unsaturated conductiyity is

- calculated as follows (G, Campbell, 1974):

(2b + 3)

P o
K = K., : o
UNSAT ™ "SAT | 3 . /]

VSAT

Penitrification and plant uptake are calculated as follows:

(21)
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denitrification is estimated from the C]z/NO3 ratios in the reference

areas as follows:
C

c1
R —R (25)
C
Mg )
: ,
D =Dy - {-—ﬁ—’-} (26)
\\

estimates of blsgz\ﬁpﬁake of soil fons are calculated from evapo-
transp1}at10n and the concentration of soil fons in solution.
For example, for potassium uptake

Ig = K Ey B (27)

1000 1000

Manylconversions from one form of measurement to another were
necessary and these are explained in the appendices.

The sources of measurements used to estimate these components,
and the programs in which they were used, are indicated in Table 3.2.
The Fortran programs BALAN1 and BALAN3 were used to calculate fluxes
when the 6eptic bed soil was-1n equilibrium with effluent input. The
program BALANZ calculates these fluxes as the septic bed begins to
receive effluent, Fluxes in five 51QES located in the. forest, field
and septic bed soils were computed by the programs BALAN] and BALAN2
usfn; measurements from the survey of stable soil properties, amt-the
continuous survey of transient properties respectively. Detatled
lateral fluxes and denjtrification around the edge of the septic bedx
were computed with a th1rd program BALAN3 using data from the spatial

”survey. The translation of tnp mathematical equations into Fortran
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and the organization of these three programs are discussed in

appendix C pages 151 to 198,




CHARTER IV

OBSERVED SOIL PROPERTIES

4.1 Stable Soil Properties

Profiles of forest, field and septic bed soils are shown in
Figs. 4.1 and 4.2. Thelprofile descriptions are included in Appendix
B. The solls cansist of parmeable silt loams and sandy loams in the
A and B horizons or solum overlying jmpermeab]e clays in the C horfzon.
The loams permit percolation of moisture through the solum, whereas the
clays act as a barrier. If the soil receives large inputs of moisture,
lateral soll moisture flow occurs at the top of the clay horizons.

The septic bed profiles indicate recent disturbince and
alteration, 1nc1u&1ng additions of sand in the A and B horizons and
gravel in-the C horizon (IIC). The latter horizon appears black due
to orgén1c deposits on the surfaces of grava) fragments. Overlying
this, the Ap horizon contains masses of red and thte clay from tho
orfginal TC1 and 162 horizons. The septic bod soil lacks the firm
platy-structured white clay horizon I1CY present in the field and
forest soi]§. |

_ Thare are small differancas between field and farast sofls.
probably due to a higher intens1ty'of;)each1ng in the field soil than
in the forest soil, In the forest soi1, tho AT and Ae Horizon s -

about 6 cm thick. The IC) horizon {s continuous, starts at 23 cm

68
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»
depth and 1s 20 cm thick." In the field sofl, the Al and Ae horizons
are about 2.5 cm and 15 cm thick respectively. The gontinuous part
of the" IC) horizon starts at 30 cm depth and s 5 té 10 ¢m thick.
Underneath this thin IC1 1s a degraded UC1 1interspersed with inclusions
" of IC2. It appears that more intensive leaching in the field soil
since deforestation has reduced the depth of the Al horizon by accel-
erated organic matter décompositign, increased the depth of the Ae
horizon and altered portions of the IC] horizon along cracks until it
1s discontinuous and intermittent. Thus the profiles indicate that
the reference soils are essential]y similar to oné another and
dissimilar to the septic bed soil.

The stratigraphy of loams overlying clays and the effect of
alteration through construction and operation of the §ept1c bed are
evident in the‘physical properties listed in Table 4.1 and shown in
Fig. 4.3. 1In the clay C horizons, solids occupy about 65% of the'sofl
volume and the bulk density is around 1.6 g/cma, In the silt and
sandy Joam A and B h;rtzons. s011ds oceupy from 35 to 45% of the sof)
voluma and the bulk density is between 0.7 and 1.5 g/cmB. During
construction of the septic bed, lumps of c)ay from the IC) hord zon
have boen incorporated into the A and B norizons. increasing the
s01{ds content to 0:55% and bulk density to 1.14-1.16 g/cn®. Adding

‘ - sand 1n ﬁbe t110 trench Towered the solids contant, bulk density and -

i ~adsorptiva capability, compared to th; field and forest sofls. The
measyres df the ab111tynof so11 to édsorb'hatgr, spacific surféce area
and hygrosgdp{c moistp%& contont‘(nanin an& Antel, 1973; Varazashvil

..gt.al., 1976),.4rg 43 and 40% lower in the sand and graval than in

4
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the loam and clay.

Cation exchange capacity in the study area is less than
10 meq/100 g sofl, indicating low sofl fertility and adsorption capacity.
Organic carbon levels vary from moderate (6.2%) to very low (0.07%).
Both CEC and % C show higher values in, the loam than in the clay,
decreasifg levels wit?'inépgasing soil depth and very low values in
the added sand and grével. ‘The first two trends reflect natural
processes and the third is the result of alteration during construction
of the septic bed. The decrease of cation exchange capacity and organic
carbon with depth is more pronounced in the field and forest soils.
This trend, typical of most natural well-drained mineral sofls in
temperate areas, is the result of organic carbon cycling by grasses
near the sofl surface. Very low levels of organic carbon (less than 1%)
and a cation exchange capqg}&y‘?ﬁ'less than 1 meq/w03 in the added sand
and gravel emphasize their very limited adsorptive capacity.

In summary, the stable soil properties shed some light on the
validity of the assumptions on which this study is based. The first
two assumptions refer to the transient or soil solution and gaseous
properties. Measured stable properties suggest alteration to the
septic bed will affect transienthproperties. The lowering of adsorptive
capacity could reduce angnigfndsorption and phosphate precipitation,
The destruction okame/ﬁﬁmermea91e white clay layer IC] could increase
vertical effluent losses to groundwater; nevertheless, the largest
effluent flows should be lytera] across the top of the clay and out of
the septic bed. The clay would also act as a moisture barrier, as

discussed in Chapter II, enhancing denitrificatfon. The third assumption
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refers to the stability of the solid soil components in naturaﬁ and
septic bed soils. The measured properties of these solid components
suggest that leaching is more intense in the field than in the forest.
The marked alteration of the septic bed during its construction has
obscured any possible changes from soil processes. Thus, although
changes in the field have occurred and presumably are occurring due to
human intervention, it cannot be determined yet if changes in the septic

bed are occurring.

4.2 Transient Soil Properties

a. Response to Continuous Effluent Flow

The stable nature of soil solids, wh1ch respond to long term
processes, contrasts with the transient nature Of soil gases and the
soil solution, which respond to short térm processes and effluent flow
in the septic bed. Measurements from the soil pits, listed in Table
4.1, can be used to characterize the soil environments of the area in
a general way as follows. The A and B horizons or solum in the septic
bed contain from 17 to 34% soil moisture by volume and the C horfzon
is saturated at 30 to 40%, as indicated in Fig. 4.3. The field and
forest soils are drier, especially in the lower C horizons, containing
less than 15% moisture. The wet septic bed soifls, containing less air-
filled porosity, are predominantly anaerobic, especially in the C
horizons; whereas the drier field and forest soils are predominantly
aerobic,

'This information may be used to describe the septic bed soil

environment during continuous effluent flow. As indicated in Fig. 4.4,

\
ade
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v

the physically disturbed and added soi) materials in the tile trench

are surrounded by undisturbed soi), In the tile tranch, sandy loams

in the A and 8 horizons are underlain by a thin layer of disturbed clay
and gravel at the hase of the trench. The sandy loams are predominantly
agrobic and the gravg). being saturated with effluent, is anaerobic.
Clogging occurs aloﬁg the edges of th; trench due to organic deposits.
In the undisturbed soil, s11t loam overlies hard white and red clay.
Smal) vertical .fluxes of soil solution pass through the clogged organic
layar, whereas the predo&inant flow 1s latera). over the surface of the
clay and out of the trench. Compared to the average sysiam depicted 1In

Fig. 2.1, the effluent flows more slowly and through 1ess aerobic sofl

and, gravel,. This could Vimit conversion of ammonia to nitrate, result-

/

- ing In significant ammonia lossas., Denitrification would be more

intense, 1imiting nitrate Tosses.

Puo to sampling difficulties, information on soll fonic levels |
fn the C horizons 1s limited to that from the deep soil1 inspection pits.
As fonic laevels in these C horizons should be less variab!eothan fn
the overlying solum, these measurements are sufficiont to represent
average soi1) fonic levels at depth, Thus these measurements, which
are 1isted 1n Table 4.2, permit an fnitia) generalfzed fnterpratation
of s01] 16;1c Jevals nnd felntod proce;sos in the whole profile. The

fons ann groupad 1ntofn1trogan 1on&--1nclud1ng nitrate and ammonia.

cations&-including calcium. magnesium. potass1um-and -s0dium, and soil o -

[

acfdity, mcasurad as soil pH.
' Anmonia and nitrate tend to accumulato in tha surfaca 5011

'1ayers. In the forest and septic bed, sof] surface concentrations

0
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are x2 to x12 as large "as underlying horizons. Ammonia varies from
0.31 x 10°3 to 0,89 x 1073 moles/1, which 1s less than for other ions
in solution, Nitrate levels in the septic bed are high in the A and
B horizons and low in the C horizon. The fbrest soil has low levels

of less than 1072

moles/1 in the rooting zone, between 4 to 50 cm, and
higher levels at depths >50 cm, In the field area, surface nitrate
accumulation, and {ts decrease with depth, are less marked. As
3nd1cated by process 1 in Fig. 4.5, large quantities of ammonia are
released ‘to the septic bed in septic tank effluent. Most ammonia is
nitrified to nitrate which in turn 1s denitrified, below 25 cm, in
the saturated anaerobic C hortzon (process 2). The remaining nitrate
and ammonia 1s adsorbed and cycled by plants in the solum (process 3a).
Plant cycling of sof) fons 1s more important in the reference
sofls. In thq forest, plant cycling of nitrate by trees results in
high nitrate levels in the Yittar layer of coniferous needles, low
amounts in the rooting zone, due to root extraction (3c), and greater
amounts below this, where nitrate 18 being lost in drainage (4).
Calcium and potassium fons in solution both sﬁow high levels

in the solum, betwean 1074 to 1078

7

moles/1, and low levels in the C

horizons, between 1075 and 10"
6

moles/1. Potassium levels, usually

Yess than 107" moles/1, are’}ower than other measured fons and decrease

as soi] depth increases. The septic bed receives sodium, calcium and
. , A

¢ - :

potasstum cations which afe released in effiuent (1) and from parent
mater1a1§. Most of the calpium and poéass1um released from parent
materials 15 fn the solum (2). Plant cycling of calcium and potassiun

is also evident (3), Similar catfon processes occur in the field and

\

J
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forest soils, except that relquo and cycling of calctum and potassium
near the soil surface involves lower levels (3c).

In the field and forest, the white ¢lay horizon (5) is
associated w1tﬁ‘high Tevels of sodium and magnesium, up to 10'3
moles/1, in solution as woll as that adsorbod on the exchange complex.,
Leaching by effluent and the absence of & white clay layer rosult in
Towar sodium and magnesium levels in the septic bed (4)

As indicated in Tablo 4.2, the field and forest are acidic--
pH ranging from 4.1 to §.5--while thg septic bed tonds to be less
acidic with a pH from 4.8 to 6.1, Ac;dity tends to docroase as depth
increases in both refaronce and septic bed soils but for'd1fforont
reasons, .Ac1d.ra1nwatnr forms acid leachates porcolating down the

profile producing acidic sola (3). In the septic bad, this leachate

~1s buffared by near neutral effluent, as effiuent contributes about

85% of the moistyro {n the bed (2). 'In tho roférence soils, the
loachate 1s weakly bufferaed by tho slightly ‘calcaroous clay subsoil
(6b, 5¢). In the forest soil, this loachqto 1s combinéd’with acidic
decomposition prod@cts from conifer noedles. It 18 therofore clear
that, during continuous efflqant flow in the septic bod, most {ons
are derfved from effluent and their movement 1s controlled by the
offluent flow. Due to buffering by effluent, soil ac1d1t& does not
accurately reflect leaching intensity. Rathor, the loss of sod%um’
fons in the 1owef part of the solum suggests intonsive loaching, :In
the reference 50135. plant cycling and ra1hfal} controllsoluté'mayemdnf.
with most fons being relaqsed f?om parant materials at depth, or .

dorived from qrgaqic-matter.at‘tha:surfaca.
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This goneralized discussion of the whole soil profile is
followed and refined by detailed discussion and analysis éf the m&re
active solum. The spatial maps of transient soi) properties (shown in
Appendix E) were studiod, especfally at the clay-loam interface, at
approximately 30 cm depth, where decomposition and lateral effiuent
flow rates are largest, Spatial maps of polluting and pollutant~
sonsitive sot) properties indicate tho oxtent of the differant'so11
environments within the site area, the spatial extent of somo sofl
processes and the spatia) oxtent of effluent influence.

In natural soill systems, pH and sodium fon levels suggest the
intonsity of loaching (Hesse, 1971), In the~§ept12‘bed soil, whore
the pH 1s buffared by effluent, free sodium levels are a better
indicator of leaching fntensity. Using both proporties, the loaching
intensity in the sito arca was aspossed and this {s dopicted 1n F{g.'
4,6. The reference arcas arc minimally leached. The septic bSd Is
fngansivaly leached, espocially in the northeast, where tho leaching -
influence has extanded into the field.

Tho relative magnitude of latoral water flow was extrapolated
from soil mofsture levels at the clay-loam fnterface. As shown 1n.
Fib, 417. larga 1atc;a1 water flow occurs in the northoast and south-
wost., Some groundwater flows into tho west end of the bed, whilo the
rast of .the bed {s characterized by smaller outflows, Latoral flow
in thoe reference soils {s vory‘sm011. .

, Tﬁé ox}gén diffusion rate, as shown in Fig, 4.?, suggoig& that
“tho soptic bed {s anaerobic at dabfh. becoming acrobic towards. the

~surface with ocgns1dna1 anaerobic pockets extending to the surface.
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FIG. 4.6 Loaching environments {n tho site area o

(1) Mintmum 1ouch3nq'to greatest leaching (6), la. forest: low pg » 6.3, .
high Na 300 x 10-4 moles/1; 1b, forest fringe: lower Na 150 x 10"% moTes/1;
2, wat teld: 7low pH < 6,6, moderate Na 110~180; 3. dry fields neutral -
gH 6,8-6.9, Tow Na 76-703 4.'seat1c bad: vary low Na < 66, pH varfable;

| axtensive fieTd sink: low pH < 6.8 and Na < 78; 6. intensive f{eld
$4nks very low pH < 6.6 and Na < 65, ,
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FIG, 4. 8 Oxygen status in the site area

1, anaerobic forest pocket. <18 ug cm'amin'lz 2. natural anaerobosis:
<10 at 30 cm depth; 3. natural aerobosis: 26 at 30 cm to 36 at 7 cm

» dapth; 4. induced anaerobosis at depth: 6-8 at 30 cm; 6, mixed serobic-

anaarob1c bed: 16-22 at 30 cm; 6. anaerobosis in bed 4-14 at 30 cm;
7. effluent-induced anaarobosis: <16 at 30 c¢my 8, intenss induced
anaerobosfs at soil surface: 16-20 at 7 cm; 9. aorob#c $011 surface .

