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DISCLAIMER

This report has been reviewed by the Water Research Commission (WRC)
and approved for publication. Approval does not signify that the contents
reflect the views and policies of the WRC, nor does mention of trade names
or commercial products constitute endorsement or recommendation for use.

NOTESON THE DISTRIBUTION OF THE SOFTWARE AND
USER'S GUIDE

The expert syssems-based software, ELADS (Effluent to Land Decision-
Support software), may be down-loaded from the WRC internet site:
http://www.wrc.org.zal

Responsibility for decisions made using ELADS rests with the user.

CURRENT STATUSAND FURTHER CHANGES

Please note that the current version of ELADS is a simple working version
which has not been completely validated. It should therefore be considered
useful for demonstration purposes only.
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Term Description applicableto thisreport

Alkalinity The capecity of water to neutralize acids (as calcium carbonate
concentration in mg/().

BOD Biological oxidation demand: Quantity of oxygen used in the biological
oxidation of organic matter for aspecific time: A measure of short-term
biodegradability.

CEC Cation exchange capacity: A measure of the sum of exchangeable cations
that a unit mass of soil can adsorb.

COD Chemical oxidation demand: Quantity of oxygen used in the chemical
oxidation of organic matter: A measure of long-term biodegradability.

Effluent Wastewater flowing from anindustrial process or atreatment plarnt.

Permeability The ease with which gas or liquids pass through a soil or soil horizon.

pH Degree of acidity/alkalinity. Low pH: acidic, high pH: akaline.

SAR Sodium adsorption ratio. SAR = Na/ (Ca+Mg)/2)"0,5

TDS Total dissolved solids: The total mass of dissolved saltsin alitre of water.

Toxic substance

Leaching factor (LF)

Crop factor (CF)

A measure of salinity.

An element or chemical compound which has the potential to cause sickness
or death when taken up by plants or animalsin relatively small quantities.
The proportion of total moisture applied to the land surface, which
percolaes through the soil until it isout of reach of plant roots and where
capillary forces cannot bring the moisture back to the surface.

The ratio of potential evapotranspiration of the crop and ground surface to
potential evaporation from an equivalent area of open water.

More comprehensive terminology descriptors can be found in Department of Water Affairs and

Forestry (1996).




EXECUTIVE SUMMARY

Background and motivation

South Africafacesmaj or problemsin disposing of itsliquid and solid wastesin an environmentally
sustainable manner, asitswaste productionisexponentially increasing and costsare a so increasing
per unit mass of waste to be disposed of in an environmentally sustainable way. Being asemi-arid
country, South Africaisfacing afurther problem regarding severelimitson avail able, good-quality
water resources.

Hence the major problems are:

(i) The ever-increasing waste-production volumes with increasing costs of treatment and
disposd, present sgnificant implicationsfor our economy.

(i) Waterisascarceresource. Asdemand outstrips supply, thisforces up the cost of water and
iMposes more severe restrictions on water use.

(iii) Water pollution has become an ever-increasing threat to our economy, quality of life and
environment.

It is believed that South Africaneedsto utilize effluentsin such away that wastewater is used for
non-potable purposes (such as for agriculture) in place of fresh water, and that the latter water is
reserved for potable and recreational use. Aseffluent producersarelikelyto want to reduce effluent
volumes needing to be disposed of by evaporating as much of it as possible, a regulatory
mechanism is needed to ensure that excessive amounts of moisture from effluent are not
irretrievablylost to theatmosphere. Itisimportant that cropsand soil be selected primarily ontheir
capacity to treat non-saline effluents effectively, and that effluent then be applied at a rate not
greater than that which matchesthis capacity. L and application of effluentsneedswise management
and control in order to:

d  minimize health risk to field workers and crop consumers,

minimize pollution risk to water resources,

minimize needless water |osses to the atmosphere,

minimize the impact on the environment (e.g. ecologicad impact; odour impact),
maximize the benefitsin terms of crops grown,

save on effluent treatment costs, and

o J o o0 o0 o

maximize the availability of higher quality source water for alternative use, etc.



The Water Acts of 1956 and 1998 require largeindustrial users of water in South Africato return
water to the point (or catchment) from which it is abstracted, in a condition suitable for reuse by
downstream users. Regulations in terms of the Health Act of 1977 lay down rules regarding
whether the land-application of sewage effluent for specific usesisallowed or not (Department of
National Health and Population Development, 1978). The Environmental Conservation Act of
1989 recommends that waste be reduced a source or elserecyded in preference to being disposed
of. Effluent consists of a combination of water and waste, and in order for effluent disposd to
comply with these acts, thefollowingisbelieved to be reevant:

Where it is not feasible to treat an effluent to the standard required for return to the point of
abstraction of the original fresh water, other options should be promoted, such as the reuse of the
effluent with or without pretreatment (dependent on characteristics of the effluent). If the effluent
ispathogenic, thehealth regul ations (Department of National Health and Popul ation Development,
1978) may be employed to help determine what reuse options are acceptable for the effluent in
guestion. Reuse of effluentsmay beforindustrial or agricultural purposes. Inthecaseof thelatter,
organic and nutrient contaminants aswell asthe moisturein effluent can be beneficialy utilized for
growing crops and grasses. The organic content, if high enough, helpsto improve soil structure
and also performs as a slow-release fertilizer, and the nutrients help supply immediate plant
nutrient needs. Thus the reuse of such effluents results in a saving on fertilizers. The moisturein
effluent may be used inplace of irrigating withfresh water: “By utilising moisturein effluent, fresh
water which would normally be required for agriculturemay be saved for other use.” (Shuval et al.,
1986). Regarding the application of effluentsto land for beneficial purposesin South Africa, there
isbelieved to be a need for devel oping further guidelines and modifying the existing ones, so that
together they may underpin (or form part of) an environmentally compatible effluent management
strategy for South Africa, compatible with the latest government policiesrelating to water, health,
environmental conservation, agriculture, forestry and land-use (examples of relevant legislation
follow):

Constitution of the Republic of South Africa (Act No 108 of 1996)

Physical Planning Act, No 125 of 1991

Environment Conservation Act, No 73 of 1989

National Environmental Management Act, No 107 of 1998

Health Act, No 63 of 1977

Atmospheric Pollution Prevention Act, No 45 of 1965

Land Use Planning Ordinance, No 15 of 1985

Nuisance Regulations137/1974

Environmental Health By-Law 314/1990

Draft White Paper on Environmental Management Policy for South Africa, 1998
Draft White Paper on Integrated Pollution and Waste Management for South Africa, 1998

In the light of increasing environmental consciousness, and due to the rapidly expanding
populations in South Africa, thereis alarge increase in the production of liquid and solid wastes
together with diminishing options for environmentally-sustainable disposal of that waste. Land
application for treatment of sewage and other organic and pathogenic effluents should enjoy high
priority in South Africa, as research shows that soils are amongst the most efficient means of
treating such effluents (Bouwer, 1985). Although this may be considered a cheap option, it must
be considered together with suitable Ste selection as well as proper design and regular upkeep of
primary treatment facilities and land application systems. Where soil treatment facilities are
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installed and overseen by a responsible authority and no important water resources are at risk, it
is believed that land-application systems should find widespread use for low population density
areas in South Africa.

Conventional wastewater treatment systems (such as activated sludge systems) are not able to
remove all the nutrients or pathogens in wastewater that soil and vegetation can (Bouwer, 1985;
Shuval et al., 1986). By utilising nitrogen and other nutrientsin percol ating effluent, managed crops
help cleanse the effluent from wastewater treatment systems of nutrients and in so doing, saveon
the cost of specialized effluent treatment and on the cost of fertilizers. Prior to dischargeto ariver
or stream, treated effluent usually needsto be chlorinated in order to kill off any existing pathogens
in the effluent. Chlorination of treated effluent from a conventional treatment system forms tri-
halomethanes (THMs) which are known to present arisk to in-stream ecosystems and, to alesser
extent, a cancer risk when used for drinking water purposes (Khouri et a., 1994). Given the
constrantsof proper site selection, system design and effluent management, treatment of partially-
treated effluent by soilsisbelieved to bean effective, low-cost, environmentally friendly aternative
to full conventional treatment.

There are several options to consider when applying effluent to land: to supply crop nutrient
requirements; tosupply crop water requirementsor totr eat theeffluent by employing thefiltering
capabilities and chemical attenuation characteristics of soil and vegetation. A further option,
disposal of effluent to land, should preferably be the last option made available to effluent
producers, and where practised, it needs to be done without an unacceptable negative impact
occurring on human health, water resources or the environment. In most countries, the major
objectiveof effluent toland applicationsisthedisposal of effluent at minimal cost/impact to (a) the
effluent generator, (b) human hedth and (c) thereceiving environment (Shuval et al., 1986; WHO,
1995). Guidelines are needed to help address the issues of crop nutrient and water requirements,
on-land effluent treatment options and the impact of effluent application to land on human hedth
and on the receiving environment.

The need for guidelines for effluent gpplication to land is becoming more acute, and as these
guidelines are necessarily complex, there is aneed for such guidelinesto be incorporated in user-
friendly software. Software which supplies tools to hdp in guideline interpretation and
implementation, if thisisintegrated with some form of routine "intelligence”, should be of vaue
to potentia users, as such users are not likely to have all the expertise needed in order to interpret
and implement the guiddines. The development of expert systems-based decison-support tools
is believed to be away to obtaining such software.

Objectives of the study
Theoverall objective of the research project isto devel op expert systems incorporating guidelines
and adviceonland-based effluent disposal and effluent use, together with relevant decision-making

processes, in order to providedecision-makerswith appropriate, readily accessibleinformation and
expertise on personal computers.
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Aims;

a  Develop an expert system to give advice and to present regulatory conditions for effluent
disposal-to-land permitting purposes.

b. Developan expert sysem whosepurposeisto present relevant guidelines and to giveadvice
on the beneficial use of effluent for agriculture and forestry.

c. ldentifyasuitable | EM strategy for effluent-disposal or effluent use permitting purposes, and
determine how this strategy may be used to underpin the permitting process. Develop a
coordinating expert system whosefunctions are to give advice on the permitting strategy, to
give other supporting information and to call up the other expert systems.

d. Develop an expert system to help select cost-effective sewage treatment and effluent to land
disposal facilities for communal purposes (e.g. schools, day-care centres, clinics, shopping
areas) in rural developing communities.

Results

Although the objective and aims were to devedop expert systems, before the software could be
developed there was a need first to gather rdevant information applicable to South African
conditions. It was found tha there isinsufficient literature available applicable locally, and so a
searchwasmadefor relevant guidelinesfrom overseasliterature, and several overseasexpertswere
visited in order to gather practical information and further literature. Thereisawealth of literature
on theirrigation of partially-treated sewage effluents to land in terms of impact of pathogens on
human health, in terms of theimpact of saltson plant health and soil permeability, and on moisture
and nutrient requirements of crops. There is some information available on the impact of trace
elements which is relevant for sludge, and very little which is relevant for effluents. The World
Health Organization (WHO, 1995) produced a report which recommends that a procedure similar
to that whichis used in the United States for the land application of sewage sludge (which isalso
similar totheone currently used in South Africa), be used for effluents. However, itisbelieved that
priority contaminants for sewage sludge are mostly different from those for effluent, and a specific
problem relating to the bioavailability and mobility of contaminantsin soil would depend not only
on the contaminant itself, but also on the form of contaminant. Contaminantsin dudgesarelikely
to be mainly in their insoluble form, whereas contaminants in effluents are likely to be mostly in
their soluble form. For similar concentration levels, the impact on plants and on groundwater of
contaminantsin effluent isthereforelikely to be higher than for contaminantsin sewage sludge, and
so arisk-based special study is recommended for priority contaminants in land-applied effluent.

An attempt has been made in this study to characterize effluent and soilsin order to facilitate the
planning and management of effluent application to land. The effluent characterization needs to
account for the potential risk that contaminantsin effluent might have on plants, animasand water
resources. The soils characterization needs to be able to describe the potentid ability of soilsto
attenuate contaminants in effluent, given afew key soil characteristics.

A procedureto address the suitability of effluent for irrigation has been drawn up. The framework

adopted for this issimilar in many respectsto theone used for the permitting procedure for dudge
application to land in South Africa (WRC, 1997). This was done as it will be more likely to be
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adopted for permitting purposes than the more complex one drawn up to follow an environmental
screening approach (See Figure 1 in the appendix). Thefirst stage addresses an effluent treatment
stage/land-use screening procedure (like the one currently used for effluent application to land in
thiscountry (Department of Nationad Hedth and Population Development, 1978)), thenext stage
addressessuitability of site conditions, and thethird addressessustainableland applicationratesand
al so specifies applicable design, planning and management measures. The procedure assessesthe
suitability of an effluent for application to land, dependent on:

(@

(b)

(©)

effluent pathogen characteristics/treatment stage and application/crop type, in accordance
with health guidelines (for example: Department of National Health and Population
Development, 1978);

the required site-specific characteristics on whichto base ajudgement in terms of acceptable
slope, depth-to-groundwater, distanceto residences, geol ogy and soil characteristics(amongst
others);

acceptable application rates dependent on crop nutrient requirements, contaminant loading
rates and climatic water balance limitations,

specifying applicable design, planning and management measures. The suggested procedure is
presented in more detail asfollows:

Effluent / crop type/ land-use acceptability criteria:
| dentify relevant effluent/ crop type and effluent/ land-use characteristics. Determine
if the combination is acceptable or not in terms of health guidelines. If acceptable,
indicate what restrictions or protective measures (if any) arerequired. Unacceptable
combinations represent overriding criteria.

Effluent/crop, climate and site criteria: Identification of further overriding criteria, limiting
conditions and relevant corrective measures:

(i) Information gathering
@  Obtain effluent analysis and soils analysis data.
[  Obtain relevant information on topography and climate.
a  Identify key/ important criteriaon geol ogy, geohydrology and hydrology.
a

Identify other important site criteria, e.g. adjacent land-uses, land-zoning, site
access, etc., and measure relevant separation distances.

Identify suitable crops or else select and assess the crop types that have been
specified by site owner/manager.



(i)

(iii)

Obtain seasonal crop factors and nutrient requirements of the relevant crop(s),
taking into account crop growth characteristics and expected nutrient removal at
harvest.

Obtain data on effluent gopplication area(s) and monthly volumetric effluent
discharges.

Derivation of results

J

Derive monthly climatic "water balance" criteria, taking into account leaching
and crop factors.

For soil, derive current (bioavailable) toxic contaminant levels and also residual
N in soil.

Derive nutrient, organic, contaminant and moisture gpplication rates.

Determineif any limits have been overstepped in terms of nutrient, contaminant
and moisture application rates, and if so, by how much.

If any limiting condition is overstepped, determine percentage reduction
requirements on effluent in order to satisfy each of the limiting conditions.

Present options on how to address relevant limiting conditions.

Allow changes to be made to effluent application rates and crops to be grown.
Re-assess to what extent any potential limiting conditions may be overstepped,
then alow further changes and reassessments to be made until a suitable

application rate and crop type are found.

Consider any mitigatory measures that may be applicable, and recommend those
that are most suitable, if the required effluent application rates are to be allowed.

Reporting requirements: ldentify overriding and other important issues and link each
torelevant regulatory conditionsaswell as mitigatory measures, where applicable, and
attach relevant recommendations and/or other advice.

J

Indicate whether the effluent type /land-use and effluent type/ crop type
combination is acceptable.

Taking into account the type of ownership/control over site, do the following:

o Indicatewhether therequired effluent volume application patterns, etc. are
acceptable.

o Indicate whether effluent/soils analysis results and important site criteria
are acceptable.



> Highlight potential problems relating to other site criteria.

o |If the proposed effluent gpplication to land is acceptable, lig relevant
planning/design/management measures.

o |If the proposed effluent application to land is not acceptablein its current
form, indicate why not, and list what conditions, if any, could berequired
for the proposal to be reviewed.

Thisprocedureiscomplex, and the software devel oped as part of thisproject isdesigned to provide
decision-support tools for permitting officials and others who are involved in tasks relating to
effluent irrigation to land for long-term sustainability. Theoriginal aim herewasto devel op expert
systems-based programs, and during the course of the study it became evident that, for some
components, procedural and database programswould be more effective for some computations
(and these have been utilized for such purposes), and expert systems extensions can then be used
to interpret the results.

Before being in a position to develop software, it is necessary to have guidelines. There being no
guidelinesfor general application of effluent toland other than Thompson'sguidelines (Thompson,
1985) and the Department of Health’ s screening regulations, it was decided to use these asabasis
for software development. However, it became evident that these guidelineswere limited in terms
of the effluent categories presented in them, and so an effluent characterization investigation was
done as part of the study. It isbelieved that effluents need to be suitably characterized in order to
facilitate guideline development. The following is a summary of the most important guidelines
relating to effluents which display certain characteristics:

a  Effluentswith a high pathogen content require certain treatment stages and controls on crop
irrigation practices to be specified (backed up by monitoring), with the aim of protecting
human health.

a  Effluentswith significant quantities of potentially toxic trace elements need to be restricted
in terms of levels of contaminant build-up in site soils as wdl as in terms of annual
application rates. Thisis neccessary to protect human, animal and plant heath via different
food-chain pathways.

a  Effluentswith high nutrient loadings need to be restricted in terms of the amount that can be
applied to land in terms of what crops need, and soil liming may be required to counteract the
effects of soil acidification by organic and nitrogenous effluents.

a  Effluentswith significant concentrationsof macro elements(e.g. TDS, Cl, B, Na) need to be
applied to those crops and soils which are rel aively insensitive to such concentrations, and
sophisticated irrigation and soil management may need to be carried out to minimize the
impact of those macro elements on crops and soils. (The impact on ground and surface
waters from saline return flows is not addressed in this study.)

a  Effluentswith ahigh concentration of biodegradable organics ("high COD effluents”) need

to be applied to land with consideration for impacts in terms of pathogen growth, odour
generation, insect breeding and soil acidification. Further, the likely effects of bacterial
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slimelayerson reduced soil permeability and theimpact of anoxic conditionsin soil on plant
root health may require that artificial drainage and wetting/drying cycles beinstituted.