. {n fire pit and disturbed ground: 36-48 at 7 ¢m. Cross-sections A-B
_and D-E, a..anasrobic affiuent-saturated soil; b, anaarobic clay pockets;

¢. aerobfc sand. gravel and s11t loam,
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Adjacent to the bed in the northeast and southwest, large efflﬁent
flows induce intense anaerobic areas. The reference areas tend to
be more aerobic. '

Using the previous information and studying the nitrate levels,
the distribution of nitrate processes was described and is {1lustrated
in Fig. 4.9. Organic nitrogen and ammonia are quickly converted to
nitrate in all aerobic areas. This would be most pronounced during
the night when the septic bed drains and becomes more aerdbic.
Denitrification in the mixed aerobic-anaerobic septfc bed reduces this
large nitrate input to moderate levels. Ldrge effluent outflows in
the northeast aﬁd southwest are associated with low nitrate levels,
whereas moderate lateral outflows along the north and south sides of
the bed produce high nitrate levels. This somewhat surprising finding
1s logical 1f one considers the oxygen levels. Large effluent flows
cause anagrobasis and contain significant organic carbon, making
conditions ldéBl for denftriffcation. Conversely, moderate effluent
flows do not induce anaerobosis and the aerobic conditions inhibit
denftrification.

A simplified mode! of the relationships between soil properties
during continuous effiuent flow is constructed through multivariate
analysis. Factor analysis scparates‘soil properties into groups by

lpading gr correlating varfables with similar patterns of variations

"on one factor (Rummell, 1970). _ The oblique rotatfon in tha analysis

indicates some of the r91at15nsh1ps betwen theso‘groups of 59{1 prop-

erties. This ana1ys{s can be used, for cxample, to separate soil fonic

'1ovels*wh1ch are influenced by offluent fldw from so11'ion§ fndepandent
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FIG. 4.9 Nitrate processes in the site area

1. natural forest sofl: high NO3 levels, 1000 x 107° moles/1, due

to 1imited leaching and N cycling; 2, wet field: low NO3, <525,
timited leaching, low 02, <24 ug cm=2min=1, enhancing d®nftrification;
3, dry field: moderate NO3, 525-625, high 0p, 24-30, qerm1t3 .
nitrification; 4. field sink: moderate NO3, 525-600, low 0p, <16,
plus carbon 1in effluent cause gen1tr1f1cat?on: 5. dry field margin:
high NO3, 626-725, high 02, »20, hence no denitrification; 6. septic
bed: moderate NO3, 525-5/5, low where 02 < 18 causes denitrification,
higher where 02 is higher, 22, and denitrification limited; 7. large
effluent fluxes containing low NO3; B, moderate effluent fluxes
containing high NO3; 9. minor groundwater flow into bed; 10. small to
moderate flow out of bed, Cross-sections A-B and D-E, a, soil saturated
with effluent causes denftrification; b. plant uptake of N species;
c. anaerobic pockets, denitrification occurs; d. aerobic soil,
nitrificatton occurs.
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of this influence. Variations in response of sofl fons to effluent
flow can also be identified. Table 4.3 summarizes the factors. The
relationships between factors are indicated by the factor pattern
correlations which are listed in Table 4.4, and by the factor models
graphed in Fig. 4.10. The models are constructed by grouping corre-
lated factors.

Oblique factor solutions extract a major soil fonic leaching
factor as the initial dominant factor accounting for 43% or more of
the variance. The leaching factor consists of soil fons sensitive to
leaching, usually sodium, nitrate and pH. Since nitrate levels are
also influenced by denitrification and nitrification rates, it is
extracted as a separate minor factor in one solution. As expected,
this nitrate factor is strongly correlated to the major leaching
factor, as indicated in Table 4.4.

A natural sofl fonic factor, consisting of calcium and soil
mofsture, fs éxtracted second and accounts for 3] to 35% of the
variance. As the sofl profiie data and spatial patterng indicate,
calcium levels vary less than other measured soil fonic levels and .
calcium is cycled at the sofl surface by plants.

Different minor factors are extracted from the different data
matrices. In two instances, soil depth forms a natural factor {ndepen-
dent o% the influence of effluent. In one Instance, the third factar
consists of variatfon of chloride levels. Chloride is sensitive to

effluent and to natural soil processes. Soil chloride in solutfon is

'rapidlx leached and 1s not adsorbed on the exchange complex nor does ft

undergo microbtal decomposition. Thus, in mosfgnatural sofls, chloride

¢



TABLE 4.3 Response of Soil lons to Continuous Effluent
Flow as ingAsated by Factor Analysis

Factor No. % Variance Factor Name Variables Loaded > +,50

<

Solum (A and B hor1;gﬂ§)*

] 50.3 soil fonic leaching PH, NO3, NA
2 33.1 ,natura1 sof1 tonic CA, H20W
3 16.6 chloride ' L2
W
A_hor1zon
] 50.7 soi1 fonic leaching PH, NO3, NA
2 34.6 natural sofl ionic CA, H20W
3 14,7 depth DEPTH
Solun: data transformed (1og 10
] 43.0 major soll fonic NA, PH
leaching
4 31.4 natural sofl fonic H20W, CA
3 14.4 natural non-ionic DEPTH
4 11.5 minor soll fonic NO3
Teaching

.Includes data down to 60 cm. The matrix consists of 587
cases or samples with values on 7 variables. Oxygen diffusion rate
values are not included.

**lncludes data down to 30 cm. The matrix consists of 530
cases or samples with values on 8 varifables. Oxygen diffusion rate
values are included.



81

TABLE 4.4 The Relationships between Soil Factors for Continucus
Effluent Flow as indicated by Factor Pattern Correlations

Solum (A and B horizons)

soil ionic leaching (1)

natural soil ionic (2)

soil ionic leaching (1)

natural soil ionic (2)

Solum:

" natural soil ionio/’ chloride

(2) . (3)
.06 -.04
-.21
A horizon
natural soil ionic depth
(2) (3)
.05 -.16

-.31

data transformed (10910)

major soil ionic (1)
leaching

natural soil ionic (2)

natural non-ionic (3)

natural natural minor soil
soil ionic non-ionic ionic leaching
(2) (3) (4)
-.05 .20 .23
-.21 -.00
4 -.02

e - N
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FIG. 4.10 Factor models of response of soil ions
to continuous effitent flow

—

\\
A horizon
I 1 L
soil ionic leaching chloride natural soil ionic
(1) _ (3) | (2)
|
- |
measurable effects | no effect
N ' '8
Solum (A and B horizons)
I { 1 1
soil ionic leaching natural soil ionic depth
(1) | (2) l (3)
' |
|
kY i soil ions ! non-ionic
% . l |
measurable effects | no effect
A horizon (data transformed) ™
{ 1
[ 1 !
minor soil ionic major soil ionic natural soil natural
leaching Teaching ions non-ionic
(4) . (1) (2) (3)
' ]
. I ..
soil ions | non-ionic

measurable effects no effect

increasing influence of septic effluent
increase in influence of soil ions /
increase in percent variation '
increase in systematic spatial pattern,
decrease in random pattern

4
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levels are very low. High levels of chloride in sepzic tank effluent
produce peaks in the northeast and southwest of the septic bed and in
the adjacent field where effluent fluxes are largest. Since nitrate
levels in these locations have been reduced by denitrification, chloride
is separated from the leaching factor.containing nitrate.

The schematic factor madels arrange the factors along several
environmental gradieng&, This is most marked for the solution using
untransformed measurements from the solum. The soil factors as they
are arranged show, from left to right in Fig. 4.10, a shift from
spatially heterogeneous natural processes to systematic spatial variation
in leaching associated with effluent flow, an increase in the number of
soil ionic species loaded and an increase in the percent variance
explained by each factor.

The factor analysis thus indicates that pH, nitrate and sodium
show relatively similar variations, as they are strongly correlated with
and controlled by leaching and effluent flow. Chloride and nitrate
show some unique responses to effluent flow and the related processes.
Soil calcium levels in solution are clearly independent of effluent

flow and the related processes.

b. Response to Commencement of Effluent Flow

At the time of sampling, the soils were drying out, especially
at the soil surface where the moisture loss was 10 to AO%, as indicated
in Table 4.5. The field and forest soils dried out markedly while the
septic bed soil showed little evidence of drying. The related oxygen

diffusion rate was measured down to 30 cm depth\and these measurements

!

L3

y ) ‘\'
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TABEE 4.5 Soil Moisture Concentrations During Response
to Commencement of Effluent Flow

Site Depth Soil Moisture Pct. by Weight
{cm) Days from commencement of effluent flow
0 3 / 10 13
1 15 47.5 45.5 31.0 26.0 8.0
Forest 23 36.0 39.0 39.0 36.0 26.0
36 48.0 59.0 42.5 48.0 29.0
53 63.0 70.0 58.0 60.0 56.0
76 52.0 65.0 65.0 26.0 60.0
2 15 47.0 42.5 29.0 29.0 18.0
Field 28 42.0 18.0 13.5 10.0 5.0
41~ 59.0 14.0 29.0 37.0 31.5
58 45.0 49.0 45.0 45.0 44.5
76 35.0 36.0 80.0 60.0 74.0
3 19 40.0 36.0 30.0 30.0 30.0
Septic Bed 30 36.0 35.0 36.0 51.0 55.5
East Face 48 60.0 68.0 65.0 65.0 70.0
61 75.5 70.0 68.0 62.5 80.0
4 13 23.0 15.5 15.5 30.0 14.0
Septic Bed 30 11.0 15.5 13.0 15.5 15.5
West Face 48 30.0 37.0 37.0 29.0 38.0
65 38.5 38.5 46.0 42.0 46.0
5 13 42.0 23.5 20.5 23.5 20.5
Centre of 28 38.5 65.0 80.0 60.0 38.5
Septic Bed 36 15.5 24.5 21.5 24.5 24.5
43 32.0 32.0 * 38.0 35.0 38.0
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(in Table 4.6) show distinct téhpora] patterns. Anaerobosis starts in
the centre of the septic bed at depth‘and progresses outward towards
the edge of the bed. In the centre of the bed at 30 cm depth, the soil
is anaerobic in less than 3 days after it begins to receive‘;ff1uent
from the septic tank. In some locations, anaerobosis extends to the
edge of the septic bed in less than 7 days.

Soil jonic levels in the A and B horizons (solum) may be
discussed first. Mgltivariate analysis was used to discern relation-
ships between soil ions as effluent flow started. For canonical
analysis, measures of soil properties were used as one set of variates
and measures of elapsed time from the commencement of effluent flow
comprised a second set of variates. The canonical analysis is
summarized in Table 4.7. In the solum, the inclusion of eiapsed time
from the starting of effluent flow in the initial canonical variates
indicates that it is more important that soil depth and influences
ionic levels of chloride, nitrate, potassium and ammonia. The response
of chloride is restricte& to the A horizon as it was only included in
the canonical variates for the analysis of this horizon.

Multivariate analysis can also be USegﬁEP compare the response
of the septic bed to continuous efg1uent flow with the response to the
commencement of effluent flow. The factor analysis of the response to
continuous effluent flow was presented in Tables 4.3 and 4.4 and in
Fig. 4.10 on pages 80, 81 and 82. The factor analysis of the response
to commencement of effluent flow is presented in Tables 4.8 and 4.9 and
Fig. 4.11. In the dnalysis of response to continuous flow, éhe initial

soil jonic factor, consisting of sodium, nitrate and pH, accounted for

3
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TABLE 4.6 Oxygen Diffusion Rates During“Response
to Commencement of Effluent Flow
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TABLE 4.7 Response of Soil lons to Connﬁnéement of Effluent
Flow as indicated by Canonical Correlation Analysis

Canonical Canonical Variable Coefficients £ .50
Variate No. Correlation 2nd set Ist set’

! Solum (A and B horizons)

1 .77549 CL2, NO3 X, XY

2 .70042 CLZ, K, NH4 X, X2, XY

3 .66335 NO3, K, NH4 Y, Y2, X, X2

4 .43391 NH4, CL2, P04 Y2, Y, X2, X, XY
A horizon . \

%
1 s .11222 NO3 X2, X :
2 . .48792 NH4, CA, NA X, XY, Y2

X is twme in days from commencing use of the sept1c bed

Y is soil depth in cm

XY is the time-depth product and represents interaction
between time and depth

X2 is time squared

Y2 is soil depth squared

5%
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TABLE 4.8 Response of Soil Ions to Commencement of Effluent
Flow as indicated by Factor Analysis

Factor No. ¢ Variafice Factor Name Variables Loaded > * .50

-

*
Solum (A and B horizons)

1 48.1 major soil ionic NH4, CA, K, CL2
2 21.9 time-soil ionic <NA, TIME
3 16.5 phosphate P04, CL2
4 13.5 nitrate NO3
*%k
A horizon
/'/(\\

] 45.3 major soil ionic ‘ §h4‘ CL2, CA, K
2, 29.0 time-soil ionic TIME, NO3, NA
3 14.4 depth DEPTH
4 11.3 phosphate P04

* k%

Profile (A, B and C horizons)

1 46.7 major cation“soil ionic N4, K, CA, CL2
2 21.9 time-soil ionic TIME, NA
3 17.2 anion P04 CLZ
4 14.2 minor soil ionic H20 (NO3)

1

*Inc]udes data down to 60 cm. Ions are expressed as moles li]

ml~' soil solution. The matrix consists of 187 cases or samples with
values on 10 variables. Oxygen diffusion rate values are not included.

*k ' -
1 Includes data down to 30 cm. Ions are expressed as moles 1 ]
ml~' soil solution. The matrix consists of 100 cas€s or samples with
values on 11 variables. Oxygen diffusion rate values are included.

*k Kk - -
-1 Includes data down to 90 cm. Ions are expressed as males 1 !
ml ° soil so]uti?h. .The matrix consists of 200 cases or samples with
values on 10 var, aplg;ﬁ Oxygen diffusion rate values are not included.

*rja--.47 - \
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TABLE 4.9 The Relationships between Soil Factors for Commencement of
Effluent Flow as indicated by Factor Pattern Correlations

Solum (A and B horizops)

time-soil ionic phosphate nitrate

(2) (3) (4)
major soil ionic (1) .00 .30 -.21
time-soil ionic (2) . -.02 -.16
phosphate (3) -.10

A horizon
time-soil ionic depth phogphate

(2) (3) (4)
major soil ionic (1) . .06 -.07 .29
time-soil jonic (2) .21 -.05
depth (3) ' .05

Profile (A, B and C horizons) -

time-soil ionic- phosphate anion minor soil ionic

(2) (3) (4)
major soil (1) .05 .20 -.05
ionic cation
time-soil ionic (2) -.1 -.03

phosphate anion (3) -.03



P e o

90

- . FIG..4.11 Factor models of response of soil ions

to commencement of effluent flow

cation

(1)

cation

(1)
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| |
soil ions non-ionic
1
| . .
phosphate nitrate time
(3) (4) (2)
Solum (A and B horizons)
_ l
soil ions non-ionic
phosphate time depth
(4) < (2) (3)

Profile (A, B and C horizons)

minor anion

(4)

increasing influence of natural processes -

|

[ ]
major cation anion ghOSphate time-soil ionic
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.

- increasing influence of effluent flow
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up to Half of the variance. Minor factors consisting of calcium,
chloride, soil moisture and depth were extracted subsequently. The.
major difference in the factor solutions is a soil ionic and’time factor
composed of time elapsed from the starting of effluent flow and sodium
and nitrate levels. ’

The schematic factor models show similar gradients as described
for the spatial models. There is a gradient from left to right, shown
in Fig. 4.11, which is in response to commencement of effluent flow.