Effluents which are acidic or akaline, and those which contain high concentrations of
suspended solids, detergents and greasegenerally need to betreated prior to land application.
Acidic or akaline effluents are likely to re-mobilize ionic contaminants sorped to soil
particles. Effluents which contain high concentrations of suspended solids, or oils and
greasxes, can clog soil pores at the soil surface, thus preventing irrigated effluent from
percolating down into the soil, and al so causing plant rootsto suffocate from lack of oxygen.
Detergents can remobilize contaminants in the soil, carrying them down to groundwater.
High-sodium, low TD Seffluents can a so cause soil cloggingin soilswhich haveasignificant
clay content (Pettygrove and Asano, 1990).

Soils need to be suitably characterized in order to help describe their potential ability to
attenuate contaminants in effluent, given a few key soil characteristics. The following
comments are relevant:

The overriding factor which influences the mobility or bioavalability of ionic
contaminants in soil is pH (Allen, 1997), where low pH mobilizes cationic
contaminants and high pH mobilizes anionic contaminants in a soil solution.
Secondary factors are the soil media type, where organic carbon, non-
kaolinitic/kaolinitic clays, iron/ manganese oxides/oxy-hydroxides and carbonate soils
are most effective in attenuating cationic contaminants in low and neutral pH
conditions, and to alesser extent in attenuating anionic contaminantsin neutral to high
pH conditions. Organic carbonismost effectivein attenuating certain heavy metalsand
non-volétile organic chemicals.

Effluents which contain high levels of pathogens, such as partialy treated sewage
effluents, are probably best applied on clay soils which contain humus and iron (e.g.
dark red clayey soils).

Sorption characteristics of viruses, which are the smallest most mobile pathogens in
soil, are similar to those of anionic trace contaminants. Hence soil swhich have ahigh
percentage of organic carbon, iron oxide and clay are considered suitable for virus
sorption. Sorption of viruses by soil media therefore significantly reduces their
bioavailability andtheir leachability. Larger pathogensarerapidlyfiltered outinclayey
soils.

The more mobile a contaminant is, the more it presents a risk in terms of groundwater
contamination. On the other hand, the less mobile acontaminant is, the morethelikelihood
of build-up of contaminant concentrationsin the soil surfaceto levelswhich could represent
an unacceptabl e risk-factor to plants, animas and humans (for the latter two, this would be
from eating plants or ingesting soil). However, therisk implied in the latter isusudly small
when considering agronomic applications.
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ELADS (Effluent to Land-Application Decision-Support software) is the expert systems- based
decision-support software devel oped aspart of this project. It hasbeen designed to address sewage
effluentsspecifically, but could al so be usedfor organic effluents, especidly if organic effluentsare
considered to be pathogenic, and to some extent it can be utilized for nitrogenous effluents and for
effluents containing potentially toxic trace elements. ELADS may bereadily modified so that any
site, soil or effluent-related limits specified by new regulations can be quickly implemented in the
software. Although ELADS has been designed to produce meaningful results, it islimited in the
extent of application (e.g. most components only address sewage effluents) and it has not been
extensively tested (for example, it has not been tried out with proposed users).

Components of ELADS include;

O A health-permitting tool for sewage effluent (incorporates regulaions promulgatedin terms
of the Health Act of 1977).

O A site-assessment advisor for sewage effluent, which may also haveapplicability for organic
effluents (no South African regulations are incorporated).

[  Soil contaminant limitsassessment component (the South Africanlimitsapplicablefor dudge
are incorporated, but should have no regulatory standing for effluent).

Monthly precipitation-evaporation assessment tool.
a  Effluent application rate assistant (no known South African regulations exist for this).

[  Crop selection assistant for crops (addresses crop sensitivity to TDS, Cl and B - not a
regulatory tool).

a  Sewage effluent health risk versus cost comparative assessor (based on information from the
London School of Hygiene and Tropica Medicine - may not be compatible with current
South African regulations).

[  Sewage treatment system option selection assistant (thisis not aregulatory tool).

A prototype soils attenuation expert system has been developed as part of another project funded
by the Water Research Commission (Sililo et a., 1999).

Recommendations

Land application of sewage and other organic/ pathogenic effluentsfor beneficial purposes should
enjoy high priority in South Africa, as:

[  research shows that soils are amongst the most effective means of treating such effluents;
cropirrigation allows the nutrientsin effluent to be recycled, thus reducing the need to add

fertilizersto crops and, as aresult of crops reducing nutrient concentrations in effluent, the
potential impact of such nutrients on water resources is reduced;
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irrigationwith effluentsin place of higher quality source water freesthelatter for alternative
use.

Along with the above comes the need to ensure that proper mitigation measures are in place, that
land application and drainage facilitiesare properly installed, that the sites are properly managed,
andthat the environmental impact of such activities has been assessed and accounted for. In order
to carry out theabove, not only arerestrictions needed in terms of effluent type/ treatment stage and
land-use category, but also restrictionsin termsof effluent type/ treatment stage and the following:

alowable site parameters (slope, depth to groundwater, etc.),
1 suitable soil characteristics, and
a  alowable maximum effluent application rates.

Together with the above comesthe need for the devd opment and institution of suitable procedures
designed to:

control the activities of effluent producers, and

d  help effluent producers to manage their effluents in an environmentally sustainable yet
affordable way.

These procedures are necessarily complex, so there is a need to have available suitable decision-
support tools for both administrators and site managers. Software tools could be in the form of
"intelligent advisors', geogrgphic information systems, database systems, "web-based"
communication tools and more. The expert systems-based software developed for this project,
once modified, expanded and validated, should providetherequired administrative advisory sysem.
Suitablelinks from this softwareto GI S systems, databases and the Web could al so be established.
(There are active linksto dBase tablesin the current software.)

Further measures to help reduce the impact of effluents on groundwater include the foll owing:

[  Plant suitable cropsin vulnerable areas:
Maize, sugar cane, certain root cropsand fruit treescan utilize nitrogen located as deep down
as2 metres. Unused nitrogen near the surface of the soil during the previous growing season
will most likely still belocated in theroot zonethefollowing year, and so not belog to these
plants (Burt and Haycock, 1993; Canter, 1997; Suarez, 1989).
Deep-rooted plants with high water requirements, including most species of evergreen tree,
helpto lower the groundwater table and to keep salts suspended in thevadose zone. (Suarez,
1989). Of al vegetation types, woodlands normally have the lowest concentration of N in
groundwater (Strebel et al., 1989).

[  Inarid areas, plant crops which require less water.
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For brackish effluents, plant salt-resistant crops so that less effluent isrequired for leaching
purposes (Department of Water Affairs and Forestry, 1993).

d  Establish buffer-strips:

Trees and shrubs growing in riparian (buffer) zones with shallow water tables reduce
nitrogen in groundwater (Power and Scheepers, 1989). Asdiscussed elsewhere, Eucalyptus
trees are in many cases good candidates for this purpose.

d  Usesoil cation exchange capacity (CEC) to help define relevant application-rate limits for
heavy metals.

As most potentially-toxic inorganic contaminants are cationic, it is recommended that soils
betested for cation-exchange capacity prior to determining what contaminant application-rate
limitsare applicable. It isrecommended that for heavy-metal contaminantsand for soilswith
a CEC of lessthan 5 meg/100g, use conservative limits that are normally defined for non-
calcareous sands. For soilswith a CEC of between 5 and 15 meg/100g, use limitswhich are
double the most conservative limits, or preferably use the following equation:

New limit = (most conservative limit) * (CEC - 1)/4

For soils with a CEC greater than 15, use limits which arefour times greater than the most
conservative limits (U.S. Environmental Protection Agency, 1992).

It isrecommended that further research be carried out on the bioavailability and mobility of priority
contaminants in effluent applied to land, with the am of determining realistic limits in terms of
contaminant mobility and distanceto awater resource, soil attenuation, crop and animal uptake, the
toxic nature of a contaminant, and limiting pathways, amongst others. The limits to be defined
should relate to contaminant concentration in effluent, to concentration levelsinirrigated soilsand
to annual land-application rates. Research efforts should be amed at high-priority contaminants
which are likely to be found in effluents such as treated sewage effluents and rural industrial
effluents (the latter would be according to .

Presentation of papersat symposiaor injournasisrecommended for technology transfer purposes.
Demonstration of software at workshops, as well as via WRC's website is recommended for
educational and validation purposes.

Conclusions

Thefollowing aspects have been addressed in the report:

[  Characterization of soils and effluents for crop-irrigation purposes.

d  Suitable crop types, soil characteristics and desgn/planning/management aspects (in terms
of effluent characteristics).

d  Limiting parameters that affect the application rate of effluent in terms of major effluent
constituents (excluding macro elements such as sodium and chloride ions).
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Giventhe objective: to digpose of asmuch effluent as possible over alimited land-areawith
minimal impact on the environment, the following aspects are considered:
i)  crop nutrient requirements,
i)  crop water requirements,
i) useof vegetation and soilsto treat effluent to an acceptable standard.

Management options which effectively reduce risk of contamination of water resources or
el se enable more effluent to be applied to arestricted land-area.

ldentification of suitable wastewater treatment system options given the importance of
multiple decision criteria

Itisbelieved that thecontract objectiveshave been achieved inall aspectsexcept somewhichrelate
to the development of an IEM strategy:

"Identify a suitable IEM strategy for effluent disposal or effluent use permitting purposes, and
determine how this strategy may be used to underpin the permitting process. Develop a
coordinating expert system whose functions are to give advice on the permitting strategy, to give
other supporting information and to call up the other expert systems.”

A flow chart (see Figure 1 in the appendix), depicting an effluent to land assessment procedure
which could fall withinan |EM strategy, hasbeendrawn up. Itisdesigned to follow environmental
screening principles and to address potentially overriding conditions “up front” so that these may
be identified early in an investigation. The procedure is considered to form only part of an IEM
drategy. Table 9 (see appendix) contains the task categories and details for the above procedure.

The coordinating expert system has not been devel oped so as to underpin the procedure. There are
several reasons for the latter:

Firstly, the proceduredepictedin Figure lisconsidered unlikely to be suitablefor permitting
purposesin South Africa, dthough it should beuseful for an effluent-to-land suitability study
(as part of an EIA), so an dternative procedure which is similar to the one used for sludge
application to land in South Africa (Department of Nationd Health and Population
Development, 1978) was adopted for expert systems devel opment purposes.

Secondly, the coordinating expert system is designed to give the user freedom to access a
component directly without having to first complete other components, asisimplied in the
adopted procedure.

Thirdly, a help file system has been drawn up so that the user can access the adopted
procedure and other supporting information in a separate text window alongside the
"working" window. In this way, a new user is guided through the process, whereas an
experienced user can take whatever route considered appropriate for thetask at hand. The
help file system aso provides context-sensitive information for the task at hand.
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DISCLAIMER

A DOS-based, prototype soil/vadose-zone attenuation expert system, which addresses the relative
potential of soilsto attenuate certain types of contaminant, given the results of chemicd analyses of
soil samples, has been addressed in Chapter 7 of the WRC report entitled "Investigation of the
Contaminant Attenuation Characteristics of the Soil Aquifer System with Special Emphasis on the
Vadose Zone" (Sililo et al., 1999). The expert system does not address soil forms and families.
However, the author believesit should be possible to estimate those chemical characteristics of a
soil which areimportant for attenuation purposes given asoil’ sform and family, its colour, physical
characteristics, topographical situation and origin (parent rock), aswell as the vegetation cover and
climaticfactorsat asite. If required, the expert system can be updated, validated and converted to
“Windows’ format.

In this report, the phrase "effluent disposal” relates to the discharge of effluent to land with no
expressed purpose of treating or reusing the effluent.

The recommendations made in this report are not believed to conflict with the guidelines in the
WRC report: "Guidelines for Catchment Management to Achieve Integrated Water Resources
Management in South Africa’ (Report No. KV 108/98). These recommendations also do not take
into account any possible changesto thelegislation asaresult of theimplementation of the National
Water Act of 1998, or of possiblechangesin legislation asaresult of theimplementation of new acts
such as the Agricultural Act and the Health Act. This report contains recommendations only, and
should not be seen as having any regulatory authority.

Thisreport does not attempt to addressin detail the efficient use of effluent for irrigation purposes,
the suitability of cropsgrown under South African conditions, or the suitability of soilsin terms of
any soil classification system used in South Africa. It also does not address the variable toxicity of
elements whose toxicity depends upon their oxidation status.
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1 INTRODUCTION

1.1 Effluent application to land

South Africa faces magjor problems in disposing of its wastes in an environmentally sustainable
manner. Inthelight of increasing environmentd consciousness and due to rapidly expanding local
populations, there is alarge increase in the production of liquid and solid wastes together with
diminishing options for environmentally sustainable disposal of that waste (Ekama, 1993a; Ekama
1993Db).

Dueto thelimited amount of availablewater resources, South Africa’scurrent policy isthat it needs
to utilize effluents as an integral part of its water supply. Effluent producers are therefore required
to return effluents to the catchment from which they originated (Water Act of 1956 and National
Water Act of 1998). Since most effluents are, however, less suitabl e to users than the source from
whichthey originate, effluent producersare required to purify their effluentsto acceptable standards
prior to returning them to their catchment of origin. For various reasonsit is often not possible to
enforce this requirement, and for these cases a permit of exemption (or licence), which alows
discharge of effluent to land for alimited period, isissued by the Department of Water Affairsand
Forestry (McConkey, 1997).

Where it is not feasible to treat an effluent to the standard required for return to the point of
abstraction of the original fresh water, other options may be promoted, such as the reuse of the
effluent with or without pretreatment (dependent on the characteristics of the effluent). If the
effluent is pathogenic, the health regulations (Department of National Health and Population
Development, 1978) may be used to help determine what reuse options are acceptable. Reuse of
effluents may be for industrial or agricultural purposes. In the case of the latter, organic and
nutrient contaminants as well as the moisture in effluent can be beneficially utilized for growing
crops and grasses. The organic content, if significant, helps to improve soil structure and also
performs as aslow-re ease fertilizer, and the nutrients supply immediate plant nutrient needs. Thus
the reuse of such effluentsresultsin asaving onfertilizers. The moisturein effluent may be used in
place of irrigating with fresh water: “By utilising moisture in effluent, fresh water which would
normally be required for agriculture may be saved for other use.” (Shuval et al., 1986). A needis
believed to exist for extending the existing guidelines on applying effluents to land for beneficial
purposes, in South Africa.

There are several options to consider when applying effluent to land: to supply crop nutrient
requirements; to supply crop water requirementsor totr eat the effluent by employing thefiltering
capabilities and chemical attenuation characteristics of soil and vegetation. A further option,
disposal of effluent to land, should preferably be the last option made available to effluent
producers, and where practised, it needs to be done without an unacceptable negative impact
occurring on water resources or on the environment. In most countries, the major objective of
effluent to land applications is the discharge of effluent at minimal cost/impact to (a) the effluent
generator, (b) human health, and (c) the receiving environment (Shuval et al., 1986; WHO, 1995).
Guidelines therefore need to address the issues of crop nutrient and water requirements, on-land



effluent treatment options and the impact of effluent application to land on human health and on the
receiving environment.

A suggested procedure for doing an effluent-to-land suitability study has been drawn up. The
framework of this procedureis similar to that for sewage dudge in South Africa, the United States,
and many other countries, however, thereare somedifferencesintermsof applicablelimits, priority
contaminantsand resources & risk. Theprocedureisdesignedto facilitate apermitting process, and
assesses the suitability of an effluent for application to land, dependent on:

(@ effluent pathogen characteristics/treatment stageand application/crop type, inaccordancewith
health guidelines (for example: Department of National Health and Popul ation Devel opment,
1978);

(b) therequired site-specific characteristics on which to base ajudgement in terms of acceptable
slope, depth-to-groundwater, distanceto residences, geology, and soil characteristics(amongst
others); and

(c) acceptable application rates dependent on crop nutrient requirements, contaminant loading
rates and climatic water-balance limitations;

specifying applicable design, planning and management measures. The suggested procedure is
presented in more detail asfollows:

Effluent/ land-use acceptability criteria:
Identify relevant effluent/ crop-type and land-use characteristics. Determine if the
combination is acceptable or not in terms of health guiddines. If acceptable, indicate
what restrictions or protective measures (if any) are required. Unacceptable
combinations represent overriding criteria.

Effluent/ crop, climate and site criteria: Identification of further overriding criteria, limiting
conditions and relevant corrective measures:

(i)  Information-gathering:
@  Obtain effluent analysis and soils analysis data.
[  Obtain relevant information on topography and climate.
[  Identify key/ important criteriaon geol ogy, geohydrology and hydrology.
a

Identify other important site criteria, e.g. adjacent land-uses, land-zoning, site
access, etc., and measure relevant separation distances.

[  Identify suitable crops or else select and assess the crop types that have been
specified by site owner/manager.



Obtain seasonal crop factors and nutrient requirements of the relevant crop(s)
taking into account crop growth characteristics and expected nutrient removal at
harvest.