For example, for the A horizon, the cation factor consisting of ammonia,
calcium, potassium and chloride is on the left, while to the right is
the soil ionic and time factor consisting of sodium, and of time elapsed
from effluent input. The two factors are independent and uncorrelated
(r=.00). The cation factor consists of ions influenced by natgra]
processes and is not influenced by commencement of effluent flow.
Between these two extremes, in Fig. 4.11, the phosphate and nitrate
factors are more closely related and correlated with the cation factor
(r=.30 and r--.21, respectively) and weakly correlated with the soil
ionic and time factor (r=-.02 and r--.16, respectively).

The limited data on the C horizons was graphed. Ionic levels
in runoff from a ditch 15 meters distant from the septic'bed sail are
also included. Variation‘in ionic levels after effluent flow was
started is shown in Fig. 4.12 and 4.13. Sodium and ammonia levels
show clear trend}. Ammonia does not accumulate, as it is adsorbed
(Taylor and Ashcroft, 1972) and rapidly nitrified to nitrate (Walter,
1974). Increased sodium ion levels could be due to increased releasé

of sodiuh from the clay, and from sodium contained in cottagé waste.

AR ANy |
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Although chloride levels do not indicate a clear trend, levels are
usually highe( in the centre of the bed than in the reference sites.
Low initial levels of nitrate and potassium were followed by marked
increases of nitrate and potassium in the septic bed after two weeks.
These increases are probably related to increased effluent input.
Calcium and phosphate exhibit markedly high initial levels in the
septic bed soil followed by lower levels. Ca]cium and phosphate are
probably being precipitated as calcium phosphates (Swapney and Hill,
1975).

The response of soil ions after commencement of effluent flow
in the A, B and C horizons are compared next, and the word 'time' 1§
used to represent such temporal responses. Canonical correlation
analysis (Tab]e&ﬁ.7) indicated that the response of soil ionic levels
to commencement of effluent flow is linear and is more important than
soil depth. Also, the influence of time decreases with depth and is
greater with anions than for cations. The corre]afion coefficients
computed from the variations in. soil ionic levels, after starting
effluent flow, are summarized in Table 4.10 and in Fig. 4.14. These
correlation coefficients suggest that the strength of the relationships
between  ion concentrations and time and depth usually decreases as
sampling depth increases. Sodium ion levels, which are independent
of depth, and calcium and ammonia ion levels, which are independent
of time elapsed and depth, are exceptions. The variation in responses
with time, of nitrate, phosphate and chloride levels, are restricted
go the soil surface. Of these, time in%luences nitrate morewthan

sodium, and sodium more than phosphate. The multiple regression
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TABLE 4.10 The Influence of Time from Commencement of Effluent Flow on
Soil Ionic Levels as indicated by Correlation Analysis

(a) Relationships between soil ions

soil horizons A A+ B A+B+C
maximum sampling 30 60 90
depth (cm)

i
no. of cases 100 187 200

cor§h]ated variables
v &

NH4 % CA .73 .64 .50
NH4, CL2 79 52 52
NHd K 1 58 59
cL2, Po4 38 .46 46
cL2, K .50 .37 .37
K, DEPTH =40 -.23 -.15
K, CA .43 .42 .33
NA, NO3 .46 21 22 .

(b) Relationships of soil ions with time and depth

TIME, CA -.01 .16 .01
TIME, NH4 -.07 -.13 -.15

TIME, CL2 -.30 -.10 -

TIME, PO4 ‘ -.43 .02 .02 : ,
TIME, NO3 .63 .09 .08 2
TIME, NA 37 .35 .33 .
TIME, K .08 .00 7 .
DEPTH, K -.40 -.23 215

DEPTH, NO3 -.04 -.05 .02 :
DEPTH, NH4 -.24 - -.15 i
DEPTH, PO4 -.26 -.04 -.02 {
DEPTH, CL2 - 12 -.10 .06 !
DEPTH, NA © 1 .05 .0 '
DEPTH, CA .00 .01 -.06 f

*
Correlation coefficients = 0.50 are underlined.
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*
(c) Multiple Regression Equations

Depgndent Soi} Indgpendent** Multiple Multéple
variable  horizon variables R R
NO3 A TIME, NA, CL2, CA, PO4 .76 58
NO3 A, B P04, CL2, NA, CA .52 .27
NO3 A, B, C**  He0, P04, CL2, NA, CA .53 .29
P04 A TIME, DEPTH, NA, CL2, .65 .42
CA, NO3 «
P04 A, B CL2, NO3, NA, CA .62 .38
Po4 A, B, C CL2, NO3, NA, CA T .62 .38
NH4 A L2, CA, K, TIME .90 .81
NH A, B CA, K, CL2, TIME .79 .62
NH4 A,B,C K, CL2, CA, TIME, 75 56
NA, P04

%
significant at the 5% level

*k
in order of inclusion in-the equation

dek ok
down to 30 cm, 100 cases
X down to 60 cm, 187 cases

XXdown to 90 cm, 200 cases
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equations computed from variations in soil ionic levels, after starting
effluent flow, are summarized in Table 4.10.

The multiple regression equations for predicting ammonia
indicate that at depth, potassium competes with ammonia for adsorption
sites (Taylor and Ashcroft, 1972; Lance, 1972; Magdoff et al., 1974).
In the multiple regression equation for nitrate, soil moisture content
is more important at depth as higher moisture contents increase
anaerobosis and denitrification and reduce nitrate levels. This is
also illustrated by the factor solutions where, at depths greater than
60 cm, nitrate becomes more independent of time and more dependent on
soil moisture content.

In summary, at the soil surface or A horizon, soil moisture
variations, temperature gradients and plant uptake are most pronounced.
Here the soil is most variable, processes are most intense, environ-
mental gradients are steepest and much of thejinteraction occurs.

Thus marked responses over time to the commencement of effluent flow
and natural drying or plant cycles occur in the surface ggi] horizon.
In the C horizon, responses to starting effluent flow also occur as
nitrate is denitrified, calcium and phosphate ions/precipitate and
ammonia and potassium ions compete in the exchange complex.

-

c. Response to the Cessation of Effluent Flow

As described in the methods section (pp. 40,44), measurements
of soil ionic levels and soil moisture were made, along a transect, at
intervals of 13 and 26 days after cessation of effluent flow. From

* - n' X 13 -
these measurements, maps of so0il moisture and soil ions were produced
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by computer and are included in Appendix E. Interpretations from these
maps are discussed as follows and are also summarized\iq Ff@. 4.15.

The moisture regime in the septic bed soil\chagges after the
effluent flow ceases. When the septic bed soil is in use, it is
saturated between 30 and 60 cm depthy After the cessation of eff]uent‘
flow, rainfall saturates the 30 to 60 cm portion of the bed periodicaliy
for short periods of time, while for the rdst of the time, it is
relatively dry. The pH level and nitrate content showed marked changes,
calcium and sodium levels showed less response. Nitrgpe is leached in
waves by rainfall during infiltration and adsorbed by plant uptake
between rainfall events. The pH level drops as acid rainwater replaces
near neutral effluent. The low pH and low caldium and sodium levels
in the centre of the septic bed suggest intensive leaching after
effluent flow ceases.

The sand and gravel in the septic bed loses water rapidly,
causing the soil to dry quickly after effluent flow ceases and between
rainfall events. This in turn leaches calcium and sodium out of "the
bed. Pockets of disturbed clay are dispersed randomly throughout the
A and B horizons of the bed. The clay pockets retain moisture longer,
reducing leaching and moisture fluctuations, resulting in localized
higher pH, calcium and sodium‘1eve1s. The lower acidity and the
increased cations and moisture in these clay pockets provide a more
favourable environment for plant roots than the sand and gravel. Thus
the clay pockets are associated with plant uptake of nitrate after
efflugnt flow ceases.

These responses to the cessation of effluent flow are shown

i)
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FIG. 4.15 Response of the septic bed soil to cessation of efflugnt flow




L

101

"along the transect through the -septic bed in Fig. 4.15. The coarse

textured material in section no. 5 at the centre and eastern end of.the
bed is intensively leached, with low calcium and sodiLm ion levels and
a stable acidic lTevel. Soil moisture contents show periodic fluc-
tuations from 25 to 45% soil moisture. The clay pocket, no. 6, in

the west end of the septic bed, is associated with plant uptake of
nitrate (no. 4) and is consiStently wet in excess of 40% soil moisture,
with high calcium, sodium and pH levels. The wet septic bed subsoil,
no. 2, has high sodium, calcium and pH 1eve]slwh1ch decrease after
effluent flow ceases. In this zone, maisture f]gctuations are large,
ranging‘from 20 to 60%. The dry field surface horizons above 30 cm,
no. 3, change little, while the subsoil, no. 1, which is at or below
the upper limit of saturation, shows similar but less intense responses
than the septic bed subsoil (no. 2).

This very rapid recovery from septic.input alleviates concermw
over the storage of nutrients for long periods of time in an unused
septic bed, and their release at inopportune times. If nutrients in
the septic bed were released slowly after effluent flow stopde,
nutrients would be stored over winter and released during the spring
thaw. Low winter temperatures would limit the biological and chemical
degradation of the effluent-and 1imit moisture losses, as water in
snow and ice would be unavailable f?r transport. Thus large volumes

of water containing high nutrient concentrations would be released

during the spring thaw and would pose a serious po]lution'hazard.
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4.3 Summary of Observed Soil Properties

The parent or original soil materials consist of permeable
loams overlying impermeable clays. Alterations to the septic bed
during its construction have also lowered its adsorptive capacity
and increased its hydraulic conductivity and porosity. Since the bed
consists of disturbed soil and of sand and gravel in tile trenches
between undisturbed soil, the bed is a complex and heterogeneous soil
body. During continuous effluent flow, factor analysis suggests that
leaching influences sodium, nitrate and chloride levels, with the
secondary processes of nitrification, denitrification and chemical
precipitation influencing ammonia, nitrate and phosphate levels
respectively. Spatial analysis indicates that the lower B and C horizons
are saturateq. with large variations in effluent flow at the edge of
the s&ptic bed. Where these lateral f\owsrout of the bed are small,
significant losses of nitrate occur. Where the outflows in the north-
east and southwest are large, significant losses of sodium and phosphate
occur. Despite large amounts of ammonia released from the septic tank,
most of it is nitrified, adsorbed and volatized within the septic bed.

The combination of disturbance during construction and leaching
of sodium has removed the white cTay IC1 horizon. This leaching of
sodium suggests that changes in soil structure and fabric are occurring.
which are increasing bothk lateral and vertical conductivity and
effluent flow out of the septic bed soil. Moderate levels of sodium
tend to disperse soil particles and inhibit the formation of stable
soil aggregates. When wet, these dispersed soil aggregates are highly

impermeable to water or air (Taylor and Ashcroft, 1972). The low

-
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hydraulic conductivity of the white clay layer is probably dué to this
dispersion and thus losses of sodium shou]dwincrease aggregation and
hydraulic conductivity. )
Field and forest soils are drier and more aerobic with no ]a#ge
lateral soil ionic fluxes. Some nitrate is lost to drainage below
the rooting zone in the forest. Factor analysis indicates that plant //‘
uptake and rainfall cycles control soil ionic levels in these sites.
After the commencement of e%f]uent flow, there was a shift in
dominant processes in the septic bed soil from plant uptake and rain-
fall cycles to leaching by effluent. Also, after commencement of
effluent flow, the-centre of the bed and the soil below 30 cm depth
rapidly became anaerobic. Phosphate precipitation and denitrification
in the C horizons followed. The processes controlling ammonia equili-
brated almost immediately. Conversely, chloride, nitrate and sodium i
leaching losses were still increasing 20 days after effluent flow
had commenced.
After cessation of effluent flow, the C horizon became aerobic
between rainfall events and plant uptake of soil ions exceeded soil .
ion leaching losses, especially near clay pockets. For example, nitrate
was leached in waves by rainfall and adsorbed by plant uptake between
rainfall events. |
This infprmation confirms the validity of the assumptions on
which this study is based. Interpretations from the spatial maps
indicate that there are large varjations in lateral effluent flux of
soil ions, includipg nitrate and phosphate. Studying the response of

the septic bed to commencement and cessation of effluent flow indicates




104

that different responses occur in different parts of the bed. For
example, after cessation of effluent flow, most nitrate in solution is
leached out in parts of the bed, while in others, some is retained by
plant cycling. These complex spatial and temporal variations confirm
the first hypothesis that the septic bed is a heterogeneous system
which cannot be represented by average levels.

Results of the spatial analysis, especially of the multjvariate
analysis, indicate which ions in the soil solution are sensitive to
effluent flow and their varying degrees of sensitivity. The results
clearly show that calcium ions in solution are not sensitive to effluent
flow. Conversely, sodium is readily leached by effluent flow, causing
changes in soil structure and increased vertical flow of effluent and
nutrients to groundwater. This tends to support the assumption that
the solid soil components may be changing because of the impact of
this flow. The remaining assumptions, concerning the degree of pollu-
tion which is occurring, and the limitations of concentration measure-
ments, are evaluated in the fo]]owing chapter.

Following this qualitative interpretation of soil properties,

a mathematical approach will be used to provi&é quanpitative estimates

of these sdil processes and solute fluxes.




CHAPTER V
MASS BALANCE CALCULATIONS

5.1 General Water and Nutrient Flux Patterns \’

Mass balance calculations are used to provide estimates of \
nutrient and water flow in the forest, field and septic bed soils.
Losses of nitrate, ammonia and phosphate to groundwater are calculated.
The mathematical techniques for estimation of these fluxes are
explained in Chapter IIl and the translation of these equations into
FORTRAN and their org;nizatiod into computer programs are explained
in Appendix C. Comparison of estimates of flux with interpretations
frém the observed soil properties contained in the previous chapter
expiains both the processes and the reasons why these losses occur.

Despite large variations in nutrient and water flow, nutrient
losses from the base and sides of the septic bed are consistently '
larger, by at least one order of magnitude, than in the reference sites.
These calculations suggest that 80% of the flow is out of the base of
the septic bedi' Figs. 5.1 and 5.2 show that wazer flows are much
greater than nutrient fluxes. Among the nutrients, the flux of nitrate
is greater than those for phosphate and ammonia, which also vary in
their relative magnitudes.

The soil horizons influence water flow and show differing

levels of soil processes. In the Al horizon, water is lost by
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evapotranspiration. In the Ae and Ap horizons, nutrients are alternately
leached by moisture flow and adsorbed by plant uptake. This cycling
extends through to the upper B horizons. In the lower B horizons,
nutrients are leached and plant uptake is not evident, in contrast to
the situation within natural soils. Below the B horizon, there is a
small but consistent capillary uptake in the clay C horizons. The
exception to this pattern is in the upper B horizon in the centre of
the septic bed, where plant uptake occurs consistently. The largest
fluxes are associated with plant cycling in the Ae and Ap horizons in
all sites and leaching in the lower B horizon at the edge of the septic
bed.

The pattern of estimates of NH, fluxes is similar to the spatial

4
patterns described in the analytical results in the previous chapter.
The dha]ysis of measurements of soil ions in solution from the soil in
the solum indicated that Qutrients are cycled and adsorbed by plant
uptake in the solum. The spatial analysis indicated that the .leaching

intensity varied in the site area soils. These analyses d/g\ho how-

ever, indicate the magnitude of these processes or fluxes. “<:;-///

5.2 Water and Nutrient Fluxes in the Septic Bed

The pattern of lateral moisture fluxes derived from spatiél
mapping of soil moisture is not identical to the calculated pattern.
This is partly due to differences in mathematical technique. Spatial
mapping averages the moisture gradient over a large area and permits
flow at any angle in the horizontal plane. In calculating flow, less

data is used and fluxes are portrayed as at right angles to the edge
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of the septic bed. Both techniques predict similar lateral moisture
flows, except in the west end of the septic bed, where the flows of
groundwater into the bed are in different locations. Large lateral
moisture outflow from the bed occurs, except in the southeast corner
where only moderate flows occur.

Denitrification has produced a much more variable pattern of
Jateral nitrate fluxes. Denitrification in the northeast, northwest
and at one location on the south side of the bed has reduced much of
the nitrate in the effluent flow. The chloride-nitrate ratio predicts
the occurrence of denitrification but qi?ntitative1y underestimates it.

From the interpretation of observed soil properties in Chapter
[V, it was hypothesized that most of the water and nutrient losses
from the septic bed would occur as lateral f]o@ along the interface
between the permeable loams of the soTum and the impermeable clay
C horizons. The calculations of flow indicated that 54% of the lateral
water flow and 60% of nitrate flux occurred between 30 and 60 cm
depth, which corresponds to the sand layer on top of the clay. The
calculations suggest that these lateral flows range from small ground-
water inf]on to large outfiows of up to 80% of the average vertical
flow. The calculated flows indicate that, on average, 87 and 95% of
the water and nitrate fluxes in the lower B horizon are vertical.

Immediately below this large vertical flux in the lower B
horjzon are small flows of capillary uptake in the clay C horizons,
as indicated in Fig. 5.1. This means that the water and nutrients in
the lower B horizon cannot be leaching through the C horizon to ground-

water. They can only be flowing laterally across the top of the clay
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in a very thin layer of so}l and are not detected by samples or moisture
sensors placed in the centre of the soi]vhorizons. The mass balance
calculations seriously underestimate total Tateral flux in the lower
profile because they do not detect the large fluxes at the silt loam-
clay interface. In addition to this large lateral moisture and nutrient
flux, mapping also accurately predicts spatial relationships between
oxygen status, denitrification and mdi%ture and nitrate fluxes.

Ammonia volatizatioﬁ, adsorption and mineralization, which
invo{ves the conversion of ammonia to nitrate in the presence of oxygen,
and plant uptake in the solum limit ammonia losses. Ammonia mineral-
ization intensifies as the seppjc bed reaches equilibrium, as indicated
by the decrease in ammonia flux in the solum 20 days after commencement
of effluent flow (Fig. 5.2).

Low nitrate flux occurs in the lower B'horizOn in the septic
bed due to intense denitrification. Above and below this, nitrate flux
is greater. Denitrification is limited in the C horizon by a lack of
organic carbon, and in the upper B and A horizons by a more aerobic
soil environment. From the analytical results, it was assumed that
nitrate losses in the forest would exceed those in the septic bed;
however, calculated fluxes of nitrate reaching the C horizon of the
septic bed are much larger than in the forest, as shown in Fig. 5.1.

The interpretation of observed s0il properties in Chapter IV
suggested that precipitation of calcium and phosphate was occurring in
the C horizon of the septic bed two weeks after effluent flow started.
Computed phosphate flux reaching the septic bed € horizons from the

3 3 -] 3

Tower B horizon was 0.449 x 10"~ meq cm ~ d~ ', which is about 10
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greater than in the reference soils. Assuming that phosbhate precipi-
tation occurs as phosphate flows across the top of the clay, phosphate

4 meq en 3 gt Despite this

fluxes would be reduced to 0.131 x 107
large reduction in phosphate flux by precipitation, phosphate losses
are still 1-2 orders of magnitude greater than in the reference soils.
Neither the interpretation of measured soil properties nor the
mass balance approaches alone provide an accurate assessment of water
and nutrient fluxes. For example, accelefated nitrate and phosphate
losses in the septic bed are not readily apparent from the concentration
measqremeq}s. Also, the mass balance calculations do not detect large
lateFaI effluent flows which are intuitively obvious from the soil
profile or fabric and its physical properties. The most significant

contribution of the interpretation of observed soil properties is_to

gxp]ain calculated flows of water and of soil ions in solution.

5.3 Nutrient Loadings

The flows of water and of nitrate, ammonia and phosphate in

solution out of the sides and base of the septic bed and down the

“profile in the reference-soils are shown in Tables 5.1 and 5.2. The

-

derivation of these figures is explained in Appendix C.
At 69 cm/d, water flows in the septic bed are 25 to 50 times
those in the reference soils. At 0.131 x 10°%, 0.234.x 10°% and 0.915

x 10~ meq em™3 ¢!

, respectively, phosphate, nitrate and ammonia
fluxes reaching the C horizon of the septic bed are one to three orders
of magnitude larger than those reaching the C horizons of the reference

sites.
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5.4 Sodium Fluxes in the Septic Bed Soil

In the literature, attention has been focussed on soil ions
considered to be pollution thre;ts, and the cations, potassium, calcium
and sodiuﬁ, are not considered as such. The spatial analysis indicated
very low sodium levels in solution and adsorbed in the septic bed soil
and these are shown in Figs. 4.4 and 4.6. This was attributed to the
low adsorptive properties of the added sand and gravel and intensive
leaching by large effluent flows. o .

The mass balance indicates large fluxes of sodium ions in
solution leaving thg original septic bed soil and this is shown in
Figs. 5.1 and 5.2. Some of: this sodium ?s from the original soil
materials and has been mobilized by effluent flow. The rest of the
sodium is from the effluent itsleS. As effluent flows laterally
across the top‘éf the white clay layer, alterations tf’the clay layer
increase the rate of effluent f]pw and groundwater pollution. As’
was previously noted, the sodium and magnesium concentrations are
associated with the white clay layer. The white clay has a lower
hydraulic conductivity than other soil materials, as shown in Fig. B.2,
Appendix B, and this is probably due to increased levels of sodiuﬁ and
magnesium (Bolt and Bruggenwert, 1976; Taylo;,énd Asheroft, 1972). A
sodium and pregumably magnesium are leached out of the white clay layer,l

the condu&tivity of this layer increases and vertical and ldteral fluxes

-

6A‘Ithough not discussed directly,-it is fairly obvious from the
pH and phosphate characteristics of waste sources using detergent, e.g.,
washing machine and showers, that most of the sodium in effluent is
from detergent (Bennett et al., 1975; Witt et al., 1975).
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increase. As thesé flows . increase, saturation or pondin§ in the
septic bed soil diminishes, limiting denitrification and shortening
the amount of time that théveffluent will remain in the septic bed.
Biolqgica] and chemical mechanisms have less time to process eff%uent
and a gradual and 1ong~term escalation of nutrient losses occurs from
the septic bed. .

 fn conclusion, it can be maintained that these estimates of
nutrient and soil jonic fluxes indicate both a serious pollution

potential and long-term changes in the soil fabric of the bed which

aggravate this problem.

¢



CHAPTER VI

—

/ SUMMARY AND CONCLUSIONS

6.1 Summary of Results

The soil properties relevant to this study are of two types--
stable properties, associated with soil solids, controlled by processes
which are’'slow, except when altered by man as in the construction of
the septic bed soil; transient soil properties, associated with the
soi].s&]ution and gases and controlled by the variable influences of
rainfall, of plant uptake and the input of septic effluent.

The parent or original stable soil materials consist of
permeable silt loams overlying impermeable clays. In the septic bed
soil, additigns of sand iq the so]&m and gravel in the € horizons,
and the removal of the HC1 horizon have reduceq its adsorptive capacity
and increased its porosity. For the added gravel, the decrease in
specific surface area and hygroscopic moisture content by 40%, and
" the 19w organic ‘carbon and cation exchange levels of 1% and 1 meq/100 g,
respectively, indicate very low adsorptive or: 'processing’ capacity.

The reference field and forest soils are very similar, except
that there has been more leaching of the field soil since deforestation.
The natural fertility of these soils is low with most nutrients; organic
caébon and exehénge capacityuconcentrated near the soil suéface by plant

cycling.
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The 1oy ammonia losses confirm that nitrification of ammonia is
fair]y.comp]ege despite measured low oxygen levels in th; bed. This
finding is best explained by reference to the time of sampling and the
diurnal cycle of bed utilization. Oxygen levels were measured during
the early afternoon when the septic bed was saturated with effluent.
At night, when use of the system stops, the large flow out of the Cl
horizon of the bed (69 cm/d in Table 5.2) indicates that most of the
bed would drain in the 8-10 hours elapsed by the following morning.

As it drained, the bed would become progressively more aerobic,
permitting nitfificatiqn of adsorbed ammonia.

This study therefore reveals two substantial groundwater
potlution probabilities from phosphate and nitrate losses from the
septic bed. Ammonia does not appear to be a serious contributor to
groundwater pollution as it represents less than 12% of the nitrogen
losses from the septic bed. Ammonia is f%rst adsorbed on the exchange
complex, then almost quantitatively converted to NO3. Denitrification,
where it occurs in the septic bed soil, reduces the nif}ate flux close
to the level of fluxes in the reference soils, but its distribution is
sporadic, permit;ing large vertical and 1atera1'f1u§és out of the
septic bed. Plant uptake, the other natural sink, is not sufficient.
to adsorb the remaining nitrate. In the septic bed soil, there is no
evidence of phosphate removal by plant uptake or precipitation before

it reaches the C horizon. Although precipitation of phosphate in the

C horizon can reduce phosphate flux by 1 to 2 orders of magnitude, losses

are still much larger than in the reference soils.
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When the septic bed soil is in equilibrium with effluent flow,
it is moist to wet in the solum and saturated in the C horizon. Thus
air-filled porosity is low in\the septic bed soil. The reference soils
are drier with more air-filled poresl . The septic bed soil enviro;;ent
during continuous effluent flow can be described as follows. A tile
trench containing ph&sica]ly—disturbed and added materials is surrounded
by undisturbed soil. In the trench, predominantly aerobic sandy loams
in the top of the solum are underlain by a thin layer of disturbed
clay. Below this is anaerobic, eff]uent;saturated gravel in the base
of the trench. The drainage ti]e'is centred in this gravel. -Clogging
due to organic deposits occurs a]on§ the edges of the tile trench.
Small vertical fluxés of soil’so]ution pass through the ¢logged organic
layer from the eff]uent-satu}ated gravel. The predominant fluxes afe
lateral over fhe surface of the clay and out of the tile trench.

Within the solum, énaerobosis develops in clay pockets which are from
the original C horizons.

The average soil ionic levels during continuous eFfluent flow
are controlled by‘?everal processes. P]ant‘cycling in thef;;:;st and
septic bed soil accumulates nitrate in the surface horizéng, as its
levels are from 2 to 12 times greater than in the unde%lying horizons.
Conversely, ammoniawgries oniy to a slight degree. At depth, nitrate
is controlled by other processes. Most of the anmézia in the effluent
which flows into- the bed is converted to nitrate and this is lost by
denitrification in the anaerobic horizons below 25 cm soil depth. Most

'of the remaining ammonia is adsorbed by the exchange complex. The

remaining nitrate is lost by drainage or cycled by plants in the solum.

//J
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In the field and forest soils, plant uptake and cycling of ammonia and
nitrate are the dominant processes.
Among the cations, calcium and potassium display similar

patterns and are influenced by similar soil processes. Both exhibit

4 5

high levels in the solum, of 107 to 10~

6 7

moles/1, and low levels in

the C horizons, of 107" to 10° moles/1, with potaésium showing the

lowest levels. This depth gradient may also be attributed to plant

3 noles/1 in

cycling. High levels of sodium and magnesium, up to 10~
solution, are associated with the white clay layer in the field and,
forest and this with adsorbed sodium and magnesium. Removal of the
white clay layer during construction of the septic bed soil and
intensive leaching during its use have reduced sodium and magnesium
levels in solution by one to two orders of magnitude below the corres-
ponding levels in the reference sites.

Acid rainwater has produced naturally acid forest and field
soils. Near neutral effluent buffers this acidity below 30 cm,
resulting in large pH gradients in the septic bed soil.

The spatial patﬁerns of pollutant and pollutant-sensitive
variables during continuous effluent flow ind#gate the distributiop
within the site area of (i) soil environments and gradients, (ii) soil
processes and (iii) the impacts of effluent. Usihg the spatial patterns
of soil leaching, qf\]atera] water fluxes, of oxygen levels and of
nitra}e levels, the nitrogen attenuation and transport in tﬁe septic
bed is described. Effluent, containing large quantifies of organié
nitrogen and ammonia, is released from the septic tank. Most of the

organic nitrogen and émmonja is bound and converted to nitrate at night,
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when the soil is more aerobic, and denitrified to nitrogen gas during
the day, when the soil is predominantly anaerobic. This produces
moderate nitrate levels within the septic bed. The remaining nitrate
is leached laterally out of the septic bed soil, resulting in two types
of nitrate flux: (i) large lateral effluent flows, containing high
levels of organic carbon, in the northeast and southwest, which induce
anaerobosis, causing most of the nitrate present to be denitrified,
and resulting id low nitrate levels; (ii) small lateral effluent fluxes
out of the north and south sides of the septic bed soil which promote
more aerobic soil conditions, inhibiting denitrification and resulting
in high nitrate levels. Small quantities of groundwater, {ow in
nitrate, flow into the septic bed in the northwest.

Simplified models of the relationships between soil properties
during continuous effluent flow were congtructed from multivariate
ff analyses. Factor analysis separates soil properties into groups by
' loading or correlating properties with similar patterns of variation
on one factor. The oblique rotation of the axes in the analysis
indicates some of the relationships between these groups of soil
properties. These properties which are.sensitive to, and controlled by,
soil leaching include sodium, pH and nitrate levels in solution, and
are extracted as the initial dominant factor. Since nitrate is also
sensitive to denitrification and nitrification, in some factor solutions
it is extracted as a separate minor factor. Since soil moisture and
calcium respond to natural or non-effluent processes as well, they
are extracted as the second factor. Factor models constructed'%rom

the factor pattern correlations differentiate the sbil properties
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along several environmental gradients, as there is a shift from
spatially heterogeneous natural processes influencing the natural and
non-soil ionic factors to systematic spatial variations in leaching
intensity often associated with effluent flow.

After effluent flow gommences in the septic bed, there is a
shift from plant uptake and rainfall cycles to leaching by effluent
flow. After effluent flow ceases, the reverse shift in processes
occurs. In the solum, the magnitude of ’EEF? se to effluent flow for
s0i1 fons is Na> NOy> PO, > Ca ==K, SE\sq;‘ m, nitrate and phosphate
fluxes in the septic bed increase. In the'Q horizons between 30 to
60 cm depth, ammonia is adsorbed and nitrifiéq and does not accumulate,'
whereas sodium, chloride and nitrate leaching losses are still increasing
20 days after the commencement of effluent flow. After two weeks of
operation, calcium phosphate precipitation at this depth lowers caltium
and phosphate levels. Also, in the C horizonsy after starting effluent
flow, the centre of the septic bed, and most of the soil below 25-30 cm,
becamnes predominantly anaerobic within 3 and 7 days respectively.

After the cessation of effluent flow, there is a rapid response
or recovery of the septic bed soil, following the shift from Teaching
by effluent flows to plant uptake and leaching by rainfall. In the
solum, the centre and eastern end of the bed is leached of nitrate and
of calcium and sodium by rainfall cycles. At thevsame depth in the
west, plant uptake associated with ¢lay pockets retains moisture,
calcium, sodium and nitrate in solution. In the C horizons at 30 to

60 cm soil depth, moderate leaching and anaerobosis during successive

rainfalls reduce soil ion concentrations of sodium and nitrate developed
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during continuous effluent flow. This rapid recovery al]g;?gtes the
dang;r of_]ong—term storage of nutrients in an unused septic bed and
their release dqring‘winter and spring when they are more likely to
pollute groundwater.