Obtain data on effluent gpplication area(s) and monthly volumetric effluent
discharges.

(i) Derivation of results:

J

Derivemonthly climatic"water-balance" criteria, taking into account leaching and
crop fectors.

For sail, derive current (bioavailable) toxic contaminant levels and also residual
N in soil.

Derive nutrient, organic, contaminant and moisture gpplication rates.

Determineif any limits have been overstepped in terms of nutrient, contaminant
and moisture application rates, and if so, by how much.

If any limiting condition is overstepped, determine percentage reduction
requirements on effluent in order to satisfy each of the limiting conditions.

Present options on how to address relevant limiting conditions.

Allow changes to be made to effluent application rates and crops to be grown.
Re-assess to what extent any potential limiting conditions may be overstepped,
then allow further changes and reassessments to be made until a suitable

application rate and crop type is found.

Consider any mitigatory measures that may be applicable, and recommend those
that are most suitable, if the required effluent application rates are to be allowed.

Reporting requirements. ldentify overriding and other important issues and link each to
relevant regulatory conditions as well as mitigatory measures, where applicable, and attach
relevant recommendations and/or other advice.

J
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Indicate whether effluent-typeand land-use/ crop typecombination is acceptable.
Taking into account the type of ownership /control over site, do the following:

> Indicate whether the required effluent volume application patterns, etc. are
acceptable.

> Indicatewhether effluent/soil sanalysisresultsand important sitecriteriaare
acceptable.



o Highlight potential problems relating to other site criteria.

o |If the proposed effluent applicaion to land is acceptable, list relevant
planning/design/management measures.

o |If the proposed effluent application to land is not acceptable in its current
form, indicatewhy not, and list what conditions, if any, could berequired
for the proposal to be reviewed.

Inthelight of increasing environmental consciousness and dueto therapidly expanding populations
in South Africa, thereisalarge increase in the production of liquid and solid wastes together with
diminishing optionsfor environmentally sustainabl e disposal of that waste. The need for guidelines
for effluent application to land is becoming more acute, and as these guidelines are necessarily
complex, there is believed to be a need for such guidelines to be incorporated in user-friendly
software. Software which supplies tools to help in guideline interpretation and implementation, if
thisisintegrated with some form of routine"intelligence”, should be of valueto potential users, as
such users are not likely to have all the expertise needed in order to interpret and implement the
guidelines. The development of expert system s-based decision support toolsisbelieved to beaway
of obtaining such software.

1.2 Study objectives

The overall objective of the research project isto develop expert systems incorporating guidelines
and advice on land-based effluent disposal and effluent use, together with rel evant decision-making
processes, in order to providedecision-makers with appropriate, readily accessibleinformation and
expertise on personal computers.

Aims:

d  Develop an expert system to give advice and to present regulatory conditions for effluent
disposal-to-land permitting purposes.

[  Develop an expert sysem whose purpose is to present relevant guidelines and to give advice
on the beneficial use of effluent for agriculture and forestry.

d  Develop an expert system to help select cost-effective sewage treatment and effluent to land
disposal facilities for communal purposes (e.g. schools, day-care centres, clinics, shopping
areas) in rural developing communities.

a  ldentify asuitable [EM strategy for effluent-disposal or effluent use permitting purposes, and
determine how this strategy may be used to underpin the permitting process. Develop a
coordinating expert system whose functions are to give advice on the permitting strategy, to
give other supporting information and to call up the other expert systems.



1.3  Expert-systems-based decision support

Modern expert systems are computer programs which are designed to provide certain types of
expertise as well as other forms of decision support, where the latter are driven by, or else
incorporate “routine intelligence”. Several computer-based decision support systems have been
developed as a major part of this project to provide the required decision support for permitting
officials and others who are involved in tasks relating to the effluent application to land.

The decision support programs developed for this project include:

d A health permitting tool for sewage effluent.

d A site-assessment advisor for sewage effluent, which may also have applicability for organic
effluents.

Soil contaminant limits assessment component.

Monthly preci pitation-evaporation assessment tool.

Effluent application rate assistant.

Crop selection assistant for crops (addresses crop sensitivity to TDS, Cl and B).

Sewage effluent health risk versus cost comparative assessor

I I N N

Sewage treatment system option selection assistant

These are described in some detail in Chapter 10.



2 EFFLUENT/SOILS CHARACTERIZATION
FOR LAND-APPLICATION PURPOSES

In order to beginto characterize effluentsfor land-application purposes, it isworthwhileto consider
existing guidelines which categorize effluentsinterms of their application to land. Thisneedsto be
donein order to seein what way they can be utilized within alarger set of guidelines, and where
possible, to distill the inherent expertise contained in them and to utilize this in the enlarged
guidelines. The characterization of an effluent needs to be seen in terms of the objectives to be
achieved and the issues which relate to these. Once adecision has been madeto discharge effluent
toland, the major objectiveisto protect the health of human populationsat risk. The most important
issues relate to the pathogen content of effluents together with the associated health risk presented
in terms of the land-use application (Blumenthal, 1988).

In terms of volume, the most significant liquid wastes (effluents) in South Africaare (Thompson,
1985; Department of Water Affairs and Forestry, 1993):

(i) sewage effluents,

(i) acid sulphate waters from the mining industry,
(iif) irrigation return flows,

(iv) effluentsfrom industrial sources.

The primary concern with sewage effluents is the fact that they contain significant and diverse
guantitiesof human pathogensand have afairly high chemical oxygen demand (Metcalfeand Eddy,
1991; Asano, 1994). These aspects, together with the large volume of sewage generated, represent
aproblemintermsof treatment and discharge (Ekama, 1993a; Metcalfeand Eddy, 1991). However,
sewage effluents, along with organic and nitrogenous effluents from certain industries, should be
considered as being more of an asset than aliability in water-limited countries such as South Africa,
oncethey aretreated accordingto certain standards, since such effluents contain plant nutrientsand
so may be used to irrigate and fertilize crops, pastures and trees (Thompson, 1985; Shuval et al.,
1986). Such utilization can save on fertilizers and help prevent potential eutrophication of surface
waters, the latter which is likely to occur as a result of the discharge of conventionaly treated
effluent to surface waters (Thompson, 1985; WHO, 1995).

Themost seriousthrea of minewatersispresented through the impact of acidification of soilsand
surface waters. Such waters generally need to be treated for acidity and certain dissolved metds
(CSIR,1991). Land application of acidic effluents significantly reduces the potential attenuation
capabilitiesof soil for heavy metd's, and consequently increasesthe pollution threat of such effluents
for plants, soils and water resources. It is recommended that acidic effluents be first corrected to a
pH of at least 6 before being applied to land.

Irrigation return flows areusually highin TDS and nutrient concentrations. Althoughitispossible
to remove nutrients from such water, very little can be done about salinity, and it isthe latter aspect
that generally presentsintractabl e problemsfor soils, crops and water resources (Thompson, 1985).
These effluents are not addressed in much detail in the current study, because:



[  Well-researched and comprehensiveguiddinesfor irrigating with slightly salinewater exist;

Highly saline waters should not be used for irrigation purposes because of their impact on
plants and soils (Thompson, 1985); and

[  Saline effluent needs to be applied at high rates to prevent the build-up of salinity in soils.
High sdinity and high leaching rates reduce a soil's ability to treat soluble contaminants in
effluent (Oliver et a., 1996; Thompson, 1985).

The effects of high sodium levels on soils and plants have not been addressed in this study, for
reasons similar to those given above (sodium contributes to salinity). Guidelines on the effects of
sodium on soils and woody plants can be found in Hanson et a. (1993).

Many industries produce effluents which have asignificant concentration of potentially hazardous
trace elements which are difficult to treat and which cause long-term discharge problems (WHO,
1995). Theseeffluentssometimescontainhigh concentrationsof total dissolved solids(TDS), which
represents salinity. One of the magjor problems with industrial effluents is their diverse nature
(Thompson, 1985).

Thompson’ s classification for effluent discharge to land

Thompson (1985) developed land-application guidelines for effluents which are utilized by
government permitting authoritiesin South Africa. Theseguidelinesrate certaintypesof soil onthe
basis of their suitability for the application of each of four classes of effluent. The effluent classes
are:

1.  Sewage effluents, processed and upgraded to different levels, usually little contaminated with
toxic industrial wastes.

2. Ammoniaca and ammonium salt-rich effluents with or without appreciable amounts of other
salts and/or organic matter.

3.  Effluentswith high organic matter content but relatively low sodium adsorptionratio (SAR).
Total dissolved salts (TDS) are not usually very high due to the presence of mineral salts, but
salinity due to soluble organic compounds may be.

4.  Alkaline effluents with a high sodium-adsorption ratio (SAR), often with large amounts of
dissolved organic matter and/or high TDS due to mineral salts.

Thompson’ s categorization of effluentsisbelieved to beuseful intermsof identifying suitable soils
on which to apply effluent from a specific dass. The guidelines address effluent treatment, soil
conservation, salinization problems, and the effects an effluent solution has on soil pH and hence
on the mobility of contaminants in a oil. Thompson's guidelines do not address pathogens,
particular trace dements or organic chemicals in any detail. In the light of the effluent and soils
characterization study done as part of the current project, it issuggested that achange could be made
to Thompson's classification, for food chain and groundwater impact purposes, by broadening the
second category to include nitrogenous effluents, by splitting thefourth effluent classinto high-TDS



effluentsand alkaline effluents and also by adding two further classes, acidic effluents and special
class effluents.

J

The reason for changing the second category to nitrogenous is that nitrogenous organic
substances are mostly degraded to ammonium compounds (Canter and Knox, 1986), andin
the presence of oxygen, anmoniaiseventually oxidized to nitrate. Nitrates present a serious
contamination risk for groundwater (Canter and Knox, 1986). Thompson's guidelines
addressthe acidification potential of ammonium ions. As ammonia and nitrates are potential
plant nutrients, a further addition of another potential nutrient, phosphorus, could have been
considered to form part of this category from a surface water pollution point of view.
However, the guidelines only address effluents from a land application perspective, and as
phosphorus is effectively bound by soils, the risk of water pollution from phosphorus in
effluent is not considered to be amgjor issue for properly managed irrigation sites.

Thereason for splitting the fourth classinto two isthat high-TDS effluents are likely to have
a significant impact on crop growth and on good-quality aquifers, whereas some alkaline
effluentsareunlikely to havedirect, significant negativeimpactson aquifersor oncrops. Such
effluents are more likely they will have direct affects on soil. (Hanson et a., 1993; Adriano,
1986)

The need for an acid effluent category is that acidic effluents represent a large volume of
effluents which have a significant pollution potentia if left untreated.

Special-class effluentsinclude effluents with the potential to contaminate the food chain and
groundwater, for example, those effluents which have a significant concentration of heavy
metals, boron, fluoride or organic chemicds.

The suggested categories are:

1.

2.

6.

7.

Sewage effluents, processed and upgraded to different levels.

Nitrogenous effluents (including ammoniacal and ammonium salt-rich effluents).
Organic matter(OM) effluents: effluentswith high organic content.

Alkaline effluents.

Acidic effluents,

High TDS effluents.

Special-class effluents.

(More than one category can be used to describe an effluent.)



Classification of sewage effluents from a health perspective

A health-related classification system for sewage, which depends on the treatment process applied,
isused for regulatory purposes in South Africa (Department of National Health and Population
Development, 1978). This system indicatesto what extent the treated sewage is considered safein
terms of human pathogens, for specific land-use application. It also indicates to what extent the
sewage islikely to be noxious. For example, partially treated sewage isable to degradefurther, itis
potentialy capable of producing obnoxious odours and attracting flies, and it is ableto foster the
re-growth of certain pathogens (Shuval et d., 1986; Metcalf & Eddy Inc., 1991). Similar
classification systemsfor sewage are used by many nations, however, it isgenerally recognized that
a specific treatment process will not guarantee the production of an effluent that falls within pre-
defined pathogenic/COD limits (Ekama, 1995), and so regular sampling of effluent for pathogens,
nutrientsand COD isoften afurther requirement. Even with these drawbacks, this classification
systemis useful from aland-use/ human health perspective (Blumenthal, 1988; Hespanhol, 1990),
and should also be found useful if applied to other organic effluents which contain pathogens.

Effluent and soil s char acteri zation fromeffl uent treatment, human heal th, crop protection and water
resour ce protection per spectives

An attempt has been made in this study to characterize effluent and soilsin some detail in order to
facilitate the planning and management of effluent application to land. The effluent characterization
needsto account for the potential risk that contaminantsin effluent might have on humans, animals,
plants, animals and water resources. The soils characterization needs to be able to describe the
potentid ability of soilsto atenuate contaminantsin effluent, given afew key soil characterigtics.

A literature survey shows that mobility and bioavailability of specific contaminant species in soil
are found to depend on:

(i)  whether they are inorganic: anionic or else inorganic: cation-forming,
(i) thevalency of theinorganic ionic species,

(iii) the molecular size or volatility of organic contaminants,

(iii) whether organic contaminants are polar (ionizable) or non-polar,

(iv) theindividual characteristics of the contaminant species, and

(v) theeffect the effluent/soil solution hasin termsof the mobility or bioavailability of individual
contaminants.

(Oliver et al., 1996; Adriano, 1986; Fuller, 1978; Canter and Knox, 1986; Domenico and Schwartz,
1990; Benjamin et al., 1996; Tanji and Valoppi, 1989; Bouwer, 1985)

The overriding factor whichinfluences the mobility or bioavailability of ionic contaminantsin soil
ispH, where low pH mobilizes cationic contaminants and high pH mobilizes anionic contaminants
in asoil solution (Allen, 1997). Secondary factors are the soil mediatype, where organic carbon,
non-kaalinitic/kaoliniticclays, iron/ manganese oxides/oxy-hydroxidesand carbonatesoil saremost
effectiveinattenuating cationic contaminantsinlow and neutral pH conditions, andto alesser extent



in attenuating anionic contaminants in neutral to high pH conditions (Sililo et al., 1999). Organic
carbonismaost effectivein attenuating many heavy metalsand non-volatile organic chemicds(Allen,
1997; Oliver et d., 1996; Adriano, 1986; Fuller, 1978; Domenico and Schwartz, 1990; Benjamin
et a., 1996; Lerner, 1996).

Effluent characterization

Contaminant mobility, as well as the availability of these contaminants to plants, is dependent on
the contaminant, its concentration in the effluent, on other effluent chemical characteristics, and on
soil media properties, amongst others (Sililo et a., 1999; Smith, 1996; Chaney, 1990a).

Itisthereforeimportant that an effluent characterizationincorporatesinformationrelating tothetype
and concentration of contaminant found in an effluent (Ekama, 1995). This usually requires that
effluent analysesbeavailable. When ananalysisisnot available, other readily availableinformation
could be used to produce some of the required information. In this case alarge degree of error is
introduced, so there needsto be some indication whether the results are supported by an analysis or
not.

For effluent irrigation purposes, atwo-level characterization is suggested which could address, at
the first level, “broad-category” information which could be used for:

. preliminary planning and mapping purposes, and/or
. effluent irrigation feasibility studies.

At thislevel, both the current health guidelines and, possibly, Thompson’s guidelines, could find a
home. Effluent content detail and related information would then be addressed at the second level.
This second level could be used for (for example):

. site design and management purposes,
. permit exemption application purposes.
An example of the characterization that could be used at the first and second levels, follows :

FIRST LEVEL (effluent category information [most categories can be defined as High, Medium
or Low])

(i)  (Pre-)Treatment type/ pathogeni c-content category.

(i) Acid-forming/ alkali-forming potential of effluent (in soil).

(iii) Salinity and SAR categories.

(iv) Degradability category.

(v)  Nutrient-content category.

(vi) Turbidity/ suspended-solids categories.

(vii) Oils, greases and detergent content categories.

(viii) Toxicity typesand rating. e.g. medium-risk (carcinogenic): Mammalian - soil ingestion route.
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SECOND LEVEL (data/ complementary information)

(i) Pathogen types/ content.

(i) Temperature, pH, alkdinity.

(ii) TDS value and macro constituents such as Na, Cl, etc.

(iv) BOD, COD, TOC concentrations.

(v)  Nutrient concentrations (e.g. nitrate]N], ammonia[N], orthophosphate [as P]).

(vi) Suspended solids, type and content (e.g. inorganic, algae, other organics.)

(vii) Oilsand greases, detergents.

(viii) Priority contaminant concentrations (e.g. mercury, cadmium, lead, cyanide, arsenic, selenium,
boron, fluoride, PCBs).

Soil characterization

Adsorption of ionic contaminants by soil is highly influenced by soil and effluent pH (Allen, 1997).
For medium-pH soils, sorption is effective if soils have ahigh proportion of clay, organic carbon,
carbonates or sesquioxides. Adsorption and degradation of organic chemicasareheavily influenced
by a soil's organic carbon content (Sililo et al., 1999).

Followingasimilar argument to that used for effluent characterization, asoil characterization suitable
for effluent discharge purposes could dso consist of two levels, with categorical information at the
first level and content detail at the second level. An example follows:

FIRST LEVEL (soil category information)

(i) % clay content category.

(i) Buffered soils or leached soils.

(iii) Presence of calcium and/or carbonaes (answered as Y es or No).

(iv) Redor yellow or “low chroma” soils; dark or light-coloured soils.

(v) Physical characteristics such as shallow/deep soils, layering, etc.

(vi) Maximum residual contaminant threshold excess, which isthe estimated percentage by which
acumulative contaminant |oading exceeds, or fallsshort of, aprescribed limit for thetotal 1oad
of aparticular contaminant of concern. The contaminant which most exceeds the limit isthe
one whose valueis used. (Note on percentage excess: aminus{-} indicates percentage bel ow
threshold )

SECOND LEVEL (soil-media analysis datal complementary information)

(i) Clay type and % content.

(i) Soil salinity, sodium-absorption ratio and acidity.

(iii) % content of calcium and/or carbonates.

(iv) % content iron/manganese oxides/hydroxy-oxides.

(v) % organic carbon content.

(vi) Depth to groundwater, site slope, soil depth and soil-layering details.

(vii) Measured concentrations of residuad contaminants (These are used to compare with the
maximum concentrations allowed).

The above characteristicsare believed to relate directly to a soil's attenuation potential (Sililo et al.,
1999). The most important factor controlling the attenuation of inorganic contaminants in soilsis
soil pH (Allen, 1997). A soil with high attenuation potential for effluents with significant
concentrations of trace elements would be a deep unsaturated one with a neutral pH and a high
organic carbon, calcium, sesguioxide and non-kaolinitic clay content. A soil with high attenuation
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potential for non-volatile organic chemical effluentswould be an unsaturated one which hasahigh
organic carbon content (see Chapter 3 and Chapter 6 of thisreport). A suitable soil for nitrate
attenuation would probably be a duplex soil (a permeable upper layer, preferably deep, and an
impermeable lower layer) with afairly high organic carbon content and planted with deep-rooted
plants (see Chapter 6 of this report). Pathogens in effluents are likely to be attenuated most
effectively by unsaturated soils with ahigh carbon content as well as a high proportion of claysand
iron/manganese oxides/oxyhydroxides (e.g. dark red, clayey soils) ( see Chapter 6 and Chapter 8
of this report).

It is suggested that, in order to interpret known soil types (such as those addressed by the South
African Soil Taxonomic Classification System) in terms of their relative atenuation potential,
specific soil forms, familiesand/or series could be linked to analytical data categories at the second
level, intheform of dataranges. If such informationislacking for some categories, or therangesare
too large, links to relevant soil-category information at the first level could be considered.

It should be noted that the physical characteristics of soils such as the existence of horizontal layers
of different permeability (e.g. induplex soils), preferential flow pathways (e.g. presence of fissures,
wormholes, channelsleft by decayed root systems, etc.), shallow soilsoverlying bedrock, and other
factors such as site topography, can make the physical characterization of soils very complex from
a contaminant attenuation perspective. This is especially relevant as contaminant atenuation is
dependent on pathway characteristics. In duplex soils this can mean that much of the effluent will
travel downslope (just below the soil surface, above the impermesable subsoil layer), instead of
verticdly, thusincreasingitstravel timethrough thesoil. Theeffluent will take muchlonger to reach
groundwater and so will be attenuated more effectively than effluent which travels directly down to
the groundwater. Generally, when the time-of-travel through the soil isincreased, the potential for
attenuationisincreased. Onthe other hand, shortcutsto groundwater viaworm holes, root channels
and fissures, reduce the time of travel significantly, resulting in a reduction in contaminant
attenuation potential of affected soils (Sililo et al., 1999).
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3 EFFLUENT APPLICATION TO LAND:
OBJECTIVES, OPTIONS AND CONSTRAINTS

A philosophy which is accepted by many "water stressed” nations in the world to support the need
to utilize effluentson land in place of using fresh water, may beexpressed in thefollowing statement:
“By utilising moisturein effluent, fresh water which would normaly be required for agriculture may
be saved for other use.” (Shuval et al., 1986).

In most effluent to land applications the mgjor objective is the discharge of effluent at minimal
cost/impact to (a) the effluent generaor, (b) human health and (c) the receiving environment
(Shuval et al., 1986; WHO, 1995). Aims (i) to (iii), below, may be considered alternative options,
used either to reduce financial costs, to help protect human health, or to reduce environmental
impact. We now discuss these.

There are several options which may be considered in the application of effluent to land (Shuval et
a., 1986; Broadbent and Reisenhauer, 1990; Bouwer, 1985 ):

(i) todischargeasmuch effluent as possibleto land without an unacceptable negative impact
occurring on land, water resources or the neighbouring environment,

(i) tosupply crop nutrient requirements,

(iii) tosupply crop water requirements (ie: to recharge depleted soil moisture in the root zone of
crops),

(iv) to treat the effluent by employing the filtering capabilities and chemical attenuation
characteristics of soil and vegetation.

Conventional treatment cannot remove all the nutrients or pathogens in wastewater that soil and
vegetation can (Bouwer, 1985; Shuval et a., 1986). By utilising nitrogen and other nutrients in
percolating effluent, managed crops hel p cleansethe effluent water of nutrients andin sodoing, save
on the cost of effluent treatment and on the cost of fertilizers. Chlorination of treated effluent from
aconventional treatment system forms tri-halomethanes (THMs) which are known to present arisk
to in-stream ecosystems and to a lesser extent, a cancer risk when used for drinking water purposes
(Khouri et a., 1994). Treatment by soilsisaviable, low-cost alternative to conventional treatment
(Bouwer, 1985).

In order to supply the water requirements of plants, to apply as much effluent to land as possible, to
recharge an aquifer or to use vegetation and soils to treat the water to an acceptable standard,
information on monthly precipitation, evaporation, seasonal crop growth, topography and effluent
volumesisrequired. If daly valuesareavailable, they should preferably be used (Van Eeden, 1998).
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Effluent application: Overriding and limiting conditions
Various overriding and limiting conditions may prevent or restrict effluent application to land.

Overriding conditions are those which act as “red flags’, which do not allow any effluent to be
appliedtothelandin question. Limiting conditionsarethosewhich restrict the allowable application
rate of effluent to land. Overriding conditions usually need to be addressed “ upfront” so that aslittle
effort as possible is wasted in the administration process, should such a condition exist. Limiting
conditions need to be determined from a range of potential regtrictions on the maximum allowable
application rate of effluent to land. Oncethey are assessed, the most conservative limiting condition
isthe one used to identify the maximum allowable application rate.

Most overriding conditions for effluent application to land are goplicable to sewage effluents,
because the high pathogen content of such effluents has prime consideration. These usually are
addressed first from a permitting standpoint. Other overriding conditions relate to high levels of
potentialy toxic substancesinthe effluent itself, and in site soils. Other conditions havethe potential
to be overriding, depending on whether suitablemitigatory measuresare applicable or not. Theseare
discussed further hereunder.

Potential overriding conditions:
Potentially toxic substances in soils:

When applied to land in effluent or sludges over the years, certain potentially toxic
substances build up in soilsto levels which represent atoxic risk to plants and animals.
In the South African sludge to land guidelines, prescribed limits are set for such
substances commonly found in sewage sludge (WRC, 1997). If the application of a
substance (such as cadmium) causes the concentration of that substance to build up to
overstep its prescribed limit for soil, then no more should be applied to the land in
guestion. This is potentially a very significant overriding condition, as some soils in
South Africa(notably shales), naturaly contain potentially toxic elementswhich exceed
their prescribed limits (WRC, 1997). A magjor issue hereisthat alarge proportion of the
elementsin soil and sewage sludge are not in abioavailableform, having strong chemical
bondsto the molecul esthat make up the soil and sludge particles (Chaney 1990a; Chaney
1990b; Fey, 1990; Smith, 1996). It seemsiillogicd to consider that such substances in
their non-bioavailable form will present a significant risk to the environment even at
relatively high concentration levels. It is therefore recommended that tests on soils be
those that test for bioavailable concentrations of potentially toxic trace substances.

Some plants, animals (eg. soil biota) and water resources may be susceptible to high
concentrationsof certain substancesin effluent (asopposed to the application rate of such
substances). Examples of such substances are boron, molybdenum and chlorides (Ayers
and Wescott, 1985; Page and Chang, 1990). It is recommended that maximum
concentration limits in effluent be set for such substances, dependent on land-use
category. Examples of a further two substances which may be added to this list are
cadmium and mercury, dueto the susceptibility of soil biotato these contaminants (Page
and Chang, 1990; Chaney, 1990a; Chaney, 1990b) and to the volatility of potentially
toxic mercuric compounds. Manuals published by Department of Water Affairs and
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Forestry (1996) contain concentration limitsfor irrigation water relevant to South African
conditions. (See the next chapter for further details.)

Distance requirements for residences and surface water features:

Distance requirements, inthe form of minimum setback distances, should depend on the
nature of the effluent. For sewage effluents, minimum setback distances are prescribed
in the literature. For non-sewage effluents, little information on recommended setback
distancesisavailable. For effluentswhichemit odours, setback distancesfor residential,
recreational and commercia areas may be determined on a case-by-case basis, as they
would depend on odour emission rates, climatic factors and topographi c factorsamongst
others. Mitigation measures, such as the establishment of buffer strips and berms, may
be used to mitigate possible impacts.

Highly saline effluents

As mentioned elsewhere in this report, highly saline effluents are very problematic to
manage. Adversdy-impactedsoilsareusually very difficult totreat, and non-salinewater
resources in close proximity are usually at risk of becoming more saline (Thompson,
1985). A limit could be set for high salinity levels. For example, EC values above 540
mS/m (maximum given in Department of Water Affairsand Forestry, 1996) could cause
an effluent to be excluded from beng discharged to land except next to the sea or
satpans. Generdly, the effluent application rate, irrigation management, soil type,
climate, etc., hep to determine the kinds of plant that may be grown (Department of
Water Affairs and Forestry, 1996).

Acidic effluents

Acidic effluents generally should not be applied to land unless the soil is limed
(Thompson, 1985). Alternatively, it is recommended that such effluents receive a
positive pH adjustment to a vaue of a least 6 prior to land application. There are
exceptional cases where acidic effluents could be applied, such asto soils which have
a high content of calcium carbonate, but such cases would need special consideration.

Alkaline effluents:

It is recommended that alkaline effluents are treated so as to reduce the pH to a neutral
level beforeland application is considered. There are exceptional cases where akaline
effluents could be applied to land without prior treatment, such asto acidic sandy soils
and where no water resources are likdy to be significantly impacted, but, as with acidic
effluents, such cases would need special consideration.

Potential overriding conditions relating to acidic and alkaline effluent could also be seen as

representing limiting conditions, where low application rates on certain soils may be
acceptable.
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Limiting conditions are discussed in further detail, below.
Potentially toxic substances in effluent:

The potential toxicity of a potentially toxic substance depends on the application
rate of that substance to land, anongst other factors (Smith, 1996). For such a
substance in effluent, the potential toxicity would then depend on the application
rate of the effluent and the concentration of that substance in the effluent. The
annual application rate of a substance may not exceed the prescribed application
ratelimit for that substance (WRC, 1997). Thisrepresentsalimiting condition for
applying effluent.

If theland application rate of certain potentially toxic trace substancesin effluent
iIsexceeded, the application rate of effluent would normally need to be restricted
so that no limitsare overstepped. 1nsome cases, the maost limiting restriction may
be for a land-use that is not relevant (e.g. the most redrictive limit is for soil
ingestion by cattle, but the application being considered is for crop production),
and in this case the restriction could be lifted. Even for crop production, the
sensitivity of plantsto potentially phytotoxic trace substances varies between types
of plant, and it is recommended that the type of plant growing at a site be
considered when phytotoxic substances are likely to restrict effluent application
ratesto land. In general when considering such limits, assume all the limits apply
unless proof existsto show that one or morelimitsare not relevant or elsethat the
associated risk is acceptable. In the latter case, if the most limiting restriction
relates to crops, and the crop owner is happy to take the risk of afailed harvest, a
relaxation of this limit could be granted once all other related issues have been
given proper consideration.

Moisture requirements of plants; leaching and evaporation “requirements’ of a site:

If plant moisture requirements and leaching and evaporative requirements are met
for a specific effluent application rate, any extra application of effluent may be
considered excessive. This application rate could set alimiting condition.

Mobility of nutrients and other potential contaminantsin soils:

Certain potentid contaminants are relatively mobile in soils, and may be readily
leached out of topsoils into the groundwater underneath, or else could travel
downslope in the subsoils to become concentrated at some location, or could
eventudly enter a surface water channel or related feature. Mobility depends on
several factors: the contaminating substance, soil type, soil aeration, soil pH, and
others. Nitrates, boron, selenium, arsenic, cyanide and fluorides are usually fairly
mobilein sandy soils (Sililo et a., 1999; Bouwer, 1985).

In order to manage the application of effluents to vegetated land S0 as to supply
crop nitrogen needs, the seasonal nitrogen requirements of plants should be
matched to the nitrogen made availableto plantsfromirrigated effluent (Pettygrove
and Asano, 1990). The ability of plants to take up nutrients depends on many
factors, and expert advice is often necessary. In order to determine the required
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nutrient supply and associated management methods. Phosphates in effluent are
readily adsorbed by soils, but nitrates are very mobile and may be easily leached
to a depth beyond the root zone of plants (Burt and Haycock, 1993; Bouwer,
1985). If anoxic conditions exist in the soil, given sufficient available carbon in
the soil or effluent, denitrifying bacteriawill proliferate and denitrify much of the
percolating nitrates. Otherwise the nitrates will eventually percolate down to the
groundwater and there they could build up concentrationsin groundwater to levels
which represent arisk to babies and to pregnant animals (Van Eeden, 1998), if the
water isabstracted for drinking purposes. If nitrogen application ratesinirrigated
effluent exceed plant nitrogen requirements, the excess nitrogen may be - or else
may become- mobile (asnitrate). Thecorresponding effluent application rate may
be considered excessive. Nitrogen could then represent a limiting conditionin
terms of effluent gpplication rates.

Constraints on the application rate of effluent to land for beneficia purposestherefore relate
to:

the moisture requirements of plants and the seasonal water balance,
the annud nitrogen requirements of plants,

the leachability of contaminants to groundwater and surface water resources,

possibly, acidic and akaine effluents,

4
4
4
the prescribed land application rate limitsfor potentially toxic substances in effluent,
a
[  possibly, macro element concentrationsin effluent, and

a

possibly other factors such as biological oxygen demand (BOD) of the effluent (thisis
highly dependent on site-specific and irrigation management factors).
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4

CONTAMINANTS: POTENTIAL IMPACT ON PLANTS,
ANIMALSAND WATER RESOURCES

Crops may be split into groups according to their sengtivity to salinity in irrigated effluent, to
concentrations of specific ionsinthe effluent, to their requirements for nutrients and their need for
water (Department of Water Affairsand Forestry, 1996; Ayersand Wescott, 1985). Generally crops
are also sensitive to the BOD (biologica oxygen demand) and pH of the effluent, due to the effect
thesehave ontheavailability of soil oxygen and trace elementsto crops. Although pathogensare not
taken up by crops, certain zootoxic trace elementsin the irrigated effluent are. (Smith, 1996; Idema
and Rodda, 1994; WHO, 1995; Pescod and Arar, 1985; Shuval et al., 1986; Hanson et al., 1993)

J

Zootoxictrace d ementsinclude antimony, arsenic, cadmium, chromium, cyanide, lead,
mercury, molybdenum, nickel, selenium, tin (Department of Water Affairsand Forestry,
1996). Someof theseare often found in effluentsat |evel sindicating asignificant health
risk to animal life, and they may be prioritised accordingly. Mercury heads the priority
rating (Department of Water Affairsand Forestry, 1993), followed by cadmium, arsenic,
lead, seleniumandsilver. Thepriority of thelatter group isbased on monthly monitoring
requirements (Kempster and Smith, 1985).

Phytotoxictrace d ementsinclude arsenic, boron, cadmium, chromium, copper, fluoride,
nickel, and zinc (Department of Water Affairs and Forestry, 1996). Many of these are
essential for plant growth in small quantities, but become potentially phytotoxic when
they exceed certain concentration thresholds (Smith, 1996; Ayers and Wescott, 1985).
The gap required between the minimum concentration required for healthy growth and
the maximum concentration before toxic effects occur is fairly large for most trace
elementsand for most crops, a noteworthy exception being boron. Boronissingled out
as requiring attention when applying effluent to crops as it is commonly found in such
high concentrations in effluent as to present a sgnificant risk to crops (Hanson et al.,
1993; Department of Water Affairs and Forestry, 1996). Boron isalso a highly mobile
trace element, and has significant potentia to contaminate groundwater (Bouwer, 1985).
The sensitivity of plantsto boron concentrationinirrigation water isgiveninTable6in
the appendix.

Problematic macro dements (ions) for plants, and to a lesser extent for animals, are
chloride and sodium (Ayers and Wescott, 1985; Department of Water Affairs and
Foredtry, 1993). High chloride ion concentrations affect plant health, whereas high
sodium ion concentrations mainly affect the permeability of soils containing clay (to a
lesser extent and over a longer term, high sodium concentrations also affect the hedth
of woody plants) (Ayers and Wescott, 1985). The sensitivity of plants to chloride
concentration in irrigation water is given in Table 4 in the appendix. Proper irrigation
management measures help reduce the negative impact on crops of high concentrations
of sodium and chloride ions in irrigation water (Department of Water Affairs and
Forestry, 1996).