In comparing the response of soil ionic levels in the differeng)
horizons to- the commencement and cessation of effluent flow, it is
apparent that soil moisture variations » temperature gradients and
plant uptake are most pronounced in the solum. This is where the soil
is most variable, processés are most intense, environmental gradients
are steepest and where much of the interaction occurs. Thus, the most
marked responses to effluent flow, natural vainfall and plant cycles
occur in the solum,

Following this qualitative interpretation of soil properties,
quantitative estimates of some of these soil processes and solute fluxes .
are calculated. The mass balance calculations provide estimates of
nutrients_and water flows, 1including losses to groundwater in the
forest, field and septic bed soils.

Among the nutrients, the nitrate flux is greater than phosphate
and ammonia fluxes. In the Al horizon, the largest flux is due to
evapotranspiration. In the Ae, Ap and upper B sub-horizons, cycles
of plant uptake and leaching occur. In the lower B horizon, large
leaching losses occur. There is a small capillary uptake in the clay
C horizons. The exception to this pattern occurs in the upper B
horizon in the centre of the  septic bed where plant uptake occurs.

The largest fluxes are due to plant cycling in the Ae and Ap horizons

of all sites and leaching in the lower B horizons at the edge of the
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septic bed.

There 1% general agreement between the pattern of lateral
moisture flows derived from the spatial maps of spil ionic levels
and calcu]atea lateral flows 1in the septic bed soil. Denitrifi-
cation estimates, although uniformly low, explain the differences
between the magnitudes of lateral wager and nitrate fluxes. The
calculations also underestimate the lateral flows out of the septic
bed. However, large vertical flows in the lower B horizon are
underliain by small capillary uptake. This means that wate; and
nutrients in the lower B horizon are not leaching through to tﬁe €
horizon, but are flowing laterally across the top of the clay, as yas
predicted by the preceding qualitative discussion.

In the septic bed, ammonia fluxes are limited primarily by
nitrification and do not increase. Denitrification in the lower B
horizon produces the lowest nitrate fluxes. Above and below this,
nitrate fluxes are larger, as denitrification is limited by more
aerobic soil and a lack of organic carbon, respectively.‘ Neither
interpretation of measured soil properties nor modelling approaches
alone provide an accurate assessment of water and nutrient fluxes.
For example, accelerated nitrate and phosphate losses in the septic
bed are not readily-apparent from conceqtrat{qn measurements. Also,

the mass balance calculations do not detect large lateral effluent

fluxes which are intuiiive]y obvious from the soil profile or the soil

fabric and its physical properties. The qualitative analysis provides
an explanation for the calculated fluxes.

These calculations also permit evaluation of nutrient loadings

e
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N to groundwater in the forest, field and septic bed soils. The magni-
tude of vertical fluxes of water and nutrients in solution reaching the
C horizons follow the sequence: H20< PO4< N03< NH,. At 69 cm/d,
water flows in the septic bed séi] are 25 to 50 times those in the

4 5 and 0.915 x 1077

reference soils. At 0.131 x 107, 0.234 x 10
meq cm"3 d'], respectively, phosphate, nitrate and ammoniﬁ é\uxes
reaching the'C horizons of the septic bgdf;oil are 1 to 3 orders of
magnitude larger than the corresponding fluxes in the reference soils.

& The nitrate losses from the septic bed soil are primarily due to the
sporadic distribution of denitrification in the C horizons, which in
turn is due to aerobic conditions at these locations. The phosphate
Josses from the septic bed are due to incomplete precipitation which
is_]imited by available precipitation sites. Since ammonia represents

less than 12% of the nitrogen losses from the septic bed, it is not

considered a serious contributor to groundwater pollution.

6.2 Conclusions

In the introduction, it.was noted that most studies oftseptic
pollution survey several beds for pollutant concentrationg and pollutant-
sensitive variables at a few sites in each be&, so that resylts can be
generalized. In so doing, it is assumed that the septic bed is
homogeneous with limited temporal and spatial var%abiliﬁy. The concen-
tration or| level of po]]ﬁtant substances is used to assess the degree
of po]\ution‘ “In Chapter 11, it was pointed out that such genera]i;ations
have not been too successful. This study looks at the temporal and

spatial variability at many ppints-both within and wifhaut one septic

&2
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bed. In addition to the levels of substances, the actual losses or
movements of these materials out of the septic bed are calculated.
Thus,.a set of alternate or opposing assumptions have been
established as-a basis for this study contrary to the assumptions on '
which most studies of septic pollution are based. These alternate

assumptions may usefully be restated:

1. The septic bed is a heterogeneous system which cannot be represented
by average levels. Spatial and temporal variations in soil properties
are large and significant.‘ The response of the septic bed soil when

use commences or when it ceases is also consideeable and significant.

”

2

2.‘Estimates of fluxes are necessary to quantify septic pollution,

in addition to the simpler and easier measurements of pollutant
concentrations. Nutrient losses of nitrogen and phosphorus as fons in
solution will probably be significant, even under favourgb]e conditions,

and their real impact can only be detected by estimates of the nutrient

_ f]ux.‘ ‘.

3. The internal solid components may themselves be changing. Processes
may be operating which have not previously been dssociated with septic
bed soils and the intensity of soil processes may not be the same in

na;ura] and septic bed soils.

A sampling methodelogy was designed and carried out to provide

the measuraments needed to evaluate these assumptions, wﬁich. in turn,
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can be tested against the results of this stud??‘jjhis evaluation of

the assumptions may now be stated:

1. The septic bed is not homogeneous and averége levels gained from
spot checks are meaningless. For example, part of the bed denitrifies
nitrate efffcientTy and part does not. This gives an inverse relation-
ship bétween water and nitrate flux which is not suggested in the ‘
literature. For example, a large effluent flow produces a low nitrate
loss frém the bed while a moderate efflueqt flow may produce a high ‘
nitrate less. Thig raises the question of where to sample effluent
losses from the bed, as it is tradit?ona]]y done where flow is largest
(Walker et al., 1973b).

Efficient nitrification and sporadiv’denitrification in a bed
which is predominantly anaerobic during thé.day and more aerobic at
night sugge§ts that, for periods of large effluent flow during the
day, the value of aerabic conditions may have been overestimated and
the value of anaerobic conditions underestimated. Thus, the ideal
system in Fig. 2.} is'not so, and a rethinking of existing geptic
system designs 15 necessary. /,f?'

The temporal response, in the bed, to commencement and cessation
of effluent flow, indicated the/role of plant uptake in controlling

nutrient levels, which has aSt been reported before. The rapid

‘response in the bed to the cessation of effluent flow alleviates the

danger of long-term storage of nutrients in an unused bed and their

release at inopportune times. .

T
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2. Although widely used, concentration data can be misleading and should

- : be supplemented with estimates of nutrient flux. In this study, nitrate
cancentrations in the forest in the C horizoﬁ; exceed'those in the
septic bed at the same depths; however, due to root cyé]ing and
different rates of soil wateg flow, nitrate lgsses are largest in the
septic bed. >

Serious losses of nitrate and phosphate occur from this and
probably from most septic systems due to design weaknesses. The work

of Bouma (1974, 1975), Laak et al. (1975) and Deamish (1972) suégests

AN

that losses could be controlled with moisture barriers below the bed

and/or by the addition of calcium and iron compounds, and this capacity
for internal processing of nitrogen and phosphorus should be built into

most systems.

3. The solid components of the septic bed are being a1te;ed by leaching.
For example, large losses of sodium from the septic bed in the C
horizon indicate thit Tong-term changes in soil fabric are occurring
which‘wj]] probably accelerate effluent flow losses from the septic bed
soil. Existing/legis]ation and the literature assume no change. Ajhese
long-term changes reinforce the need for monitoring, since nutrient
1osse§ from a sepﬁic system could increase. over time with the degrad-

\ ation of the under]yinq clay at the interface. .

\/ h | ’ A, . .
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Mathematical Computer

. APPENDIX A

INDEX OF TERMS

Cran BN/, CBNA
Cen BK, CBK
Cean BCA, CBCA
z Z, CZ
Cras YNA
Cys YK
Ceas YCA
CEC CEC

- Km XKM1
Ky XKD1
a] Y
by X
Ksay KSAT -
0, H2SAT

SAT

Description

concentration of adsorbed Na
concentration of adsorbed K
concentration of adsorbed Ca
S adsorbed Na, Ca, K

concentration of Na
in solution

concentration of K in solution

concentration pf Ca

in salution

cation exchange capacity

monovalent equilibrium
constant

divalent equilibrium constant
parameter in equation (11)
containing. known or measured
jon quantities

parameter in equation (11)
containing known or measured
jon quantities

conductivity

soil moisture contéent
at satyration
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* meg/cm

Dimensions

'meq/cm3 s0i)

3

meq/cm” soil

meq/cm3 soil
3
3

meq/cm™ soil

meq/cm™ soil

3

meq/cm™ soil

3 50i1

meq/cm3 $0d)

dimensionless

dimensionless

mojes/l
moles/1

cm/h

% volumetric

s~
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moisture content where
characteristic slope changes

distangg between samples
intercept of log-log
relationship between

slope of "Jog-log relation-
ship between ev and }y'w

volumetric soil moisture

Mathematical’ Computer Description
--- XB
\) <
ds DS
8 AW
8, dnd \’(w
b BW
ev H20
content
Kuwsar K

'109‘}/’m XPH20

Yn

Cab
4

K2

K3

PH20
DH20

(DH20(I)
+])

FH20
FK

DH2L(n1) .

FLH20
FCAL
XK

AK

AZK

unsaturated conductivity
log of matric potential
matric potential

matric potential gradient

* hydraulic gradient

water flux densjty
flux density of K

lateral water potentia]
gradient’

“lateral water flux density

lateral Ca flux density

K concentration in soi]
solution

K concentration of adsorbed
1ons

K concentration of adsorbed
jons’

Dimensions

% volumetric
cm

% volumetric
dimensionless
% volumetric

cm/h
cm
cm

cm/cm
cm/cm
cm/d

meq cm-3 d

cm/cm

- meq/100 g of

s i] {air dry)

meq/cm3 of soil
solution
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Mathematical Computer Description

Ca ZK K concentration in soil

solution
SKE‘ UK flux density of K in soil jon

uptake at soil-surface
Et FLUX evapotranspiration
ENK ﬁK ‘equiva]ent weight of K
V’ --- valency
FW --- formula weight
AW -—- jtomic:weight
Py BD bulk density ‘
b DENIT denitrification of nitrate
R RATIO, chloride-nitrate ratio

RAT
ch YNO3 nitréte con@entration in
R ~ reference sites

CN] YNO3 nitrate concentration
CC] YCL2 chToride‘concentration
J FKL lateral K flux den§ity

Dimensions

meq/cm3 of soil

solution

meq em3 ¢!

ml cm—z d
N

-1

g/cm3

3 -1

meq cm ~ d

dimensionless
moles/1

moles/1

moles/]

meq cm'3 d']



APPENDIX B )
)
#METHODS OF DATA COLLECTION,
/ FIELD AND LABORATORY RESEARCH

-

"t

Most of the methods of data collection, field and laboratory
research are reviewed in Camébe]l (1974) and Bunting and Campbell (1976).
As was noted in Chapter ILI, describing methodology, two typesuof’
sampling sites were used--deep soil inspection pits And coring sites.
Four deep soil inspection pits were used to describe soil profiles of
the soils in the area (Table:.%.1 to B.7iand Figs. B.1, B.2). Samples
from the pits were used to determine stable soil properties, including
particle density, grain size distribution, organic carbon, cation
exchange capacity, specific surface area and hygroscapic moisture
content. A non-standard rapid method described in Bunting and~Campbe]1
(1976) and Campbell (1974) was used ‘to determine organic carbon:
Particle size distribution was determined according to McKeague (1976)T
The soi) was first oven dried (105°C.), ground and sieved to < 2 mm,
and pretreafea to remove organic matter. Calcimeter analysis (Bunting
and Campbell, 1976; Hesse, 1971) indicated that only the added gravel
in the septic bed soil (piQﬁﬂ, IiC) was calcareous 13.2%), so that
carbonates were removed from thfs samp]e. Sonic sifting (A]len-éradley
Co., Milwaukee, wisconsiﬁ) down to 37 was used to detérmine the sand
distribution. The silt and clay qistributions were determined by

\z /p :141
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Vegetation:
Litter: 2.5-0 cm
Al 0-4 cm
Ae 4-10 cm
B 10-23 cm
IC 23-43 cm
IIC - 43-76 cm

132

TABLE B.1 Profile #]

spruce, maple; nearby--elm, basswood, poplar, birch

10YR 2/3, organic material, pine needles, fine
roots, some woody material, insect pupae

10%R 3/3 silt loam, fine crumb, few very fine
subangular blocky peds; non-sticky when wet;
many small and medium pores, many fine roots,
gradual merging boundary

10YR 4/2 silt loam, crumb; non-sticky when wet,
moderate fine roots, few medium roots, many
fine pores, few medium vughs, root channels,
gradual merging boundary

7.5YR 4/4 silt loam, weak medium subanguiar
blocky, breaking to granular; non-sticky
when wet, few medium roots, fine pores,

_irregular merging boundary

10YR 6/2 silty clay, massive, some weakly-
developed fine platy structure, some iron
concretions and mottles; sticky when wet, few
fine pores, no roots, irregular abrupt boundary
due to tonguing and inclusions

7.5YR 4/6 silty clay, coarse subangular blocky;
sticky when wet; many fine vughs and vesicles;
no roots, mottles or lighter (7.5YR 8/2)
concretions, platy structure.in places, with
planar v6ids and smooth cutanic coated surfaces;
some of the platy structure is between IC and
11C; weak mottling along root channels

Note: The location of these profiles is shown in Figs. 3.2

and 3.3, pp. 33 and 35; the prafiles are featured in
Figs. 3.4 to 3.7, pp. 36-39.
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" few fine vughs”and vesicles,

133

TABLE B.2 Profile #2

mower-cut grass %

10YR 4/3 silty loam, crumb structure, friable;
very slightly sticky when wet; fine to medium

~ thick grass forming a 'mat', fine fibrous

roots, distinct boundary

10YR 4/3 silty loam, weak medium subangular
blocky structure breaking to fine to medium
crumb; very slightly sticky when wet; few
moderate to fine roots, few vughs and vesicles,
icregular merging boundary

10YR 4/4 to 10YR 5/4 silt loam, weak subangular
blocky, breaking to granular; very slightly
sticky when wet, moderate fine to medium roots,
few vughs and vesicles, sirregular distinct
boundary, some inclusions of IC in B

10YR 6/2 clay with some silt inclusions, hard
massive, very f few fine pores, very
nne] linings

c1dence of

along planar joints (7.5YR 4/4);>
roots and of vesicles of mesofaunal
increase where horizon is thin; roots con
trated along vertical planar cracks, distinct
irregular boundary

10YR 6/2 (from IC), secondary colour 10YR 4/4
(from IIC) clay, hard, massive, some very
large angular ped formations along vertical
planar cracks; complex horizon consisting of
degraded IC intermixed with IIC material in
the form of inclusions; few roots along plana
¢racks, irregular distinct boundary

5YR 4/3.clay, hard to medium subangular blocky
with weakly-developed platy strugture, 1ight
coating of cutanic deposits of IC on ped
surfaces and joint planes

Vegetation:
Litter: virtually absent
Al 0-2.5 cm
Ae 2.5-18 cm
B 18-28/33 cm
IC 28/33-38 cm
. {
'\‘,‘
I-1IC  38-56 cm
e
IIC 56-76 cm
r

P
.