Theprioritylist of potentidly toxic trace elementsin termsof risk togroundwater should
include cadmium, arsenic, selenium, boron, molybdenum and possibly mercury (Tanji
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and Valoppi, 1989; Bouwer, 1985). All these elements except possibly cadmium, are
relativey mobilein soils, so assuming their concentrations are at levelsnormally found
in effluent, and that a portion of the irrigated water |eaches away from the application
area(thelatter isusually arequirement of managed irrigation), itissuggested that their
concentrations in surface soils will not necessarily build up over time to levels which
exceed their allowable threshold concentration limits (also, mercury in soil escapes
readily into the atmosphere). It isrecommended that limitsin soil not be set for arsenic,
selenium and boron if their limitsin effluent (for irrigation) are adhered to (Pettygrove
and Asano, 1990; WHO, 1995). Fromagroundwater contamination perspective, acidity
(low pH) may be considered to be the single most important factor in terms of
stimulating the mobility of heavy metalsinsoil (Allen, 1997). In terms of groundwater
pollutionrisk from effluent containing heavy metal ions, cadmium generally presentsthe
greatest risk, followed by arsenic (Bouwer, 1985).

Froman agricultural point of view, other important determinandsfor effluents include,
in ranked order of importance: TDS, pH and COD or BOD (Shuval et al., 1986).
Effluentswith high TDS (salinity) generally are not toxic to plants, but due to the effect
that high TDS has on osmotic pressures within plants, they result in a significantly
reduced plant productivity (Ayers and Wescott, 1985). Plants and soil cannot be used
to treat salinity (Thompson, 1985).

General sengitivity-categoriesfor crops, based on sengtivity to TDSand concentrations of phytotoxic
ions (except for boron and chloride) are as follows (Ayers and Wescott, 1985) :

Sensitive : Stone-fruit trees, citrustrees, berry fruits, beans, carrots, onions.

Moderately sensitive  Maize, millet, peanuts, rice, sugarcane, sunflower; most vegetables,
watermelon, grape.

Fairly tolerant: Oats, rye, sorghum, soybean, wheat, squash, red beet, artichoke, fig,
olive, papaya, pineapple.

Tolerant: Barley, cotton, sugarbeet, asparagus, date pam.
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5 CROP NUTRIENT
REQUIREMENTS
S

Crop nutrient requirements are dependent on crop yields, soil type, climate and other factors.
Nitrogen in effluent is considered to be the key nutrient for selecting crops, based on matching the
seasonal nitrogen requirements of a crop with the nitrogen supplied in effluent (Broadbent and
Reisenhauer, 1990; Smith, 1996; WHO, 1995). The Fertiliser Society of South Africahas produced
aset of guidelinesand tablesregarding thefertiliser requirements of plants, relevant for South Africa
(Misstofvereniging van Suid-Afrika, 1994). When deciding on site-specific requirements, it is
recommended that expert opinion on fertilization, agronomic practice andirrigation management be
sought (Van Eeden, 1998).

A first approximation for estimating crop nitrogen (N) needs can be made by assessing the amount
of N removed when a crop is harvested. When assessing an amount of N to be applied to land,
account must be taken of the percentage of N lost due to leaching of N beyond the root zone, by
denitrification, by volatilization of ammonia, or by other means. Account must also be made of the
nitrogen contributed to the soil by leguminous crops such as beans (Broadbent and Reisenhauer,
1990). Broadbent and Resenhauer (1990) compiled atable which is designed to help in the first
approximation of crop nitrogen needs (see next page):
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Table 1:

Examples of Crop Yields and Nitrogen (N) Requirements

Crop Component | Ave. Yield Approx. 1** Estimate of
N Removal crop N needs
t/ha
kg N/t of yield kg/ha

grain 4.5 (**3 to 12) 21 (**30) 94 (90 - 360)
Barley

straw 5.6 8.5 48
Beans dry beans 3 39 117

grain 10 16.5 165
Corn silage 56 4.5 252

stover 4.5 10.5 47

seed 1.9 (**2 to 4) 39.5 (**50) 75 (100 to 200)
Cotton

stalks 1.4 57.5 80
QOats grain 3 21 63

grain 7.4 15.5 115
Rice

straw 7.8 5 39
Safflower grain 3 34.5 104

grain 4.5 21 95
Sorghum

stover 4 10.5 42

grain 2.8 67 188
Soyabeans

stover 2.8 23 64

beets 67.2 2 134
Sugarbeets

tops 67.2 2 134
**Sugar cane (**10 to 20) (¥%20) (200 to 400)

grain 4.5 19.5 88
Wheat

straw 7.8 9 70
FRUIT AND NUTS
Apricot fruit 18 2 36
Cherry fruit 9 2.5 22
Grapes fruit 224 1 22
Peach fruit 35.8 1.5 54
Pear fruit 33.6 1 34
Plum fruit 18 3.5 63
Prune fruit 18 3.5 63
Almond nut 2 33.5 67
Walnut nut 2.2 26.5 58
Orange fruit 18 2.5 45
Lemon fruit 29 2 58
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Tablel (Continued)

Crop Component | Ave. Yield Approx. 1** Estimate of crop
t/ha N Removal N needs
ke N/t of yield kg/ha
FRUIT AND NUTS ~ (Continued)
Avocado fruit 58 4 23
Olive fruit 4.7 2 9
Strawberry fruit 42.6 2 85
VEGETABLES
Broccoli heads 11.2 6.5 73
Carrots roots 42.6 2 85
Potato tubers 44.8 4 179
Tamato fruits 56 2 112
vines 67 1.5 100
GRASSES
Mixed grass hay 4.5 23.5 106
Irrigated pasture 4.5 17 76
Bent 4.9 34.5 169
Bermuda grass 9 31.5 284
Kentucky bluegrass S 31 155
**Kikuyu grass (**10 to 20) (*¥*20) (200 to 400)
** Perennial rye grass (**10 to 15) (**25) (250 to 375)
NOTES:

Source of data: Broadbent and Reisenauer in Pettygrove and Asano, 1990: “Irrigation with reclaimed
municipal wastewater”’, Lewis, MI.

Data marked ** was provided by Mr. Frans Van Eeden (Van Eeden, 1998)

For more detailed information on crop nutrient requirements relevant to South Africa, refer to the
Fertilizer Society of South Africa (Misstofvereniging van Suid-Afrika, 1994).

For South Africa, it is generally recommended that pasture grasses be the crop of choice for effluent
to land discharge purposes (Van Eeden, 1998).
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CONTAMINANTSIN SOIL:
MOBILITY AND PLANT UPTAKE

Heavy-metal cationsineffluentsare generally well adsorped by medium and high pH soils. Sorption
is very effective if these soils have a high proportion of non-kaolinitic clay, of organic carbon,
carbonates or sesquioxides (oxides and oxy-hydroxides of iron and manganese) (Sililo et al., 1999).
Thesetrace elementsarefairly well adsorped by kaolinitic claysin mediumto high pH soils, and are
poorly adsorbed by low-pH kaolinitic clays and salicaceous sands/silts, and especially if the latter
havealow pH (Adriano, 1986; Fuller, 1978; Tanji and Vaoppi, 1989). The contaminant mobility
as well as the availability of these contaminants to plants is dependent on the contaminant, its
concentration in the soil, and soil media properties (Smith, 1996; Chaney, 1990a). The mobility of
contaminants is dependent also on soil-solution characteristics (Oliver et al., 1996; Lerner, 1996;
Allen, 1997).

>

Anionic inorganic contaminants in effluents (such as arsenates, selenaes, molybdates,
chromates) aregenerally fairly wel adsorped by low pH soils. Sorptioniseffectiveif such soils
have a high proportion of non-kaolinitic clay, or of sesquioxides. These contaminants are
moderately well adsorped by kaolinitic clay soils which have alow pH, but are generally not
adsorbed significantly by high-pH soils containing kaolinitic clays, salicaceoussiltsand sands.
(Tanji and Vaoppi, 1989; Adriano, 1986; Fuller, 1978).

Generally, neutral pH soilswith a high proportion of organic carbon, non-kaolinitic clays and
iron/manganese oxides and hydroxy-oxides are suitable for the atenuation of potentially
toxic/hazardous trace contaminants (Sililo et al., 1999). Examples of such contaminants
include heavy metals, sdenium, arsenic, cyanide and certain organic chemicals.

Non-polar, high-density organic chemicals are bound well by humus in soil and most are
degraded by soil microbeswithinarelatively short period of time(Lerner, 1996). Someresist
degradation and are problematic, e.g. most highly chlorinated organic chemicals. Low
molecular-weight organic chemicals are more mobile, and those which act as solvents are
generally very mobile, and the persistent chlorinated ones are known to contaminate
groundwater, e.g. chloroform, some polychlorinated ethylenes and ethanes (Lerner, 1996).
Non-biodegradeabl e detergents and some organic sol vents are able to bind to heavy metalsand
carry them deep into the ground, often to end up in groundwater (Oliver et al., 1996; Lerner,
1996)

Biodegradabl e organic contaminants are problematic when soluble organic molecules such as
fulvic acid bind to heavy metals and transport the latter into the ground (Bouwer, 1985).
However, in relaively impermeable or waterlogged soils, reducing conditions convert heavy
metalsinto their sulfide forms, which are insoluble, thus causing them to precipitate out and
to be held back in the soil matrix (Smith, 1996; Canter and Knox, 1986; Allen, 1997).
Biodegradabl e organic contaminants also present problems when they are applied to land at
high loading rateswith insufficient time allowed for soils to dry out between applications. In
such cases, anoxic conditions occur at the soil surface, causing plant roots to die and odours
to occur. (Shuval et al., 1986; U.S. Environmental Protection Agency, 1992)

Nitrates are a common contaminant of groundwater. Major contamination sources include
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fertilizers, feedlots, septic tank soak-aways and on-land effluent discharge (Canter and Knox,
1986; Ministry of Agriculture, Fisheries and Food, 1991; Ekama, 1993b). Suitable soils for
nitrate attenuation purposes are ones which cause anoxic conditions to exist within the
subsurface, so aiding denitrification (Bouwer, 1985). Such soilsaremaist clay soils(whichare
relativey impermeable) or e seare soil swith ahigh organi c-carbon content which aresaturated
for most of the year (Thompson, 1985; Smith, 1996). However, ammonium ions are not
denitrified under these conditions, and only should oxidising conditionsreturn (aswould occur
in afollowing drying cycle) is there an opportunity for ammoniato be converted to nitrates.
When or if anoxic conditions return (such as would occur in the next wetting cycle) the
opportunity agan exists for denitrification of these nitrates (Bouwer, 1985).

High-nitrogen effluents may be treated through uptake of nitrogen by suitable vegetation and
by soils which cause anoxic conditions to occur in the subsurface. High nitrogen effluents are
most suitably treated if soils are regularly inundated and then allowed to dry out, resultingin
areduction of between athird and ahalf of the nitrogen by means of denitrification inanoxic
soil zones (Bouwer, 1985).

Pathogensin effluents are atenuated by low permeability soilswith ahigh proportion of clays
and, most likely, also of iron/manganese oxides/oxy-hydroxides (Bouwer, 1985; Oliver et al.,
1996; Canter and Knox, 1986; Shuval et a., 1986; Aller et a., 1987; U.S. Environmental
Protection Agency, 1992).

The more mobile a contaminant is, the more it presents a risk in terms of groundwater
contamination (Bouwer, 1986). Onthe other hand, the less mobile a contaminant is, the more
thelikelihood of build-up of contaminant concentrationsin soil tolevel swhich could represent
an unacceptabl erisk factor to plantsand animal s (the latter from eating plants or ingesting soil)
(Korentgjer, 1991; Chaney, 1990a; Smith, 1996). However, the risk implied in the latter is
usually smal | when cons dering agronomi ¢ appli cations (WHO, 1995; Chaney, 1990b; Smith,
1996; Pettygrove and Asano, 1990).

As most potentially toxic inorganic contaminants, such asthe heavy metals, are cationic, it is
recommended that soils be tested for cation-exchange capacity prior to determining what
contaminant applicaion rate limits are applicable for effluents known to contain such
contaminants. Itisrecommended that for heavy-metal contaminantsand for soilswitha CEC
of less than 5 meg/100g, conservative limits that are normally defined for non-cal careous
sands, be used. For soilswith aCEC of between 5 and 15 meq/100g, limits which are double
the most conservative limits, or preferably the following equation, should be used:

New limit = (most conservative limit) * (CEC - 1)/4

For soils with a CEC greater than 15, use limits which are four times greater than the most
conservative limits. (Page and Chang, 1990).

Relative sorption preferences per metal iontypeinsoil isgenerally of thefollowing order, from
high to low sorption potential:  Pb>=Cu >Cd > Ni > Zn (Fuller, 1978; Oliver et a., 1996).
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7 CLIMATE, SITE AND SOIL
CHARACTERISTICSAND
PROTECTIVE MEASURES

Effluent may be appliedtoland aslong asit doesnot adversely affect human health or pollute surface
and groundwater resources (U.S. Environmental Protection Agency, 1992; WHO, 1995). Protection
of groundwater is dependent principally on soil, soil-depth, climate, vegetation, slope and effluent
characteristics (Smith, 1996; Domenico and Schwartz, 1990). Protection of surface water is
dependent on climate, soil, lope, vegetation and effluent characteristicsaswell as distance to water
and the presence of topographicd barriers/corridors to the surface water resource (Smith, 1996;
Ministry of Agriculture, Fisheries and Food, 1991, Foster, 1987).This report does not address
irrigation practice in detail asthere are numerous South African publications on irrigation practice
which may be used to promote irrigation efficiency and to estimate crop water requirements
(Department of Water Affairs and Forestry, 1996; DAWS, 1985).

Of all the parameters considered, climate plays a very important part:

If potential evapotranspiration islessthan precipitation for any month, it may be assumed that
water arriving on the land surface during the month will end up in arelatively short period of
time either ingroundwater or ain asurface water resource. It istherefore unwiseto discharge
effluent to land during this period unless there is proof that the resulting impact on a water
resourceis likely to be minimal. For example, a site with minimal slope and with permeable
soilsover animportant aguifer would most likely not besuitablefor the application of effluents
during such amonth unless suitable management and protective measures are in place and/or
thereis assurance that contamination risk to the aquifer is acceptable (such as may be the case
where the benefits of arecharged aquifer exceed the pollution costs).

[  Providedthereisno ponding of runoff waters, thetime of travel of percol ating rainfal | through
aspecific depth of unsaturated soil iscontrolled mainly by climatic factors (Foster, 1987). The
drier the climate, the longer thetime of travel will be. Assuming that nett precipitation isequal
to precipitation minus potentia evaporation, it seemslogical toinfer that travel timeislikely
to increase dramatically when nett precipitation crosses over from positive to negative, for a
significant period of time (Foster, 1987). For non-sali ne effluents, the contami nant-atenuation
potential of asoil isdependent on thetravel-time of acontami nant through aspecific soil depth
(Oliver et a., 1996). One may then infer that, for non-sdine effluents, when thetotal depth
of moisture applied uniformly over timeat the soil surfaceislessthan the potential evaporation
over the same period, the soil’ s contami nant-attenuation potential will be significantly higher
than otherwise (the total depth of moisture includes both rainfall and applied effluent).

If saturated conditions are allowed to predominate in the soil, atenuation processes arelikely to be
reduced by an order of magnitude or more, and an underground drainage system may be
recommended to help restore unsaturated conditionsif no suitablealternative exists (Domenico and
Schwartz, 1990; Aller et al., 1987; Tanji and Valoppi, 1989).

Although the aboverefersto monthly timeperiods, if datafor daily timeintervalsexists, itisfar more
preferableto do the abovecd culationson adaily basis(Van Eeden, 1998; DAWS, 1985). The excess
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application of effluent to land could cause contaminated runoff to occur from the land-area of
concern. Berms, cut-off drains and suitable storage facilities are recommended to prevent water
running onto the site from adjacent areas, and to ensure that all contaminated runoff ends up in
storage (WHO, 1995). Contaminated water in storage may then be re-gpplied to the land during a
period when there is spare evaporative capacity available for this. Most suitable land slope
requirementsfor application of effluentsto land, in order to obtain alow risk of runoff or of stagnant
pools forming, is between 1/ 1000 and 5/ 1000 (U.S. Environmental Protection Agency, 1992).

High COD or BOD (organic) effluents should not be discharged to soils which have a high
groundwater table, or whichare naturally moist, at excessive quantities, unlessthe soilsareregularly
dried out to prevent the establishment of anaerobic conditions in the top layers of soil. The
inundation depth and period over which the effluent is applied should be dependent on the crop
grown. Failureto dry out soilsregularly hel psto produce anaerobic conditions, which kill plant roots
and generates obnoxiousodours. ( Bouwer, 1986; Ministry of Agriculture, Fisheriesand Food, 1991;
Shuval et al., 1986; Pettygrove and Asano, 1990).

A magjor drawback toirrigating with high COD (or BOD) effluents, isthat oxygenin the soil will be
taken up by the degrading organic fraction in the effluent, thus starving plant rootsof oxygen. If this
isalowed to happen over significant lengths of time, only plants which are capable of withstanding
swampy conditions will survive. Hence the importance of dlowing regular “drying-out” periods
between applications. 1nhigh water-table conditions, drainsmay need to beinstalled so asto remove
excess water.

High-nitrogen effluents may be applied to soils at a rate in excess of crop nitrogen requirements
using wetting and drying cycles applicableto high COD effluents, so that denitrification will occur
(Bouwer, 1985). Nitrogenous effluents may be treated by applying them to land with low-
permeability, high clay content subsoils. The land in question should preferably be planted with
vegetation which is capable of rapid uptake of nitrogen from the ground and capabl e of withstanding
anoxic conditionsfor the period over which the soil is saturated (Pettygrove and Asano, 1990; Tanji
and Valoppi, 1989; Thompson, 1985). Approximately a one to two week wetting and two-week
drying sequence should hel pto denitrify up to two-thirds of the nitrate-nitrogenin effluent (Bouwer,
1985). Thelength of the drying-out period will depend upon soil, site and climatic conditions.

Plants capable of taking up large amounts of nitrogen include certain pasture grasses (e.g. Kikuyu
grass), sugar cane and some fast-growing trees (e.g. Eucalyptus). These can take up more than
200 kg/ha.yr (Pettygrove and Asano, 1990; Shuval et al., 1986; Smith, 1996; Poynton, 1984; Abbott,
1996). 200 kg/haof nitrogenissupplied by one metre depth of effluent with anitrogen concentration
of 20 mg/t (less than this amount is actually available to the plants due to some loss of nitrogen
through leaching and denitrification). An average 20 mg/( nitrogen concentration is typical of
secondary treated sewage waters ( Khouri et al., 1994; Shuval et al., 1986; Bouwer, 1985).

A magjor drawback of applying nitrogen at rates which exceed crop requirements would be that the
green parts of plants will tend to grow rapidly at the expense of fruit, seed, root development and
plant strength (Thompson, 1985; WHO, 1995; Metcalfe and Eddy, 1991). Grassistheleast likely to
suffer from too much nitrogen. Another drawback isthat plantswill not take up the excess nitrogen,
allowing it to migrate downwards into the groundwater. It is preferable to grow plants whose
seasonal nitrogen requirements most closely match the nitrogen supplied by the effluent (Pettygrove
and Asano, 1990). Hence perennia plants which grow rapidly in summer and are dormant in
winter are normally not suitable for effluents which are discharged during winter months.
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When the objective is to discharge as much effluent to land as possible, the typical application rate
is 2,5 m/aand upwards, which is considerably in excess of crop water requirements, and in excess
of the annual evaporative capacity of al except perhaps the most arid of climates (Shuval et a.,
1986). For most effluentsthiswould exceed crop nitrogen requirements, and denitrification would
then most likely be the only aternative available for removing nitrate-nitrogen from the effluent
before it reaches groundwater (Bouwer, 1985). Under such high application rates, saturated
conditions are likely to occur in the soil for much of the time. The institution of wetting/drying
cyclesto achieve maximum denitrification would then be anecessary management goal. Saturated
conditions reduce the attenuation capacity of soil for trace contaminants by up to an order of
magnitude, in comparison with unsaturated conditions (Domenico and Schwartz 1990), so the
institution of wetting/drying cycles should effectively mitigate the reduced attenuation effects for
trace contaminants. Artificial subsurface drainage is normally required to help achieve this
management goal (Van Eeden, 1998; Shuval et al., 1986). It is not recommended that such high
effluent application rates be used on permeabl e subsoils overlying important aquifers unless anin-
depth investigation shows that the overall impact on groundwater resources is not negative (such
asin the case where the benefits of arecharged aquifer exceed the pollution costs).

Discharge of saline effluents on land presents special problems, as no soils can be considered
suitable for treating saline effluents (Bouwer, 1985; Thompson, 1985; Tanji and Vaoppi, 1989).
If soilsand vegetation are used to treat contaminantsin saline effluent, it would probably bebest to
consider soils, vegetation and water resourceswhicharenot irretrievably impacted by the gpplication
of these effluents (Bouwer, 1986; Thompson, 1985; Ayersand Wescott, 1985; Hanson et a ., 1993).
The use of high leaching rates is essential to prevent the build up of saltsin soil and to keep the
salinity of percolating moisture as low as possible, and an effective drainage system is generally
recommended (Pettygrove and Asano, 1990; Ayers and Wescott, 1985; Hanson et al., 1993).
Effluentswhich have high concentrations of saltswould probably best be applied on highly leached
soils and on sands where seepage/runoff water will eventually enter water resources which are
highly saline (Thompson, 1985). Saline effluents which contain high nitrate concentrations are
likelyto present themost intractableproblemsfor |and appli cation, asthe high | eaching requirements
for saline effluents will result in minimal attenuation of nitrates. Deep-rooted, salt-resistant, fast
growing trees such as certain Eucalyptus species should be useful for attenuating nutrients in such
effluents, when these are applied to deep, highly leached soils. Examples of two potentidly suitable
Eucalyptusspeciesare Eucal yptusgrandisfor warmer areasand Eucal yptusnitensfor col der (frosty)
areas of South Africa(Ellis, 1998). Guidelinesfor irrigatingwith high-TDS water are contained in
manual sthat are published by the Department of Water Affairs and Forestry (Department of Water
Affairs and Forestry, 1996). These manuals should be consulted for al cases where effluents are
discharged to land.

Further measures to help reduce the impact of effluents on groundwater include the foll owing:
(i) Plant suitable cropsin vulnerable areas:
d  Maize, sugar cane, certain root crops, fruit trees and certan evergreen tree species are

able to utilize nitrogen located as deep down as 2 metres or even deeper. Unused
nitrogen near the surface of the soil duringthe previousgrowing seasonwill most likely

27



still be located in the root zone the following year, and so not be lost to these plants
(Burt and Haycock, 1993).

Deep-rooted plantswith high water requirements, including most species of evergreen
tree (especially Eucalyptus species), help to lower the groundwater table and to keep
salts suspended in the vadose zone (Suarez, 1989). Of all vegetation types, woodlands
normally have the lowest concentration of N in groundwater (Strebel et d., 1989). In
thelatter case, woodland treeswoul d probably not include Acaciaspecies, asthesetrees
are known to add nitrates to soil.

Inarid areas, consider planting crops which requireless water.
For brackish effluents, consider planting sdt-resisant crops so that less effluent is
required for leaching purposes (Department of Water Affairs and Forestry, 1996).

(i) Carry out soil and water tests:

Soil tests may be used to ascertain plant-available N in soils, before applying effluent
which contains nitrogen. Regular soil moisture monitoring may be carried out to help
determine the required modifications to effluent application rates. Annual soil acidity
tests may be utilized to determine the quantity of lime or other pH correction agent
requiredto neutraize pH. Test effluent regularlyin order to establish optimumirrigation
limits. (Department of Water Affairsand Forestry, 1996; U.S. Environmental Protection
Agency, 1983).

(iii) Discontinue monoculture practices:

Seasonal crop rotation helpsto reduce the potential impact on groundwater of nutrients
in effluent (Burt and Haycock, 1993; Canter, 1997; Strebel et al., 1989).

(iv) Reducetillage depth (Burt and Haycock, 1993; Canter, 1997)
(v) Establishbuffer strips:
Trees and shrubs growing in riparian (buffer) zoneswith shallow water tables reduce

nitrogen ingroundwater.(Power and Scheepers, 1989). Asdiscussed earlier, Eucalyptus
trees are in many cases good candidates for this purpose.
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8 IRRIGATION WITH SEWAGE EFFLUENTS: HEALTH PERSPECTIVES

Suitablesoilsfor irrigation by sewage effluent and other pathogeni c effluents are clayey soilswhich
contain humus and iron (e.g. dark-red clayey soils):

(d  Sorption characteristics of viruses, which are the smallest most mobile pathogensin soil, are
similar to those of anionic trace contaminants. Hence soils which have a high percentage of
organic carbon, iron oxide and clay are considered suitable for virus sorption. Sorption of
viruseshby soil mediathereforesignificantly reducestheir bioavailability and their |leachability.
(Pettygrove and Asano, 1990; Canter and Knox, 1986; Oliver et al. 1996).

L

Larger pathogens are rapidly filtered out in clay soils (Pettygrove and Asano, 1990; Shuval
et a., 1986; Canter and Knox, 1986).

Suitable crops for irrigation by sewage effluent are placed in three categories, dependent on the
treatment received by wastewater (Shuval et al., 1986):

Low risk:
Crops not for human consumption.
Crops heat-processed or dried before human consumption.
Vegetables and fruit for canning.
Fodder crops, harvested and sun-dried before consumption by animals.
Landscape crops (fenced off from public access).

Medium risk:
Pasture grasses and fodder crops.
Crops which do not come into contact with wastewater.
Crops normally eaten only after cooking.

Spray irrigated crops.

High risk:
Other crops not included in the above categories.

Guidelines published by the Department of Health (Department of National Health and Popul ation
Development, 1978) should be consulted for information on acceptabl e sewage treament / land-use
categories and other requirements applicable to South Africa.

The following options (Table 2) are presented as possible alternatives towards securing measures
of health protection for populations who are potentially at risk from the reuse of sewage effluents.
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Table2 Health risk and cost/ management alternatives for populations potentially at risk
from the reuse of sewage effluents (after Blumenthal et al., 1989)

Degree of Treatment type Degree of health risk Health risk details cost/management
treatment/ or application comparison
application details
(A) Full treatment least risk *most expensive
(B) Application applied directly to little risk * fairly expensive
methods: - How roots of row crops
and when the during safe periods * needs good
effluent is applied management
(C1) Partial conventional some risk especially in terms of intestinal * relatively cheap
treatment and secondary infections
crop restriction treatment * needs some control

(c2) - stabilization ponds full protection * relatively cheap
* needs some control
* land requirements
(D1) Partial conventional some risk for vegetable bacterial removal insufficient for * relatively cheap
treatment and treatment consumers protection of vegetable consumers

human exposure
control

little risk for field workers
(risk level: dependent on
law-abiding society)

* need to
control/monitor

(b2) - pond treatment some risk for vegetable bacterial removal insufficient for * relatively cheap
consumers protection of vegetable consumers * need to
control/monitor
little risk for field workers * land requirements
(E1) Partial conventional some risk for vegetable bacteria and helminth-egg removal * relatively cheap
treatment treatment consumers insufficient for protection of
vegetable consumers
helminth-egg removal insufficient for
some risk for field workers protection of field workers
(E2) “ pond treatment some risk for vegetable bacterial removal insufficient for * relatively cheap

consumers

low risk for field workers

protection of vegetable consumers;
sufficient helminth egg removal for
field workers

* land requirements

(F) Restriction on
crops and
human exposure
control

no treatment

very little risk for vegetable
consumers

some risk for field workers
(risk level: dependent on
law-abiding society)

* cheap

* need to
control/monitor

(G)Restriction on
crops

no treatment:
application to only
certain crop-types
allowed.

very little risk for vegetable
consumers

significant risk for field
workers

* cheap

* need to
control/monitor

(H) Human
exposure control:

no treatment:
protective measures
are applicable

reduced risk:

risk levels depend on extent
of law-abiding society

* cheap
* need to
control/monitor
* ensure:
# personal hygiene,
# workers wear
protective clothing,
# food is thoroughly
cooked, efc.
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Approximate ranking of the alternatives presented in Table 2 in terms of protection of population
health is as follows (after Blumenthal et al., 1989):

(Most Protection)

A

B
C2
C1l
F
D2
D1
E2
El
G
H

I

Full treatment (conventional or else waste stabilization ponds with HRT of 25
days or more)

Application measures

Partial treatment (pond) + crop restriction

Partial treatment (conventional) + crop restriction

Crop restriction + human exposure control

Partial treatment (pond) + human exposure control

Partial treatment (conventional) + human exposure control
Partial treatment (pond)

Partial treatment (conventional)

Crop restriction

Human exposure control

No protective measures

(Least Protection)

NB: Partial treatment (pond): Stabilization pond with 8-10 day HRT.

Additional aspectsto consider regarding the above are:

J

Site selection: - Select those sites which have suitable characteristics [for environmental
protection, consider factors such as soils, bedrock, slope, buffers, zoning, etc.].
(Inexpensive, but need to design and plan effectively)

Effluent and site management. [e.g. seasona application requirements, storage facilities, site
preparation, etc.]
(Fairly expensive, manpower training and monitoring needed)
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g SELECTION OF COST-EFFECTIVE SEWAGE TREATMENT AND
EFFLUENT TO LAND DISCHARGE FACILITIES

Although thereisawealthof literature addressing the design of sewagetreatment systems, very little
is available which addresses the relative assessment of different types of sewage treatment system
using multiple selection criteria. Most literature relevant to the needs of developing nations
addresses the design and performance of oxidation ponds or el se compares suitability of oxidation
ponds for deve oping nations in comparison with conventional activated sludge systems. Recently
a study was done (Von Sperling, 1996) which compares many different types of sewage treatment
systemover financial, social, environmental and sysem performance criteria categories, within the
context of suitability for developing nations. The results of this study have been used to develop a
potentialy useful computer-based decision support tool whose purposeisto help inthe selection of
suitable sewage treatment system options, given financial, social, environmental and system
performance constraints and requirements.

Fifteen commonly used sewage treatment systems in devel oping countries have been identified by
Von Sperling (Von Sperling, 1996). Of these fifteen, twelve have been selected for incorporation
into the decision-support sysem. Three are land application options which in South Africarequire
sewage to be treated prior to land application and so were not selected as stand-alone systems. One
of them, subsurface soil treatment, has been included to form part of a septictank treatment system.
Sufficient information existson thelatter to allow an approximate comparative evaluation with the
other options.

The treatment systems considered in this study are

Facultative Pond

Anaerobic Pond - Facultative Pond

Facultative Aerated Lagoon

Completely Mixed Aerated Lagoon - Sedimentation Lagoon
Conventional Activated Sludge (continuous flow)
Extended Aeration (continuous flow)

Sequencing Batch Reactors (intermittent flow)
Low-rate Trickling Filter

High-rate Trickling Filter

Upflow Anaerobic Sludge Blanket Reactor
Anaerobic Filter

Septic Tank + Subsurface Infiltration

Von Sperling (1996) assessed each treatment system according to nineteen criteria. For the current
study, these nineteen criteria were reduced to twelve. Four were excluded either due to very little
variation in the range of assessed values or because they were not able to be suitably presented in
the computer-based decision support system developed as part of this study (aerosol generation,
climate, soils, and influent quantity). Three were incorporated with other similar criteria to form
larger categories. ( For example, influent quality and influent toxicity were combined because their
values were not very different from each other).

Criteriaconsidered in this study are:
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Land requirements

Construction costs

Operation and maintenance costs

Operational simplicity

Res stance to influent shock changes in qudity (not flow quantity)
BOD reduction requirements

Pathogen reduction requirements

Nutrient reduction requirements

Low dudge generation requirements (for disposal purposes)
Low odour impact likelihood

Low noise impact likelihood

Low insect pest breeding potential

For each criterion, Von Sperling (1996) carried out a comparative evaluation of the treatment
sysems: The relative suitability of each treatment system was compared with the other systems,
using ascale of one“plus’ (+: least suitable) to five “plusses’ (+++++: most suitable). For some
criteria, Von Sperling (1996) also tabulated numeric values (e.g. % reduction for BOD). For the
current study, the qualitative eval uationswere converted to anumeric scale of oneto nine(1,3,5,7,9)
and numeric data were adjusted proportionately to fit on ascale from zerotonine (0-9). Table
3 shows the relative values (ratings) assigned to the treatment systems, for each criterion.

In thisstudy, the aim isto rank sewage treatment options from most suitableto |east suitable, given
the criterialisted above. Firstly this requires, for each criterion, a relative evaluation of treatment
options. Secondly it requiresarelative evaluation of thecriteria. Von Sperling’s(1996) ratings apply
to theformer and not thelatter. Doing arelative comparison of criteriaisnot easy (nor isit reliable)
for criteria that are dissimilar. However, it should be possble to do arelative comparison of the
importance of criteriafor a specific community, or for aspecific place. For example, the impact of
odours and insects may not be nearly asimportant asthe cost and operational simplicity of a system,
to animpoverished rural community. It wasdecided, therefore, to consider assessing criteriainterms
of their importanceto acommunity or within ageographic setting. These“importanceweights’ need
to be evaluated on a site-specific basis.

Decision-support software, whose purpose is to help in the selection of suitable sewage treatment
system options from the list of twelve (see above) given the financial, social, environmental and
system performancecriterialisted above, hasbeen devel oped aspart of thisproject. For each criterion
presented to the computer user, asliding scale ispresented to enable the user to easily select avalue
from O (no importance or not relevant) to 9 (of extreme importance). Once all the values have been
entered, the user is presented with atable of entered values for review. The user can then either go
back and change somevalues, or el se start the eval uation process. If thelatter isdone, agraph, atable
of values and a simple report are presented.

There is great scope for improvement and extension of the current software. One possbility is to
include decision support for defining importance weights.
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Table 3:

Sewage treatment systems. Multiple criteriaratings

Treatment Type |Land Construction | Operation Operational | Influent BOD Pathogen |Nutrient |Odour Odour [Noise |lnsect [Sludge Max

requirement |cost and simplicity [ shock reduction |reduction [reduction |reduction |impact |impact |impact |disposal |prodsum
maintenance resistance

Facultative Pond 1 8 9 9 6 5 5 3 5 5 9 1 9 630

Anaerobic- 4.4 8 9 9 6 5 5 3 1 1 9 1 9 624.6

Facultative Pond

Facultative 9.1 8 6 7 6 5 5 3 7 7 1 5 9 639.9

Aerated Pond

Fully Aerated 9.2 8 5 5 6 5 5 3 5 5 1 1 5 523.8

Pond

Activated Sludge 9.4 1 3 1 4 7 3 5 7 7 1 7 1 444 6

Extended Aeration 9.4 4 1 5 6 9 3 5 9 9 1 7 3 561.6

Sequencing Batch 9.4 35 2 7 6 7 3 5 5 5 1 7 2 521.1

Reactor

Low Rae 8.7 3 6 5 3 7 3 5 7 7 7 1 3 528.3

Trickling Filter

High Rate 9.1 4.5 6 5 5 7 3 4 7 7 7 5 1 572.4

Trickling Filter

Upflow Anaerobic 9.8 7 9 7 3 5 3 1 3 3 9 7 7 637.2

Sludge Blanket

Septic Tank - 9.3 45 9 7 4 5 3 1 3 3 9 7 7 619.2

Anaerobic Filter

Septic Tank and 3 7 9 7 6 8 6 5 4 4 9 6 8 702

Subsurface

infiltration
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10 EXPERT SYSTEMS-BASED DECISION SUPPORT TOOLS

Effluent to land decision-support software

The effluent to land decision support software consists of several components which are designed
with two purposes in mind:

a to be used as decison aids sequentidly in an effluent permitting study,

(1  to be used as separate tools for site identification, crop sdection, irrigation area size
estimation, contaminated runoff storage size estimation, assimilation capacity estimation of
site soils, and more.