-
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TABLE B.3 Profile #3 West

Septic Face
Vegetation: mower-cut grass
Litter: virtually absent

Al 0-2.5 cm 7.5YR 4/3 clay, medium to fine subangular
blocky structure; very sticky when wet;
secondary colour 10YR 7/2; horizon is a
disturbed mixture of IC and IIC in the form
of inclusions as well as finely mixed material,
few medium to fine roots, regular distinct
boundary »

B1 20/30-38 cm 10YR 3/3 silt loam, weak medium subangular
blocky breaking to medium to fine crumb;
non-sticky when wet, few medium to fine roots,
few vughs and vesicles, few inclusions of B2
in B1, distinct irregular boundary

B2 38-61 cm 7.5YR 4/4 fine sand, single grain, some silt
coatings and linings, few medium roots, few
fine roots, very few vughs and vesicles, linings
of Bl along medium and large root channels,
merging boundary

C 61-76 cm 10YR 6/2 clay, weak platy structure, few roots, v
vughs and vesicles, grading to subangular
blocky structure with clay cutans on ped
surfaces, more mottled cutans are 7.5YR 4/4

Note: 0-30 cm of profile was very dry (Ap),
30-61 cm moderately moist (Bl and B2),
61-66 cm moderately moist (upper C), ,
66-76 cm much drier than upper C (lower C), N
moisture is from septic effluent.

A ey &
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TABLE B.4 Profile #3 East
East Face

Vegetation: mower-cut grass

Litter: virtually absent

Al 0-2.5 cm //’TBYRbg/Z silt loam, single grain, thick root
mat fine and medium roots, irregular distinct
boundary

A2 2.5-11 cm 10YR 4/3 silt loam, weak subangular blocky,
moderate medium to fine roots, merging
boundary

B1 11-18 cm 10YR 4/3 silt loam, weak subangular blocky, few

fine roots, distinct irregular boundary

B2 18-30 cm 10YR 5/6 silty sand, single grain, few vughs
and vesicles, few medium roots, irregular
merging boundary '

¢ 30-46 cm 10YR 5/2 clay, medium subangular blocky, very
few roots, cutanic coatings on ped surfaces
7.5YR 4/4
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TABLE B.5 Profile #3 North

North Face

Vegetation: mower-cut grass
Litter: virtually absent
(a) West Half

Ap = 0-8 cm 10YR 4/3 silt loam, crumb, many fine to medium
roots, merging boundary
Bl 8-18 cm 10YR 4/3 silt loam, moderate medium subangular
€ blocky, few roots, few vughs and vesicles,

little staining, gradual merging boundary

B2 18-38 cm 7.5YR 4/4 fine sand, single grain, few roots,
vughs and vesicles, little staining, clear
distinct boundary

C 38-64 cm 10YR 5/2 clay, medium subangular blocky, very
few roots, cutanic coatings on ped surfaces
7.5YR 4/4, some mottles

(b) East Half

Ap 0-26 cm . 7.5YR 4/3 clay, medium to fine subangular
blocky, see Ap of west face for more detail,
mixture of IC and IIC, clear regg1ar distinct

boundary

B 26-66 cm 7.5YR 4/4 fine sand, single grain, few roots,
no vughs, vesicles or lining, clear distinct
boundary

C 66 cm + 10YR 5/2 clay, medium subangular blocky, very

few roots, eutanic coatings on ped surfaces
7.5YR 4/4, some mottles

e S
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South Face
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TABLE B.6 Profile #3 South

Vegetation: mower-cut grass

Litter: virtually absent

(a) East Half

Ap 0-8 cm
B1 8-18 .cm
C 36 cm ¢

(b) West Half--the same as the West (Septic) Face--note depths on diagram

10YR 4/3 silt loam, crumb, many fine to
medium roots, merging boundary

10YR 4/3 silt loam, weak medium subangular
blocky breaking to crumb, moderate fine roots,
moderate vesicles, vughs and worm channels,
organic stainings along large root channels,
gradual merging boundary

10YR 6/2 clay, hard subangular, no visible
cutans or motties, fairly dry

o/
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Vegetation:

Litter: 0Q.6-0 cm
Al 0-2.5/5 cm
Ap 2.5/5-18-cm
B2 18-26 cm
IC 26~38 cm
IIC 38-61 cm

138

TABLE B.7 Profile #4

mower-cut grass

Layer 1: cut grass and dead twigs
Layer 2: black humified twigs and grass
mixed with some coarse sand

10YR 3/4 silt loam, very fine crumb, many
fine to medium roots; non-sticky when wet;
irregular distinct boundary

7.5YR 4/6 sandy silt loam, very fine crumb
to single grain, many medium and fine roots;
non-sticky when wet; .gradua1 merging boundary

10YR 3/4 silt loam, very fine crumb, many fine
and medium roots; non-sticky when wet; distinct
irregular- boundary

10YR 5/2 clay, medium subangular blocky,
7.5YR 4/6 coatings on ped faces; very sticky
when wet; few coarse roots, distinct
1rregu1ar boundary

10GY 2/1 fine gravel, 'septic' gravel, septic
adour, effluent-saturated, black organic
coatings on gravel surfaces, no roots, few
vughs, few vesicles, some mesofauna; lower
boundary not determined, horizon is intermittent
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pipette analysis on separate samples.

Cation exchange capacity was determined according to Bunting
and Campbell (1976) and Metson (1961), using the method for non-
calcareous soils except for pit 4, IIC, where the method for 0-3%
carbonates was uied. Specific surface area was determined’ﬁy glycerol
retention, according to Soil Conservation Service, U. S. Dept. of
Agriculture (T967). Hygroscopic moisture content was éa]qu]ated as
the-difference between air dry and oven dry (105°C.), soi] moisture
contents are expressed as percentage by weight of oven dry sample

(Bunting and €ampbell, 1976).

-

Large;*quisturbed, cores (2.5 cm length, 4.8 cm 1.D.) from

California), as illustrated in Fig. B.3, for the field soil horizons.
From these measurements, unsaturétéd conductivity was calculated
(G. Campbell, 1974), as”exp]ained in Chapter III, section 3.4.

New or nonﬁstandar@ techniques were used to measure most
transient soil properties. This includes the design of continuous
ﬁonitoriag equipment installed in the deep soil inspection pits and
the analysis of coring sites for soil solute ionic levels, oxygen
diffusion rate and measurement of evapotranspiratidn from small lysi-
meters. Soil moisture was détermined from cored samples or by the use
of in sttu moisture b]ockg. Cottage water use was also monfiorea and

is graphed in Fig. B.4. The measurement of soil ionic levels and

oxygen diffusilan rate is reviewed in Bunting and Campbell (1976) and

N
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FIG. B.4 Cottage water use during July 1976
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Campbell (1974), including the application of the specific ion‘é1ectrode
designed by Nagelberg et al. {1969) to soil ionic phosphate analysis.-
Included here is a brief review of the design of the continuous
monitoring eﬁuipment including so]&tionfdﬁlls, gypsum moisture blocks,
temperature sensors and lysimeters. Solution wells consisted of
porous ceramic agriéu]tura] cups (5 cm 1en§th, 2 cm 0.D.) cemented by
epoxy to polycarbonate tubing 1 m in length. The wells were sampled
with a portable battery-operated peristaltic sampling pump (Horizon
Ecology Co., Chicago, Il1linois). Rectaagular gypsum moisture blocks
were constructed, 4.0 cm x 2.5 cm x 2.9 cm high, with solder-coated
electrodes 2.5 cm apart. Exposed\wire was coated with epoxy. To test
their in situ longevity, moisture blocks were installed in a wet,
effluent-receiving site in the field soil during the summer of 1974 andk
removed the following summer of 1975. During this time, about 2 mm of
- gypsum-was lost from the block surface by so]utién. 'The temperature
sensors at each site consisted of‘fhermistofs (Phi11ips, NTC) coated
with varnish, arranged at intervals along a polycarbonate tube anq -
epoxied in place. These thermistor'pos had a length of one meter
and one was installed at eéch inspection pit. The thermistors were
calibrated against a mercury thermometer in the 1abora£bry (Fi@. B.5).
Three ;ma]1.1ysimeters were constructed from metal tins {10 cm length

x 13 cm diameter), containing 1330 cm3

of soil and 600 to 900 g of air
dry soil, with a screened drain in the Bgttom. An undisturbed core of
soil, the exact size of Egg,lysimeter,‘was sampled and gently 1nsérted
into it. Lysimeters were installed at inspection pits 2, 3 and 4 and

weighed daily on an electronic¢ balance to 0.1 g, during the research

v
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period of summer 1976. The moisture blocks, solution wells and thermis-'

tor posts were installed. in the summer of 1975 and monitored the
following summer, thus allowing the moisture blocks to equilibrate and

the soil to settle. A portable battery-operated multimeter was used

for resisténce measurements of moisture blocks and thermistors. Moisture

blocks were calibrated in_situ during the field survey in 1976 by
\\ 5
comparing resistance measurements with simultaneous determinations of

{
gravimetric soil moisture from cored samples. &

e
1]

The continuous monitoring equipment installed in the deep soil
inspection pit in the forest 1s.shown:1n Fig: B.6. .The use of a
polarographic electrode to measure oxygen dqffusion rate in situ in the
field soil during the spatial sampling survey in 1975 is shown in Fig.
B.7. The use of the Orion (Orion Research Incorporated5 field meter

in the cottage laboratory during the same survey to measure soil ionic

levels from freghly cored soil samples is i1]ustrated’in Fig. B.8.

Multivariate techniques used to interpret measured soil prop-
erties 1né1udéd multiple regression, canonical correlation and co;mon
factor analysis with oblique rotation from the SPSS program‘11brary
(Nie et al., 1975). The very large number of soil samples, compared
with the smal) number of measured properties, resulted in a sample to
property ratio, or case to variable ratio, of ten to one or larger.
This suggests thaf the relationships produced by these techniques are

reliable. Reported regression equations and factor solutions are

'significant at the 5% level. The forward stepwise procedure was used

"to calculate multiple regression equations. For the factor analyses,

'
L .
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Continuous monitoring equipment installed 1n the
deep soil inspection pit in the forest
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- was used with oblique rotation. The multiple squared correlation
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]

a delta value of zero, which gives a moderately correlated solution,
' ) s

coefficient was used as the initial communality estimate, Only factors

with eigenvalues greater than 1.0 are reported.

%
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APPENDIX C
MASS BALANCE CALCULATIONS

C.1 Translation of Equations into Fortran Statements

Ion Exchange Calculations .

Moisture and Nutrient Fluxes

Plant Uptake of Soil Ions
Denitrification B 3
Conversions to Concentrations in meq/cm

o o0 o

C.2 Organization of Fortran Programs
a. The Fortran Program BALANI
o b. The Fortran Program BALAN2
c. The Fortran Program BALAN3

¢ C.3 BALANI, BALAN2, BALAN3
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APPENDIX C
MASS BALANCE CALCULATIONS

The translgfig? of mathematical formulas into Fortran is
presented. «In section ETTT\mazpeﬁatical formulas are translated into
Fortran statements. The computér statements are from the program BALANI.
These statements are very similar to those 1ﬁ BALAN2 and BALAN3.
Following this, the organization of these statements into programs is
discussed in section C.2. The actual programs are listed in section C.3.

The terms used in this discussion are included in Appendix A.

C.1 Translation of Equations into Fortran Statements

a. Jon Exchange Calculations

The adsorbed cations are calculated using the ion exchange
model in part off{a- DO loop extending from lines 163 to 171 .in BALANI.
First the 51, by, ¢ and z parameters are calculated in 1ines

163, 164 and 165, respectively. ,]pese correspond to ay b1 and c in

“equations (10) and (11) and z in equation (7).

Thus from (10) and (1)

and in BALANT

M) = (CAROUD)/ o) e
152 B
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From (7) - ‘ . ' -
CNaA + CKA + CCaA=Z
and in BALANT |
Z(1) = BCA(I) + BK(I) + BNA(I) ' ' line
164
From (10) and (1)
b] = 1 4+ _NaS u
KnCks
and in BALANI 7
Y(I) = (1. + YNA(I))/(XKMI(1)*YK(1)) line
165

The next four statements in BALANI are used to compute the adsorbed

K from a and b] according to (12).

From. (12)
-y t\//y] - 4x (z ‘
KA‘“ (12b)

2%

The value under the quare'roof sign is computed first.

In BALAN1
CPX(I) == (Y(I)*%2. = (4.0%K(1)*(-Z(1)))) | - }ége
CPX(I) = SQRT(CPX(I)) | L }ége
CPX(I) “'ABS(CPX(I)) o ‘ }ége

The value under the square- root sign is then substituted into

(12b) to compute adsorbed K,

In BALAN] -

| CBK(1) = (-Y(1) + CP(D/(2,09K(1)) i

From (Zc)f'CNaA can be ca]culated‘
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Kn % Cxa * Cnas *

C =
NaA CKS
In BALAN]
CBNA(T) = (XKM(L)*CBK(1)*YNA(E))/¥K(I) Vine
From (7), Coap CaN now be calculated 1o
%NaA +lar Cean =2
and in BALAN] !
| CBCA(I) = Z(I) - (CBNA(I) + CBK(I)) - tine

The equilibrium models were tested in various ways. Multiple
correlation coefficients derived from mult{ple regression analysis
provide a test of this empirical apprdach using equation (13).

Multiple R values did not exceed 0.75, suggesting that this method was
less thap ideal. The analytical model using equation (12) was tested

by éomparing known levels of adsorbed soil fons with those computed by
the model .in the program BALANl. The equations, including equation (12),
were checked to see that they were dimensjanlly balanced.

Equilibrium constants used in the equilibrium model are calcul-
ated as follows. In parts (ﬁ) and (i1), measurements of adsorbed jons
and ions in solution are converted io similar form--cqncentrations\jn~
meq/cm3 o% soil solution, In'partv(iii), qquilibrium constants are A

~calculated using these coﬁcentrations.
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(i) Formula to calculate soil ion concentration in soil solution

in meq/cm? of soil solution from concentration in moles/l

In BALANY this is:

2K(I)F= (XK(I)/]OOO.)*(EK/]OOO.) line .

136
«

(1i) Formula to calculate concentration of adsorbed ions in

meq/cmS of soil solution from meq/100 g soil

C
CK3 fny .ﬁg_ X l.... X lO_Q. .
100 Pb Bv
In BALAN] this is:
AZK(1) = (AK(I)/100.)*(1./8D(1))*(100./H20(1)) line

139

(i§1) Formulas to calculate equilibrium constants
From the Law of Mass Action, adsorped cations are calculated
from cations in solution using two equations first used by Kerr (1928),

reviewed in Marshall (1964) and used by de Wit and van Keulen (1972).
. ! }

For a monovalent-monovalent system,

cafion 1 adsorbed _ X cation 1 _in solution
cation 2 adsorbed ~cation 2 in solution

From experimental data, Km can calculated

. pNa3 =K cNa4
C Cy
K3 K4
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In BALAN] this is:4
XKMT(1) = (ZK(1)*AZNA(I))/ZNA(T)*AZK (1))

For a divalent-monovalent system

Tine
142

divalent cation adsorbed

divalent cation in solution =X {monovalent cation in solutio
—d

From experimental data, Kd can be calculated
2
‘a3 ., [l
.., ¢ ¢
Ca4 K4

In BALANY this is:

/

XKDI(I) = ((AZK(I)/ZK(I))*;2)*(2CA(I)/AZCA(I)) '

b. Moisture and Nutrient Fluxes

monovalent cation

adsorped

. line
143

Vertical and lateral water and qutrient fluxes are calculated

separately.