The software should be seen as being fit for demonstrati on purposes only, for thefollowing reasons

1 The software still needs to be validated.

a On some computers, some buttons in the health regulatory tool (those buttons which enable
the user to return to the man menu) become inactive once the report is generated (thisis a

"bug").

d  The results of some components such as the water balance tool need added interpretive
capabilities.

d  Except for the health permitting tool and part of the contaminant limits assessment tool, the
software is not tied to regulations relevant to effluent irrigation in South Africa. If and when
such regulations exist, the software could be readily modified so as to support them.

Components of the software

The software tools and their uses are described hereunder:

[  Health permitting tool for sewage effluent
Given asewage treatment stage and a proposed |and-use application, thiscomponent specifies
whether it is permissible to apply the effluent for the land use in question or not, and if
permissible, it identifies those measures that need to be implemented from a human health
protection standpoint. Thistool implementsthe Department of Health guidelinesreferred to
earlier in this report (Department of Nationa Health and Population Devel opment, 1978).

ad A site-assessment advisor for sewage effluent, which may aso have applicability for organic
effluents
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Giventhetreaiment stage of sewage effluent, thiscomponent hel ps determine whether site-specific
factors such as soil pH, site slope, depth to groundwater, distance to surface water and distanceto
residences are likely to cause problems. If so, suitable mitigatory measures are presented.

J

Soil contaminant limits assessment component

This component presents a simple table which shows what the current trace element
concentration limits are for South African soils, and given the trace element concentrations
fromasoilsanalysis, it determineswhat trace element limits are exceeded, and by how much,
and indicates whether effluent may be applied to the ste in question, or not. If at least one
trace element limit is exceeded, and the effluent contains that trace element, the site is not
considered suitable for effluent application.

Monthly precipitation evaporation assessment tool

This component is designed to help determine the capacity of an area of land to accept non-
saline effluent on a monthly basis, taking into account monthly precipitation evaporation,
effluent irrigation area and contaminated runoff storage volume data

The component uses a table on a form for both input data and output data. Input data
requirementsare monthly precipitation, leaching factor, crop factor, potential evaporation, the
areaavailable for effluent irrigation, and the volume of effluent to be disposed of. Leaching
factor (LF) is the proportion of total moisture applied to the land surface which percolates
through the soil until it is out of reach of plant rootsand where capillary forrces cannot bring
the moisture back towards the surface. Crop factor (CF) is the ratio of potential
evapotranspiration of the crop and ground surface to potential evaporation from an equivalent
area of open water.

Output data for each month addresses excess runoff (if any), the runoff storage capacity
required, and theextraarearequiredfor effluent irrigation (when thereis potential tomake use
of extra land). For each month, it is assumed that the applied moisture (including both
precipitation andirrigation) will either evapotranspire (direct evgporation fromthegroundand
transpiration through plants), percolate through the ground, or run off the site. It is assumed
that evapotranspiration and percolation will take precedence over surface runoff. Thus:

. If potential evapotranspiration and the depth of liquid percolating through the soil for
the month are greater than the depth of liquid from precipitation and irrigation, it is
assumed that there will be no runoff, and that the shortfall will be made up by irrigating
with contaminated runoff kept in storage.

. If potential evapotranspiration and depth of liquid percolating through the soil for the
month are less than the depth of liquid from precipitation and irrigation, it is assumed
that there will be runoff, and that this runoff will be collected in storage.

. If potentid evapotranspiration and depth of liquid percol ating through the soil over the
month islessthan the depth of liquid from precipitation only, it is assumed there will
be runoff. If no effluent is applied during the month, it is assumed this runoff will not
be collected in storage.
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Note: The terms "potential evapotranspiration” and "estimated crop water requirement” may
be considered to mean the same thing, assuming that crops cover the entire irrigation
area. Potential evapotranspiration may be estimated by multiplying potential
evaporation (data derived from aClass A pan) by the crop factor. (Van Eeden, 1998).

Excess contaminated runoff is stored on a month-by-month basis and is utilized when there
IS Spare evapotranspirative capacity for any month.

Output datanot only includesthe monthly datamentioned earlier, it a so includes an estimated
design storage capacity which will be sufficient to cope with runoff storage requirements for
oneyear, aswell asawarning that effluent is being applied for amonth when precipitationis
greater than potential evapotranspiration plus moisture lost to percolation (if thiswarning is
relevant). The leaching fraction (LF) is the proportion of applied moisture which percolates
beyondtheroot zone. LF may theoretically rangefrom 0to 1, but usually liesin therange 0,05
to 0,2.

Asthistool does not address daily data values, the results should be used as rough guideline
values, only.

Effluent application-rate tool

This component presents columns on an electronic form. Similar to the one for soils, it
utilizes annual trace element application rate limits:

Theselimits are based on the current trace element limitsfor dudge goplication ratesin
South Africa(WRC, 1997). The effluent application rate limits could have been derived
from an assumption such as. "Given that it takes 25 years of effluent application to
increase trace d ement concentrations in soil to those specified in the soil limits, what
wouldtheannual applicationratefor each trace element thenbe?" (WHO, 1995; Smith,
1996). Thisistheapproachrecommended for sludge by the World Health Organization
(WHO, 1995). For effluents, such an approach could result in significant errors for
reasons mentioned earlier inthisreport. Further research isneeded regarding thisaspect,
therefore the land-application rate limits presented in the table need to be used with
caution.

Given arequired effluent application rate to land and a chemical analysis of contaminant
concentrations in the effluent, the application rate of individual contaminants to land is
calculated and compared with the specified limits. If any is at or above the prescribed limit,
the application rate is considered to be too high. The user is presented with the maximum
annual effluent application rate, as volume and liquid depth, which could be used to comply
with these limits. The user isthen able to revize the required annual effluent gpplication rate
so that it is equal to or less than this amount.

The annual nitrogen application rate is calculated at the same time as the trace element
application rates are. The nitrogen supplied by the effluent is displayed so that a comparison
can be made with annual crop nitrogen requirementsfor avariety of crops. The crop nitrogen
requirements should preferably equal or exceed that supplied by the effluent. If not, the
effluent application rate may need to be reduced. It isimportant that the crops grown should
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make as much use of the nitrogen supplied by the effluent as possible, taking into account the
seasonal variability of crop nitrogen needs and the nitrogen application rate.

Theannual effluent application rate limit derived from this component needs to be compared
with that derived from the water ba ance component. The most conservative application rate
limit is the one that should normally be accepted for further consideration in a permit
exemption study. Probably the most serious limit is the one assigned by the trace element
application rate component. If the other limits hgppen to be more conservative, there are
measures which can be readily applied in order to allow higher application rates.

Crop selection assistant for crops (addresses crop sensitivity to TDS, Cl and B)

High levelsof TDS (salinity), chlorides(Cl) and boron (B) are often encountered in effluent
usedfor irrigation. Cropsare sensitiveto high concentrations of each of these constituents, but
they have different degrees of sensitivity depending on the crop type and constituent of
concern.

Given a concentration range for each constituent in an effluent, the crop selection assistant
uses afiltering process to exclude sensitive crops from thelist of crops being considered (see
examplesof crop sensitivity categoriesregarding chloride and boron concentrationsin T able
4 and Table 6 in the appendix).

Chemical concentration ranges of the effluent are selected by clicking on one of the slots
showing 'Salinity’, 'Boron', or 'Chloride’. Theconcentrationlevel categoriesare presented for
each one selected. A range must then be selected using the mouse. The system responds by
displaying in one column crops which are not sufficiently tolerant to the concentration range
of the substance in question, and displaying in another column those crops which are.

The "Filter" button needs to be “ clicked” on to see the subset of crops which have sufficient
tolerance for all three substances at the concentration ranges selected.

In general, the higher the concentrations, the fewer crops will be suitable.

Note: This software does not address crops which are sensitive to very low concentrations of
boron.

Sewage-effluent health-risk versus cost comparative assessor

Thisis an expert system which provides information on population health risk and smple
treatment/irrigation control options, given -

(a) how costly the sewage treatment is/will be;
(b) the expected level of effective site management;
(c) the extent to which field workers' activities will be monitored and controlled.

Four options are given for the question: "How expensive may the treatment/ land application

option be ?'. Only one may be chosen. The following questions are then asked, with the
number of options given:
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What degree of management and monitoring isto be applied at the effluent irrigation
site?
(Three options are given from which one may be chosen.)

What degree of monitoring of irrigation site activitiesis to be carried out ? (Three
options are given from which one may be chosen.)

What level of control over irrigation site activitiesisto be exercised ?
(Three options are given from which one may be chosen.)

An example of results are as follows.
SEWAGE TREATMENT/IRRIGATION OPTION AND HEALTH RISK RESULTS

1.
Assuming funds to cover a relatively cheap cost option are available, the following
treatment option is possible:

Minimum sewage treatment required:
(1) Partial sewage treatment (oxidation ponds).

Effluent application:
(2) Noirrigation restrictions considered.

Degree of risk:

(3) Littlerisk for field workers.

(4) Somerisk for raw vegetable consumers, as bacterial and helminth removal will be
insufficient for protection.

2.
Assuming funds to cover arelatively cheap cost option are available, the following
treatment option is possible:

Minimum sewage treatment required:
(1) Partia sewage treatment (conventional secondary treatment).

Effluent application:
(2) Noirrigation restrictions considered.

Degree of risk:

(3) Somerisk to field workers, as bacterial and helminth removal will be insufficient
for their protection.

(4) Somerisk to raw vegetable consumers, as bacterial and helminth removal will be
insufficient for their protection.
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3.

Assuming fundsto cover arelatively cheap option are available, and that therewill be
some monitoring, control and management exercised over effluent irrigation, the
following option appears suitable:

Minimum sewage treatment required:
(1) Partial sewage treatment (oxidation pond or conventional secondary treatment).

Effluent application:
(2) There must be control to prevent exposure of field workers to effluent in terms of
ingestion, spray inhalation and skin contact with the effluent.

Degree of risk:

(3) Littlerisk to field workers.

(4) Somerisk toraw vegetable consumers, as bacterial removal will be insufficient for
protection of raw vegetable consumers.

4.
Assuming funds to cover arelatively cheap option are available, and that the types of
crop grown will be strictly controlled, the following option appears suitable:

Sewage treatment required:
(1) Partial sewage treatment (oxidation ponds).

Effluent application:
(2) Effluent must be restricted to crops not eaten raw.

Degree of risk:
(3 Minimum risk to field workers.
(4) Minimum risk to vegetable consumers.

5.
Assuming funds to cover arelatively cheap option are available, and that there will be
some control exercised over effluent irrigation, the following option appears suitable:

Sewage treatment required:
(1) Partia sewage treatment (conventional secondary treatment).

Effluent application:
(2) Effluent must be restricted to crops not eaten raw.
(3) Effluent should only be applied during safe periods.

Degree of risk:

(4) Somerisk to field workers, especially in terms of intestind infections.
(5) Low risk to raw vegetable consumers.

40



J

Sewage treatment system option selection assistant

Thissoftware's purposeisto hel pinthe selection of suitable sewagetreatment processoptions
from alist of twelve, givenfinancial, social, environmental and system performance criteria
(listed below). For each criterion presented to the computer user, asliding scaleis presented
to enable the user to easily select avalue from O (no importance or not relevant) to 9 (of
extremeimportance). Onceall the values havebeen entered, the user ispresented with atable
of entered valuesfor review. Theuser can then e ther go back and change somevalues, or else
start the eval uation process by clicking on abutton on the screen. If the latter isdone, agraph,
atable of values, asimple report and a list of pros and cons of each treatment option are
presented.

The graph showsthetreatment optionsordered according toincreasing suitability, and whose
magnitude indicates their relative suitability.

Sewage treatment process options available for selection are:

Facultative pond, anaerobic facultative pond, facultative aerated pond, fully aerated pond,
activated sludge, extended aeration, sequencing batch reactor, low-rate trickling filter, high-
ratetricklingfilter, upflow anaerobicsludgeblanket, septictank - anaerobicfilter, and finally,
septic tank - subsurface infiltration.

Selection criteria used to rank sewage process options in terms of likely suitability are:
Land restrictions, capital cost restrictions, operating cost restrictions, requirements for
operational simplicity, requirements for influent shock resistance, BOD reduction
requirements, pathogen reduction requirements, nutrient reduction requirements, odour
reduction requirements, low noise impact requirements, low insect impact requirements, and
low sludge production requirements.

Although the softwareisfunctional, thereissignificant scopefor extending it and adding extra
functiondity.
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11 SUMMARY, CONCLUSIONSAND RECOMMENDATIONS

11.1 Summary

South Africafacesmajor problemsin disposing of itsliquid and solid wastesin an environmentally
sustainable manner, asitswaste production isexponentially increasing and costs are al so increasing
per unit mass of waste to be disposed of in an environmentally sustainable way. Being a semi-arid
country, South Africaisfacing afurther problem regarding severelimits on available, good-quality
water resources.

Hence the mgjor problems are:

(i) Ever-increasing waste production volumes with increasing costs of treatment and disposal
present significant implications for our economy.

(i) Water isascarceresource. Asthe demand outstrips supply, this forces up the cost of water
and imposes more severe restrictions on water use.

(ii) Water pollution has become an ever-increasing threat to our economy, qudity of life and
environment.

It is believed that South Africaneedsto utilize effluentsin such a way that wastewater is used for
non-potable purposes (such asfor agriculture) in place of fresh water, and that the latter water is
reserved for potable and recreational use. As effluent producers arelikely to want to reduce effluent
volumes needing to be disposed of by evaporaing asmuch of it as possible, it is also believed that
a regulatory mechanism is needed to ensure that excessive amounts of moisture from effluent are
not irretrievably lost to the atmosphere. It isimportant that crops and soil be selected primarily on
their capacity to effectively treat non-saline effluents, and that effluent then be applied a arate not
greater than that which matches this capacity. Land application of effluents requires wise
management and control in order to:

[  minimize health risk to field workers and crop consumers,
minimize pollution risk to water resources,
minimize needless water |0sses to the atmosphere,

minimize the impact on the environment (e.g. ecologica impact; odour impact), and

O od o o

maximize the benefits in terms of crops grown; cost savings over alternative forms of
treatment; availability of higher quality source water for alternative use; etc.

There are several options to consider when applying effluent to land: to supply crop nutrient
requirements; to supply crop water requirementsor totr eat theeffluent by employing thefiltering
capabilities and chemical attenuation characteristics of soil and vegetation. A further option,
disposal of effluent to land, should preferably be the last option made available to effluent
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producers, and where practised, it needs to be done without an unacceptable negative impact
occurring on human health, water resources or the environment. In mos countries, the major
objective of effluent to land applicationsisthe disposal of effluent at minimal cost/impact to (a) the
effluent generator, (b) human health, and (c) the receiving environment. Guidelinestherefore need
to address the issues of crop nutrient and water requirements, on-land effluent treatment options
and the impact of effluent gpplication to land on human hedth and on the receiving environment.

The need for guidelines for effluent application to land is becoming more acute, and as these
guidelines are necessarily complex, there is believed to be a need for such guidelines to be
incorporated in user-friendly software. Software which supplies tools to help in guideline
interpretation and implementation, together with some form of routine"intelligence" isbelieved to
beimportant, asusersarelikely not to have dl the expertise required to interpret and implement the
guidelines. The development of expert systems-based software is believed to be away to achieve
this. The overall objective of thisprojectisto deve op expert sysems incorporating guidelines and
advice on land-based effluent disposal and effluent use, together with the relevant decision-making
processes, in order to provide decision-makerswith appropriate, readily accessibleinformation and
expertise on personal computers.

Prior to development of the software, suitable guidelines and advice needed to be identified. The
following issues were therefore first addressed in the study:

Characterization of effluents and soils for land application and crop irrigation purposes.

d  Identification of suitable crop types, soil characteristics and design/planning/management
aspectsin terms of land application of effluent.

a  ldentificationof limitingparametersandrelated al gorithmsthat hel p determinethe maximum
application rates of effluent in terms of major effluent constituents.

[  Giventhe objective: to digpose of as much effluent as possible over alimited land areawith
minimal impact on the environment, the following aspects were onsidered:
i)  crop nutrient requirements,
ii)  crop water requirements,
i) useof vegetation and soilsto treat effluent water to an acceptable standard.

d  Management optionswhich effectively reducetherisk of contamination of water resources or
€l se enable more effluent to be applied to arestricted land area.

[  Identification of suitable sewage treatment system optionsintermsof various criteria, one of
the aims being the production of effluent suitable for land application.



11.2 Conclusions

Important results from the study include the following:

J

Effluents with a high pathogen content require certain treatment stages and controls on crop
irrigation practices to be specified, together with proper monitoring, in order to effectively
[imit the risk to human health.