‘(i) yert1631 Fluxes

n}z

In BALAN1, vertical water and nutrient fluxes are'qa1culated by

“four DO loops. The ffn§t loop calculates conductivity. The second

loop calculates matric potenfia]. The third loop calculates the_

poteitial hydraulic gradient and the fou?tp Joop calculates the water

flow and then the nutrient fluxes in the water.

Ist Loop--Condﬁctivi;y

-~

The moisture content is tested:to see if it is in the 1inear

range of, the characteéristic curve. If it is nat, conductivity is set’

to. saturated conductivity. If the moisture content is in the linear

¥
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range of the characteristic curve, conductivity is calculated from the

fol]owing'equatién (G. Campbell, 1974):

(2b + 3)
6
Kunsar = Ksar J—-——}
eV
SAT

or

KW(I) = KSAT(Is*(HZO(I)/HZSAT(I))**((2.*8(1)) +3.)) }19e.
' 9

2nd Loop--Matric Potential J |

A minimum value of soil moisture content is set at 2%. Matric
potential is computed in a two-step process. First %he log of the
matric potential 35 compg;ed from the soil moigture content and the
regreééion equation between the log of soil moisture and the log of
matric potential. Thep the matric potential is calculated from the log
of the matric potentialf

]‘ogl}fm= a (log 8, * b)

XPH20{1) == AW(I)*(ALOG10(H20(1)) + BN(I)) line
. o ' 203

PH20(1) = 10.**(XP20(1)) T 'nze
. 20

+

]To convert matric potential (Jg’) from bars: to cm, the va]ges.
Vatus were multiplied by 107,

ylelding a 2.2% error since the actual conversion is 1022 (Rose. 1966).
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3rd Loop--Potentiai Gradient
The potential gradient is calculated by subtracting the matric
potential of each s0il horizon from the horizon abave it and dividing

by the thickness of the lower horizon.2

dyﬁn::.yﬁna ) y/hb

ds ds

where szh is the matric potential gradient (cm/cm)
ds
ds is the thickness of the lower horizon (cm)
yVmg is the matric potential of the upper horizon (cm)

Vﬁhb 1s the matric potential of the lower horizon (cm)

DH20(I) = ((PH20(1) - PH20{1X})/DS(1)) line
. 213

4th Loop--Water and Nutrient f]ux
Water flows are comnﬁted first and then nutrient fluxes are

computed as the product of the\water fiow and ionic concentration. By

2The sample. Yocations for the data in BALAN) were based on the
concept of the soil profile where the soil is assumed tp consist of a
series of layers of isotropic soil materials. Within the profile concept,
therefore, gradients or changes in properties occur at horizon boundaries.-
The change in moisture content (df g is the same whether computed over
the thickness of the boundiry (resﬁ]ting in .a large gradientg ar over
the thickness of the whole of the lower horizon (resu]ting in a small
gradient). The latter approach was adopted as more conservative and
realistic.

The sam 11ng locations for the data in BALANZ and BALAN3 were
based .on a regular depth interval sampling design,-and the horizon
boundaries did not affect the sampling design. In these instances, the
actual distances between sample 1ocations were used to compute matric
potential gradients.
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computing the hydraulic gradient'over a distance of 1 c¢m, it is equal
to the sum of the matric potential gradient and the gravity potential

gradient which. is 1.

— d
=k, Vh

ds
‘ )y;:: y/w - Vs P
Assuming VW: 77Vm ) ‘
y41== y/m + }Vé

Computing y/h over 1 cm,'y/Z _

—

ds
/
ds ds
- d
Yy =Ky { —-——V@- + ]} . ‘
ds \S>
FH20(1) = -KW(I)*(DH20(I) + 1)*24. line
22
. For soil fon transport - '
T T X s
FK = FH20(1)*YK(I) : . line
. 222

(11) Lateral Fluxes
Lateral fluxes are computed 1n'twe steps. First a series of

statements compute the matrix potential gradient in the horizontal
direction between two points, 183 cni apart, in the soil trench at the

edge. of the septic bed (soil pit no. 3). A DO loop calculates the

.
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lateral water and nutrient fluxes in the second step.
1st Step--Potential Gradient

danl. - anl B thZ !

ds ds

where an] is the matric potential at the edge of the septic bed
anz is the matric potential, 183 cm from the edge of the septic

bed
DH2L(n,) = (PH20(n,) - PH20(n,))/182.88 line
1 ) ] 2
, 236
2nd Step--Lateral wagér and Nutrient Flux
_ d
‘JwL‘“ I&v Vm -
ds ’
FLH20(1) = KW(I)*DH2L(I)*24. . line
) 246
For lateral ionic flux
el ™ Yt * Ceas
FCAL(I) == FLH20(1)*YCA(I) lzge
2

(111) Comparisons of Moisture Flux Equations with Equations in the

Literéture

The moisture flux equations can also be derived or reIate¢ to

' those ‘of de Wit and Qan Keulen (1972) and of Taylor and Ashcroft (1972)'.

From de Wit and van Keulen (p._85) and Asheroft and Téygor (p. 198)

nw-“-'_é,.{ﬂfm} | . ‘ .', B fl)-

dév

WD e, e
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de Wit and van Keulen then present the flow equation as

FLOw=Dw{ } K, @RA@ (2)
ds

Substituting (1) in (2) yields (3)

FLOW = K {dv"'} {-d—?!} () (3)

de d

13

For vertical flux, GRAKZ +1 ghd for' horizontal flux, GRAV= 0.

For vertical flux, FLON =K {de ) 1} 3
and for horizontal flux, * FLOW : K« {d%}
From Taylor and Ashcroft (p. 287)4

. Jw , -

T o

ds

Rearranging: - d
.o . Jy = Kw‘{'-}{-';l *]}
ds

3In de Wit and vaﬁ Keulen's equation, positive vertical fluxes
would be flowing down the profile and negative vertical fluxes would be
flowing up the profile. This is the positive sign in front of Kw

4In Taylor and Ashcroft's equation and the one used in the mass

"balance models,. negative vertical fluxes would be flowing down the

profile and positive vertical fluxes would be flowing up the profile,

. Thus the sign in front of Kw 1s negative.



€ e

162

c. Plant Uptake of Soil lons

Soil ion uptake in meq emd ¢ s calculated from fons in soil

solution and evapotranspiration as follows:

_ % EWy
We =4 By —
1000 1000 )
In BALANT this is:

UK(T) = XK(I)*FLUX*(EK/1000.) ‘ line
124

d. Denitrification

Denitrification is estimated from the C12/N03 ratios in the

reference areas.

‘g Cer
R= —— and D=2, - — A
c Mg
N1 !
R
In BALANT:
RATIO(I)== YCL2(1)/YNO3(I) line

151
From the chloride-nitrate ratios (RATIO), it was found that the

average ratio in thé reference soi]s.'in the absence of obvious plant

uptake, was 0.1119. Thus RAT was set to 0.1119.

RAT = 0.1119 lgne

. . 153

DENIT(I) = YNO3(I) - (YCL2(1)/RAT lgze
]

e. Conversions to Concentrations in meq/cm3

Equivalent weight, for an-ion in solution, is determined from
the ‘atomic weight and valency as follows:

EW= FW/V and FW= Z AW



N

b o v

163

gy = ZAW
v

.Thps: /' !

Ion EW M v R
T (a 20 0 , 2 /

Mg 2.6 24.3 2t
Al 9 27 3!
K 39 39 1t
NO5 62 62 1"
NH, 18 18 1°
PO, 47.5 % 27 ®
Na 23 23 A

¢l - . 35.45 35.45 1

»

Conceﬁtration of soil'ion in solution in meq/dm3

is calculated from the

»

concentration in moles/1 as follows:

. Ei_} Coy {.ENK }
kS 1100 1000/ L1000
In BALAN this is: o

-

. YK(I)==KH20(I)/lOO.)*(XK(I)/lOO.)*(EK/IOOO.) { * Tine
87
The concentration of adsorbed ions in meq/cm3 of soi] 1s/¢a1cu1aféd

from concentration in meq/100 g of soil as follows: ///
e ‘
s ={.1<_2_} {J__} .
100 Py -

5The soil fon species measured by the specific fon electrode used.

//
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In BALAN} this is:

BK(I) = (AK(1)/100.)*(1./BD(I)) ];ne
: 8

C.2 Organization of Fortran Programs

\ The first grogramwBALAN] calculates values, including vertical
fluxes of water.and soil fons in $olution, when the effluent flow is
continuous. The second program BALANZ calculates values for sofil
properties as they respond to the commencement of effluent flow. The
“third prog(am BALAN3 calculates some of the lateral fluxes out of the

septic bed when the effluent flow is continuous.

a. The Fortran:Program BALAN]

{i The program BALAN] pr6v1des fnformation on five sites located

in the forest, field and septic bed soils at one point in time. A flow
chart indicating.the major steps in the program is 1nc3uded in Table C.1
and in Fig. C.1.  The program is divided into five steps. In step 1,
thé’contentraxiyn of fons in so)ution. in meq/cm3. is ga]culated from
the concentrations of fons ip solutiqn in moles/), and from volumetric

 ‘5011 moisture content and the bulk density. In step 2, plant uptakémﬁf
so11019ns 1s-cst1ma;ed from evapotranspiration. Adsorbed cations in

. . X A ]
meq/cm? are calculsted from adsorbed cations in meq/100 g in the same

w '

step.

t” ‘_ﬁdsgrbed c;tions are predicted from cations in the sotl solution

~1n steps 3 and 4. In"step 3, equ111br1um constanfs are.calcglated?from
both adgorbed catiofs and cations in éo]ut1on and’ 1n step ‘4, the,

technique is tested by comparing calculated valués with measured values.
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1

TABLE £.1b List of Printed Output %rom Mass Balance Program BALAN]

jonic concentrations in solution, meq/cm3

adsorbed cations (measured), meq/cm’

jonic uptake, meq en 3 7!

equilibrium constants, dimensionless

chloride to nitrate ratios, dimensionless
denitrification, meq a3 g
right and left side for equilibrium pquation

x and y parameters in equilibrium equation

calculated adsorbed cations, meq/cm3.

absolute and percentage error in ca]%u]ated adsorbed cations, % .
vertical soil water flows, cm/d {
i

3 -

vertical ionic fluxes, meq cm™> d

-

lateral soil water flows at edge of |septic bed, c¢m/d

3

lateral fonic fluxes at edge of septic bed, meq cm” -}

d




169

~ Chloride tévnitrate ratios and denitrification rates are also calcul-
ated in step 4.

Fluxes of soil water and of individual jons are calculated in
the fifth step. First, measurements describing the soil characteristic
desorption curve are read in. These include soil moisture content and
conductivity at saturation and paraméters for the log-log equation
between moisture content and pressure potential. From this, actuyal
soil water conductivity and soil water potential in each soil horizon
are calculated. These two terms ére used to calculate vertical and
lateral fluxes of water and soil ions iﬁ solution. Vertical water
movement 15 calculated from actual conductivity and the difference in
‘ hydraulic potentials. Vertical soil fon flux is then calculated f#om
vertical water flow and soil ifon concentration. Lateral water and soil
" jon fluxes are calculated in the same way as vertical fluxes, except
- that the lateral differences iﬁ/hydraulic potential and conduct}vity
are used. ' ‘

The computed values for soil water and soil ion fluxes and
_ other soil properties are printed by the computer and these are listed
in Tablerc.l. This program consists of about 400 cards of Fortran
statements.

)

b. The Fortran Program BALANZ

~ Since the program BALANZ deals with data taken at diffefent
times, the rates of change in magnitudé and flow of soil jons n solution
and water are computed. This résults in 2 4arger program and more

printed output. Sihce this makes the program difficult to follow, 1t
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is described in more detai].. This érogram is also divided into five
steps, except the steps are not arranged sequentially, aé in the first
program BALAN1. Originally, the steps were arranged sequentially, but
the storage required by the program exceeded that available in the
cbmputer. Rearranging the steps permitted some savings in storage
used and alleviated this problem. In step 1, the concentrations of soil
fons in solution in meq/cm3 are calculated. In step 2, the soil ions
jnvolved in plant uptake and evapotranspiration are calculated. In the
third step, the fluxes of soil water and soil ions in solution are
calculated. In the fourth step, adsorbed cations are calculated using
multiple regression and the equilibrium model. In the fifth-step,
denitrification is’calculated. The ohtput or printing of the calculated
values is «done after these steps are completed. |

In the comments at the beginning of the program, fé]lowing the
title, there is a legend to theliarious‘deep soil inspection b1t§ and
a second legend indicating how fluxes up and down ‘the profile, and into
and out of the septic bed, are identified. Space 1s ‘then dimensioned
for the parameters in tbe pragram. Step 1, which calculates soil ion
concentrations in solution in heq/an3,'1s the staEting statement,, In
lines™ 75 to 77, the dimensions of the data matrix aré defined. The
equiva]ent weights of the soil jons are then defined The data necessary |

3 are read in and

for calculating soil ion concentrations in meqg/em
include soil ion concentration; in moles/1, bulk density and gravi-

metric moisture content. Cation exchange values and equil{br1qg con-
stanig are also read in. The latter were calcuiated in the .program |

BALAN]. Volumetric soil moisture 1is then caﬁculated from grayimetﬁicu

»
o
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soil moisture in lines 96 to 101. fof]owing-this, soil 1on concen-
trations in meq/cm3 are calculatéd dan to line 113 gnd this ends the
first step.

The second step,.which is small, begins at about line 115 and
calculates 'soil ions in plant uptake; Measured values for evapotransj
piration are read and the ions adsorbed in it are calculated in the
fql1ow1ng DO loop, wh{ch extends to line 146. The next step, number 5,

is only 10 Tines long and in it, denitrification is calculated from the

chloride-nitrate ratio.

The last two steps gre the longest steps in the program. Step 4

calculates adsorbed ions and'extends from line 157 to 356. First,

adsorbed cations are calculated from multiple regression. The parameters

tn the multiple regression equations are read in lines 165 to 169. The
values for adsorbed‘cations are then calculated in a 00 loop from lines
176 to 190. . The adsorbed cations are calculated next using the equili-
brium mode}. This is done in a large DO loop from lines 204 to 220.
This is followed by a series ofgeight nested D0 loops which are
used to calculated average daily changes in four .calculated soil prop-
"erties._'Two nested DO Toops are required to calculate the average

daily change in one calculated soil property. The first loop arranges

"a vector of calculated values into a two-dimensional matrix, with one

dimension represeqting.the time of sampling. The second DO loop then.

subtracts each calculated value from the one on the previous samp]jng

4

AN

for the same pit and depth, and divides it by the eldpsed time.between
tbe_two samplings. Thus the average daiiylghanges in soil ion concen-

trations, cation adsorption, soi] fon uptake and denitr1f1cat10q can be
. R “ . L . . i
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g >
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caleulated.

The last major step in the program calculates soil water flow
per unit area and fluxes of soil ions in solution. This step extends
from line 337 to 512. In line 344, the time interval between samplings
is defined. In the next line, the parameters used to calculate water
potential 3and unsaturated hydraulic conductivity from volumetric soil
moisture are read. The parameters read iﬁc]u&e conductivity at satur-
ation, moisture dantent at saturation, the slope and intercept gf the
1og-1og relationship between pressure potential‘and volumetric soil
moisture content, and tﬁe moisture contént below which this relation-"
ship holds. Moisture contents higher than this value are set equal -to
saturation moisture content.

- Folloyinb this, in the DO loop from line 348 to-35/, unsat-

urated conductivity is calculated for each soil sample. The next loop

from line 359 to 366 calculates the water potential for each soil sample.

The third nested D0 loop is used to arrange these water potential values

in a two-dimensijonal matrix, in order to assist in. the calculation of
the water potential gradient in the next D0 loop. This DO Yoop extends
from 1ine 389 tao 400 and thelvert1ca1 fluxes of water and sqi] jons in

solution are calculated from jt. Soil water flows are calculated

from the hydraulic conductivity--which can be saturated or unsaturated--

and the hydraulic potential gradient. This is multiplied by 24 to

convert the flow from hourly to daily measurements. The soil fon fluxes

% . i .
are then calculated from the water flow and the coqcentration of soil

ions in so]ut3on; _ 0

Ed

TheAnext two nested D0 loop are used to'ca]cq]até the averaée

|}

»
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daily change in water flows and the fluxes of soil jons in solution.
The approach is the same as that used to calculate average daily changes
in soil fon concentrations, for example} in ]ings 222 to 254 and
discussed in the previous step.

From measurements in the soil trench at the interface between
the field and forest, lateral water flows . and fluxes of soil ions in

solution are calculated in lines 439 to 512. A nested DO loop is used

to calculate the lateral water potential gradient from water potentials

already calculated. In(the next nested DO loop extending from line 459
to 471, the lateral water flow and fluxes of soil ions. in solution Qre
calculated using the same technique as fo} the vertical fluxes. The
dfrection of flux, either up or down the\profile. or in or out of the
bed, is indicated by the sign of the value, as explained in the legend
at the beginning of the program and this discussion. The last two

nested N0 loops in this step are used to calculate the average daily

.change in lateral fluxes in the soil trench. The_approach is the same

as that used to calculate the other, previously discussed, average daily

changes. A small DO loop was inserted to convert soi) depth measure-

,ments in inches to centimeters.

‘The reét of the program consists of output or the printing of
calculated valges. Forty-five pages of results are printed. This
;epresenis 20 different sets of values. For each set of values, a title
acrosé the top 6f the page is printed. 7This indicates.the group of
values to be printed and usually {nc]udes thé units of measurement.

Beneath this, headings are printed identifying each column of -values.

Down the right-hand side of the page of printed values, the soil pit,

<
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sample depgh in cm and the time of sampling are indicated for each
sample. -The time of sampling is time elapsed in days from the commence-
ment of effluent flow. The location of each soil pit is indicated in
the legend at the beginning of the program, as previously mentioned.

A1l measurements of soil ion concentrations, either in so]ut{on or
adsorbed on the exchange complex, are in meq/cm3. A1l measurements

of fluxes of soil ions in solution and denitrification are in meq cm"3 d
A1l measurements of daily change in soil fon concentrations in solution

and adsorbed are also in meq ™2 d']

. Soil water flows per unit area
' ' ~
and daily changes in these flows per unit area are in cm/d. The

prog;am consists of 709.cards of Fortran statements.

¢. The Fortran Program BALAN3

This program calculates lateral f]uxeS of water and nitrate in
solution and the rate of denitrification during continuous effluent
flow. It is the smallest of the three programs, éons1sting of 115
Jines of Fortran statements. Following the title of the program, a
legend indicates fluxes into and out of the bed which are distinguished
by their sign., Space is dimensioned for the variables in lines 16 to 20.
The equivalent weights of the soil ions are defined in 1line 23, along
with the size of the data matrix and the lateral distance between
sample points. In lines 24 to 26, the soil fon concentrations in
solution, in moles/];'the gravimetric sofl moisture content, soil depth
and sample site 1dentification are read and stored in the computer. In

lines 27 and 28, the parameters needed to calculate wgter flow from

. values of moisture content are read. These parameters include hydraulic-

-1



-
e 4 P SN I T g

! 175

conductivity at saturation, moisture content at saturation, the slope
and intercept of the log-log ré]ationship between pressure potential

and moisture content, and the moisture content below which this relation-
ship is valid.

In the small DO loop extending from lines 30 to 34, volumetric
soil moisture is calculated from gravimetric soil moisture and bulk
density. In the next.DO lbop, the concentration of soil ions in meq/cm3
1s calculated from their concentration in moles/l and from their equiv-
alent weights. The next DO loop extending from line 42 to 49 calculates
unsaturated soil water conductivity for each sample. The next DO loop
calculates denitrification from the chloride to nitrate ratio.

\‘ Following this, water potential is calculated for eachssample

in a'DO loop which ends at line 62. The next DO loop-calculates the

difference in lateral hydraulic potential between the sample inside

the septic bed and the nearest sample outside the septic bed at the

same depth. The distance between these samples 1s‘approx1mateiy 182 cm.

The next loop extends from 1ine 67 to 74 and is used to calculate lateral

soil water flows and lateral fluxes of soifa1onsq3n solution. In

line 68, soil water flows are calculated from the soil water conducti-

vity and hydraulic potentﬁal gradient. Lateral fluxes of soil fons in
wsolution were then calculated from the flow of soil water and the con-

centration of soil ions in solution. The next loop calculates the

difference between lateral water flow and the Tateral flux of nitrate

in solution. 'Attempts were unsuccessful at correfat1ng this with other

parameters, 1nc1ud1ng'calcu]ated denitrification, as a means of explaining

variations in this difference. The last D0 loop in the main part of thg

R
iy
e

\ i \
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program converted measurements of soil depth in inches to centimeters.
The remaining 34 lines of Fortran print the calculated values.
The headings, labelling and units of measurement of the calculated

values are very similar to those in the programs BALAN1 and BALANZ.

The concentrations of soil jons in solution are in meq/cm3 and the

fluxes of soil fons in solution and denitrification are in meq e d),

The water flows per unit area are in cm/d.
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APPENDIX D

-

DERIVATION OF FIGURES IN TABLES 2.5, S.i AND 5.2

D.1 Derivation of Figures in Table 2.5

§D’.Z Derivation of Figures in Tables 5.1 and 5.2
a. Total Nitrate Flux in Septic Bed Soil

b. Total Water Flow in Septic Bed Soil
¢. Other Nutrient Fluxes
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APPENDIX D

DERIVATION OF FIGURES IN TABLES 2.5, 5.1 #nd 5.2

D.1 Derivation of Figures in fab]e 2.5 4

| Table 2.5 represents an attempt at assessing overall o@ggjy//
of N and P from septic systems in the United States and Ontario, using
pubf}shed data.

Ryden et al. (1973) estimated total domestic wastes in the U.S.
at 91 x 106 to 227 x 106 kg P/yr. This represents a wastewater concen-
tration of 35 to 90 ug P/1. He suggested that regional variation was
mainly due to variation in use and composition of detergents. Porcella
and Bishop (1975) estimated average P and N total domestic waste prod-
uction at 2.18 ké P per capita/d and 10.8 kg N per capita/d. Of‘;his,
0.96 kg P per capita/d was estimated as i%; gent. Their estimate of
total domestic P use was 176 to 203 x }ngkg/h Reneau and Pettry
(1975) - estimated that there were 32 m1111on people on septic systems
year round. Their daily water consumption was estimated at 378 1 per
capita/d (100 gal capita'] d°]). This is twice the averageﬁper capita
water use commonly reported. Using the figure for average water use of
50 gal capita-] d'], the number of people on septic systems in the
United States (32 million) and estimates of the maximum total P and N
output from septic tanks, it is possible to estimate N Snd P input from

septic systems( Assuming from Table 2.2 that maximum total P and N

200
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output from septic tanks is 20 and 50 mg/1 respectively, N and P input
is estimated at 8454 and 2114 kg/d respectively. Brandes et al. (1975),
using the 1971 Canada census, computed that there were } million
conventional septic systems in operation in Ontario, serving more than
13 million people. Using this figure, the maximum P and N concentrations
and average household water use, estimated P and N loads for Ontario are
396 and 990 kg/d respectively. . .
 Using figures from Walker et al. (1973b), a third estimate of
N input from septic systems can be calculated. Based on their own
measurements of effluent levels in septic beds, they estimated the N
input was 33 kg N/yr per septic'system and 8.2 kg N/yr per person.
These figures produce two very different estimates of N input for

Ontario and one for the United States. The average of these estimates

for Ontario is 39,450 kg N/yr and 718,902 kg N/yr for the United States.

D.2 Derivation of Figures in Tables 5.1 and 5.2

Tabtes 5.1 and 5.2 summarize the fluxes of water and nutrients

~

being lost to groundwater from the septic bed and reference soils.

a. Total Nitrate Flux in Septic Bed Soil

(i) Lateral Flux

: 6
Fron BALAN3, the average lateral N0, flux = -.4418 x 107
NO; meq em™S a7,
6The sign indicates flux direction; for lateral flux, - = flux
out of septic bed, + = flux into septic bed, for vertical flux, - = flux

down the profile, + =uptake. .
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Since the perimeter of the septic bed is 36 m or 3600 cm,

6

* flux for a 1 cmS slice at 30 cm =-.4418 x 10~8 x 3600

=-.15905 x 1072 NO, meq en3 47,

If the flux were the same for the whole profile (0-100 cm), total flux
_ —~

would be -.15905 NO, meq em3 g7 ,

If the flux came through in 10 cm, total flux would be -.15905 x 10” .

>
-1

total lateral flux must be between -.1 and -.01 NO3 meq cm43 d

Using data on lateral fluxes at the edge of the septic bed from $BALANi,
the range can be narrowed. BALAN1 indicates lateral flux at 22 .to 32 cm
is 66% of the average profile flux. The NO3 flux reaches a maximum at
30 to 60 cm, where it is 1.92 times as large as the average flux.
Assuming 30 c¢m depth in BALAN3 approximates flux from 32 to

.60 c¢m in BALAN1, thén for 28 cm between 32 and 60 cm:

2 1

total lateral flux= 28 x -.15905 x 10°° =-.44533 x 10 .

For 100 cm between 0 and 100 cm, assuming the average flux is the maximum

divided by 1.92, then:

total lateral flux — -.15905 x 1072 x 102

1.92

= -.82838 x 107" N0, meq/d.
Or, of the whole profile, about 60% of the lateral NO3 flux comes
through between 30 and 60 cm.

(ii) Vertical Flux

From BALAN1, vertical flux of NO, at the edge of the septic bed

-1

3

and bottom of the profile is: -.234 x 10'5 NO3 meq cm'3 d Since the

area of the septic bed is 72 m° (6 m x 12 m), total vertical flux

——
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=(-.236 x 107°) x 72 x 10% = -1.685 meq/d.

(ii1i) Comparison of Vertical and Lateral Fluxes
Total flux = 1.768 meq/d for the septic bed or on a cm3 basis,

total flux _ g3.768 _ .245 x 107 1,
= ]
72 x 10

meq a3 d

Vertical flux = 95% of total flux although lateral flux does reach up

to 90% of the average vertical flux when denitrification is limited.

b. Total Water Flow in Septic Bed Soil
(i) Lateral Flow ‘
From BALAN3, the average lateral water flow = -34.25 cm/d.
Since the perimeter of the septic bed is 36 m or 3600 cm,
flux for a 1 cm® slice at 30 cm = -34.25 x 3600 = -123300 cm/d.
If the flow were the same for the whole profile (0-100 cm) or if the
flow came through in 10 c¢m, total flux would be between .123 x ]09
and 108 cm/d.
Similarly to the computations of nitrate fluxes, this range can be
narrowed. For the 28 cm between 32 and 60 cm, total lateral fl?w
28 x .123 x 10% = .344 x 107 cm/d.
For 100 cm between 0 and 100 cm, total lateral flow

6 102 _ 641 x 107 cm/d

123 x 10
1.92

or, of the whole profile, about 54% of the lateral water flow comes

through between 32 and 60 cm.
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(i1) Vertical Flow
From BALAN1, vertical flow of water at the edge of the septic
bed and bottom of the profile is: 60 cm/d.

Since the area of the septic bed is 72 mz,

total vertical flow 2 60 x 72 x 107= .432 x 108 cm/d.

(iii) Comparison of Vertical and Lateral Flows

Verticad water flow << lateral water flow.

Total water flow = .4961 x 108 cm/d. for the septic bed or 69 cm/d for
1 cm.

0f this, 87% is vertical flow.

c. Other Nutrient Fluxes

(i) Vertical Phosphate Fluxes in the Septic Bed

BALAN2 computes the PO4 fluxes entering the/C horizon from the
lower B horizon at an average level of: .499 x 10"3 meq cﬁ:? qf].
Precipitation in the C horizon reduces the concentration to fhe
reference levels (Fig. 4.6). Since vertical water flux in the C horizon
of the septic bed soi]?is 25 to 50 times the flux in the reference ;oi]s,
PO, flux in the C horizon is estinated at: .131 x 107" meq cn™> ¢”'
(average of 133.2 and 128.04).

e

(ii) Total PO, and NH, Fluxes in the Septic Bed

4
Ignoring lateral flux, total PO4 and NH4 fluxes leaving the

septic bed are computed:
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Total i, = .915 x 1077  x 72 x 10* = .06588 mea/d
Total PO, = .131 x 1074 x 72 x 10% = 9.432 meq/d.



APPENDIX E

COMPUTER MAPPING OF SOIL IONS AND SOIL MOISTURE
IN THE SITE AREA AND IN A TRANSECT THROUGH THE SEPTIC BED
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FIG. E.1 Soil pH at 30 cm depth in the site area_?uring continuous
effluent flow, contour interval 0.1, 10 pH units
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. FIG. E.2 Sodium in soil solution at 30 cm depth in the site area

during continuous effluent flow, contour interval 0.005,
10 " moles/1 :
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FIG. E.3 Soil moisture by weight at 30 cm depth in the site area 0
during continuous effluent f]ow_, contour interval 4.0, 10~ %
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FIG. E.4 Soil oxygen diffusion rate at 7 cm depth in the site area

duging conginuous effluent flow, contour interval 4.0,
10” ug ecm “ min . )
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FIG. E.5 Soil oxygen diffusion rate at 30 cm depth in the site area
" during cogﬁinuogi effluent flow, contour interval .2.0,

. 10" ug cm ~ min
4.
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FIG. E.6 Nitrate in soil solution at 30 cm depth in the site area
during continuous effluent flow, contour interval 0.00025, .

10 ~ moles/1
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N ' .
FIG. E.7 Soil pH in a transect through the septic bed soil 13 days
after cessation of effluent flow, contour interval 0.1,
10 ' pH units

Y.
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FIG. E.8 Soil pH in a transect through the septic bed soil 26 days
afggr cessation of effluent flow, contour interval 0.1,
10 ° pH units
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FIG. E.9 Sodium in solution in a transect .through the septic bed soil
13 days aftgr cessation of effluent flow, contour interval
0.0005, 10 " moles/l
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FIG. E.10 Sodium in solution in a transect through the septic bed soil
26 days after cessation of effiuent flow, contour interval
0.001, 10 ~ moles/}
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FIG. E.11

Soil moisture by weight in a transect through the septic
bed 13 days afte5 cessation of effluent flow, contour
interval 2.0, 10 %
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FIG. E.12 Soil moisture by weight in a transect through the septic

bed 26 days afteﬁ cessation of effluent flow, contour
interval 5.0, 10° %
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* FIG. £.13 Nitrate in solution in a transect through the septic bed
soil 13 days after_gessation of effluent flow, contour
interval 0.001, 10 ~ moles/]}
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FIG. E.14 Nitrate in solution in a transect through the septic bed
soil 26 days after_&essation of effluent flow, contour
interval 0.005, 10 " moles/1 '
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