Effluents with significant quantities of potentially toxic trace elements need to be restricted
intermsof levelsof contaminant build-upin sitesoilsaswell asinterms of annual application
rates. Thiswould bein order to protect human, animal and plant hedth via different food-
chain pathways.

Effluents with high nutrient concentrations need to be restricted in terms of the amount that

can be applied to land in terms of what crops need, and soil liming may be required to
counteract the effects of soil acidification by nitrogenous effluents, in order to effectively
reduce the pollution risk to water resources.

Effluentswith significant concentrations of macro dements(e.g. TDS, Cl, B, Na) need to be
applied to those crops and soils which are relatively insensitive to such concentrations, and
sophisticated irrigation and soil management may need to be carried out to minimize the
impact of those macro-elements on crops and soils.

Effluents with a high concentration of biodegradable organics ("high COD effluents") need
to be applied to land with consideration for impacts in terms of pathogen growth, odour
generation, insect breeding and soil acidification. Further, thelikely effectsof bacterial slime
layers on reduced soil permeability and the impact of anoxic conditionsin soil on plant root
health may require that artificial drainage and wetting/drying cycles be instituted.

Effluents which are acidic or alkaline, and those which contain high concentrations of
suspended solids, detergentsand greasegenerally may need to bespecially treated prior toland
application. Acidic or alkaline effluents are likely to re-mobilize ionic contaminants sorped
to soil particles. Effluentswhich contain high concentrations of suspended solids, or oilsand
greases, can clog soil pores at the soil surface, thus preventing irrigated effluent from
percolating down into the soil, and also causing plant roots to suffocate from lack of oxygen.

Detergents can remobilize contaminants in the soil, carrying them down to groundwater.
High-sodium, low TDS effluents can cause clogging in soil s containing clay.

Soils need to be suitably characterized in order to help describe the potential ability of soils
to attenuate contaminants in effluent, given afew key soil characteristics. The following
comments are relevant:

The overriding factor which influences the mobility or bioavailability of ionic
contaminantsin soil ispH, wherelow pH mabilizes cationic contaminants and high pH
mobilizes anionic contaminantsin asoil solution. Secondary factors are thesoil media
type, where organic carbon, non-kaolinitic/kaadlinitic clays, iron/ manganese oxides/oxy-
hydroxides and carbonate soils are most effectivein attenuating cationic contaminants
in low and neutral pH conditions, and to a lesser extent in attenuating anionic
contaminants in neutrd to high pH conditions. Organic carbon is mog effective in
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attenuating certain heavy metals and non-volatile organic chemicals.

Effluents which contain high levels of pathogens, such as partialy treated sewage
effluents, are probably best applied to clay soils which contain humus and iron (e.g.
dark red clayey soils).

The sorption characteristics of viruses, which are the smallest, most mobile
pathogensin soil, are similar to those of anionic trace contaminants. Hence soils
which have a high percentage of organic carbon, iron oxide and clay are
considered suitablefor virus sorption. Sorption of viruses by soil mediatherefore
significantly reducestheir bioavail ability andtheir leachability. Larger pathogens
arergpidly filtered out in clayey sails.

The more mobile a contaminant is, the more it presents a risk in terms of groundwater
contamination. On the other hand, the less mobile a contaminant is, the more the likelihood
of build-up of contaminant concentrationsin the soil surface to levelswhich could represent
an unacceptable risk factor to plants, animals and humans (for the latter two, this would be
from eating plants or ingesting soil). However, the risk implied in the latter is likely to be
small when considering agronomic applications.

As most potentialy toxic inorganic contaminants are heavy metals (cations), it is
recommended that soils be tested for cation exchange capacity prior to determining what
contaminant application rate limits are applicable. It is recommended that for heavy-metal
contaminants and for soils with a CEC of less than 5 meg/100g, conservative limits that are
normally defined for non-cal careous sands should be used. For soilswith a CEC of between
5and 15 meg/100g, use limitswhich are doublethe most conservativelimits, or preferably use
the following equation:

New limit = (most conservative limit) * (CEC - 1)/4

For soils with a CEC greater than 15, use limits which are four times greater than the most
conservative limits. (U.S. Environmental Protection Agency, 1992).

11.3 Recommendations

Land application of sewage and other organic/ pathogenic effluentsfor beneficial purposes should
enjoy high priority in South Africa, as:

J

J

research shows that soils are amongst the most effective means of treating such effluents;
cropirrigation allowsthe nutrientsin effluent to berecycled, thusreducing the need for added
fertilizers for crops and, where no fertilizers are added, crop irrigation reduces the potential
impact of such nutrients on water resources;

irrigation with effluentsin place of higher quality source water freesthe latter for alternative
use.
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Along with the above comes the need to ensure that proper mitigation measures are in place, land
application and drainage facilities are properly installed, the sites are properly managed, and that
the environmental impact of such activities has been assessed and accounted for. In order to carry
out the above, not only arerestrictions needed in termsof effluent type/ treatment stageand land-use
category, but also restrictions in terms of effluent type/ treatment stage and each of the foll owing:

alowable site parameters (slope, depth to groundwater, etc.),
1 suitable soil characteristics, and
a  alowable maximum effluent application rates.

Together with the above comes the need for the development and institution of suitable procedures
designed to:

control the activities of effluent producers, and

d  help effluent producers to manage their effluents in an environmentally sustainable, yet
affordable way.

These procedures are necessarily complex, so there is a need to have available suitable decision
support tools for both administrators and site managers. Software tools could be in the form of
"intelligent advisors', geographic information systems, database systems, "web-based"
communicationtoolsandmore. Theexpert systems-based software devel oped for thisproject, once
modified, expanded and validated, should provide the required administrative advisory system.
Suitablelinks from this softwareto GIS systems, databases and the Web could al so be established.
(There are active linksto dBase tablesin the current software.)

Other recommendations relaing to this project:

It is recommended that further research be carried out on the bioavailability and mobility of
priority contaminantsin effluent applied to land, with the am of determining realistic limits
intermsof contaminant mobility and distance to awater resource, soil attenuation, crop and
animal uptake, thetoxic nature of acontaminant, and limiting pathways, amongst others. The
limitsto bedefined should relateto contaminant concentreation in effluent, concentration leve s
inirrigated soilsand to annual land gpplication rates. Research efforts should beaimed at high-
priority contaminantswhich arelikely to befound in effluents such astreated sewage effluents
and rurd industrid effluents.

Presentation of papers at symposia or in journals is recommended for technology transfer

purposes. Demonstration of software at workshops, as well as viathe WRC's website, is
recommended for educational and validation purposes.
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13 APPENDI X

Table4: Cropsgrouped accordingto chloridetolerance.  (According to threshold chloride
concentrations in saturated-soil extracts (mmol/(). (Department of Water Affairs and
Forestry, 1996)

Senditive M oder ately M oder ately Tolerant Very tolerant
(10 sensitive tolerant (40 - 60 mmol/t) (70- 80
mmol/() (15 mmol/t) (20 - 35 mmol/t) mmol/()
Strawberry | Pepper Trefoil, big Beset, red Sorghum
Bean Clover, strawberry | Lovegrass Fescue, tall Bermuda grass
Onion Clover, red Spinach Squash, zucchini Sugar beet*
Carrot Clover, dske Alfafa Harding grass Wheat grass,
Radish Clover, ladino Sesbania* Cowpea fairway
L ettuce Corn Cucumber Trefoil, narrow-leaf crested
Turnip Flax Tomato bird s foot Cotton
Potato Broccoli Ryegrass, Wheat grass,
Sweet potato Squash, scallop perennial tall
Broad bean Vetch, common Whest, Durum Barley*
Cabbage Wild rye, Barley (forage)*
Foxtail, meadow beardless Wheat
Celery Sudan grass
Clover, Berseem | Wheat grass,
Orchards grass standard
Sugarcane crested

* Lesstol erant during emergence and seedling stage
**  Multiply the mmol/t chloride concentration by 35.5 to convert to the concentration in mg/(.
Cropslisted in order of increasing tolerance from top to bottom.
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Table5: Relative susceptibility of crops to foliar injury from saline sprinkling waters
(Department of Water Affairs and Forestry, 1996).*
Chloride concentration (mg/t) causing foliar injury***
<175 175-350 350 - 700 >700

Almond Pepper Barley Cauliflower
Apricot Potato Maize Cotton
Citrus Tomato Cucumber Sugar beet
Plum Lucerne Sunflower
Grape ** Safflower

Sesame

Sorghum

* Susceptibility based on direct accumulation of salts through the leaves
**  On borderline with next category

***  Foliar injury is influenced by environmental conditions. These data are presented only as
genera guidelines for daytime sprinkling, under conditions which are neither too hot nor too

dry.
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Table6: Boron tolerancethreshold valuesfor agricultural crops, soil water basis(after Ayers
and Wescott, 1985)
Sensitivity Crop Threshold
Concentration
(mgl))
Very sensitive Lemon, blackberries 0.3-05
Sensitive Deciduous fruit trees, citrus (orange, grapefruit), 0.5-0.75
avocado, grgpe and onion, barley, bean, sweet potato
Moderately sensitive | Sesame, strawberry, beans, peanut, sunflower and wheat 0.75-1.0
Between moderately | Carrot, pepper, pea, potato and radish 10-20
sensitive and
moderately tolerant
Moderately tolerant L ettuce, cabbage, celery, cucumber, turnip, oats, corn, 20-40
clover, mustard, squash and muskmelon
Tolerant Milo, tomato, parsley, vetch, red beet, alfalfa and sugar 40-6.0
beet
Very tolerant Cotton 6.0-10.0
Highly tolerant Asparagus 10.0-15.0
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Table7: Guideline - Trace elements in irrigation water (Department of Water Affairs and
Forestry, 1996)

Max. Limit
(mg/t) *

Effects**

20

Aluminium (Al)
One of the macro soil congtituents. Can cause non-productivity in acid soils (pH < 5.5), but
more alkaline soils (pH > 7.0) will precipitate the ion and €l iminate toxicity.

Arsenic (As)
Toxicity to plants in nutrient sol utions varies widely, ranging from 12 mg/¢ for Sudan grass
to less than 0.05 mg/¢ for rice. With the exception of root crops, crop growth is usually
retarded before accumulation dangerous to consumers can occur.

0.5

Beryllium (Be)
Toxicity to plantsin nutrient solutionsvarieswidely, ranging from 5 mg/t for kale to 0.5 mg/¢
for bush beans.

0.05

Cadmium (Cd)
Toxic to beans, beets and turnips at concentrationsas low as 0.1 mg/¢ in nutrient solutions.
Conservative limitsare recommended dueto its potential for accumulationin plantsand soils
to concentrations that may be harmful to humans.

Chromium (Cr)
Toxicity in nutrient soluti ons has been observed at aconcentration of 0.5mg/¢. Notgenerally
recognized as an essential growth element. Toxicity depends on its oxidation state in water
and soil and on soil reactions. Growth usudly retarded before accumulation to levels
dangerous to consumers.

Cobalt (Co)
Toxic threshold of 0.1 mg/( in nutrient solution observed for any plants. Tends to be
inactivated by neutral and alkaline soils.

Copper (Cu)
Essential plant nutrient. Toxicto anumber of plantsat 0.1to 1.0 mg/¢ in nutrient solutions.

15

Fluoride (F)
Inactivated by neutral and alkaline soilsprovided soil’ scal cium content issufficient. Onacid
sandy soilsonly 1 mg/( fluorideisallowed (Author’ snote: The maximum limit recommended
for potable water suppliesin South Africais4 mg/( , hence it isrecommended that this limit
be the absolute maximum allowed for irrigationwater on non-sandy soilsinmorearid areas,
where important aquifers could be at risk.)

20

Iron (Fe)
Essential plant nutrient. Not toxic to plants in aerated soils, but can contribute to soil
acidification and loss of availability of essential phosphorus and molybdenum. Overhead
sprinkling may result in unsightly deposits on plants, equipment and buildings (see also
paragraph 3.4.7.2 and 3.4.7.4 under miscellaneous problems).

Lead (Pb)
Not readily absorbed through rootssince strongly boundto soil. Recommended level sshould
protect sensitive crops.




Table7: (Continued)
Max. Limit Effects**
(mg/) *
Lithium (Li)
Max. limit [ Tolerated by most cropsupto 5 mg/¢ in nutrient solutions; mobilein soil. Toxic to citrus at
above 2.5 low concentrations; limit in irrigation water of 0.075 mg/( .
Manganese (M n)
0-10.0 Essential plant nutrient. Toxicto anumber of cropsat afew tenthsto afew mg/t, but usually
onlyinacidsoils. Inwell-aerated soils manganese concentrationsarelow in the soil solution.
Mercury (HQ)
No max. limit | Mostly strongly retained by soil. Natural levelsin water are low.
yet.
Molybdenum (M o)

0.05 Essential plant nutrient. Not toxic to plants at normal concentrationsin soil andwater. Can
be toxic to livestock if forage is grown in soils with high concentration of available
molybdenum. Inactivated at low soil pH values.

Nickel (Ni)

2 Toxic to anumber of plantsat 0.5 mg/t to 1.0 mg/t in nutrient solutions; reduced toxicity
at neutral or akaline pH.

Selenium (Se)

0.05 Toxic to plants at concentrations as low as 0.025 mg/( in nutrient solutions and toxic to
livestock if forage is grown in soils with relatively high levels of added selenium. An
essential element for animals but in very low concentrations.

Tin (Sn)

No max. limit | Effectively excluded by plants; specific tolerance unknown.

yet.

No max. limit Titanium (Ti)

yet. Effectively excluded by plants; specific tolerance unknown.

No max. limit Tungsten (W)

yet. Effectively excluded by plants; specific tolerance unknown.

Uranium (U)
0.1 Strongly adsorbed by soil. Recommended limit is conservative.
Vanadium (V)

1 Toxicto many plantsat relatively low concentrations. Interfereswith absorption of essential
elements.

Zinc (Zn)

5 Essential plant nutrient. Toxic to many plants at 1 mg/¢ in nutrient solutions. Reduced
toxicity at pH > 6.0 and in fine textured or organic soils.

* Limits applicable for neutral and alkaline fine textured soils for periods up to 20 years at these
concentrations.
**  Asdescribed by Ayers and Wescott (1985)
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Table8:

Effluent: Contaminants, effluent sources and associated physical impact (CSIR,
1991).

Contaminants

Sour ce of efluent

Physical impact

Colourants

Pulp and paper, textile, abattoirs,
steel, dairy, yeast, tanneries

Aesthetically objectionable, some colour producing

pollutants are toxic.

Suspended solids

Pulp and paper, textile, abattoirs,
tanning, canning, breweries, steel
mills, boiler-house operation,
sewage, mining, agriculture, urban

Blockage of sewer lines and equipment, damage to
rivers by solids, deposition and oxygen depletion.

Interfere with disinfection

QOil and grease

Abattoirs, wool washeries, dairy
plants, steel mills, galvanising plants,
oil refineries, tanneries, sewage,
urban

Blockage of sewer lines and equipment, floating
scum on water which prevents oxygen transfer,
anaerobic conditions, smell and fly nuisance.

Production of objectionable tastes on chlorination

Organic wastes

Pulp and paper, textile, yeast, sugar,
abattoirs, tanneries, canning,
brewing, starch, sewage, agriculture,
urban

Overloading of conventional sewage treatment

plants, oxygen depletion inrivers. Objectionable

tastesin chlorination, and production of
trihalomethanes

Insecticides Chemical, food, textile, pesticides,
agriculture

Trace metals Pickling, galvanising, plating,
mining, urban, power generation,
motor vehicle emissions

Cyanides Metal finishing, plating, coking, oil

refinery, mining

Toxic to bacterial and aquatic life placing sewage
treatment works out of action. Also health risk to

man, plants and animals

Chemical wastes

Coking, synthetic dyes, chemicals,
plastics, solvents, textile finishing

Taste and odour, toxic to aquatic life, plants,
animals and man

Acids (mineral

Steel pickling, chemical, food,

Corrosion, mobilization of pollutantsfrom

and organic) mining, power generation, synthetic sediment, oxygen depletion, acid rain
fuels, motor vehicles
Alkalies Metal finishing, plating, pulp mills Toxic to biota, mobilization of pollutantsfrom
sediments
Nitrogen and Fertilizer plants, synthetic detergents, | Eutrophication, nitrate may have health
phosphorus sewage, agriculture implications, ammonia may be toxic to fish

Thermal aspects

Cooling, hypolimnetic discharges

Adverse ecological effects

Detergents Textiles, metal finishing, sewage Foaming, possible toxicity

Pathogens and Hospitals, abattoirs, sewage, Spreading of disease

parasites agriculture

Salts Mining, agriculture, sewage, many Pose irrigation, industrial and potable water
industries problems

Radioactivity hospitals, mining, nuclear plants Genetic damage and health effects
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Table9:

Suggested task categoriesfor an effluent to land suitability study.

1
Obtain relevant
information on:
effluent, crop-type and

2
Establish
acceptable loading
rates, separation

3
Establish limiting
criteria, relevant
regulations, and

4

Derive information for

per mit-exemption and
advisory purposes

thesite distances, volume/ | applicable mitigatory
storage values and measur es
other data
(@) For agiven effluent | (a) Derive @ @

and land-use;

Identify relevant
effluent/ soil-type/land-
use characteristics.

(b) For agiven site:

Obtain effluent/soils-
analysis data.

Obtain relevant
information on
topography and climate.

Identify key/ important
criteriaon geology,
geohydrology and
hydrology.

I dentify other important
criteria, e.g. adjacent
land-uses, land-zoning,
Site access, etc.

(©)

| dentify type of
ownership /control over
site, eg. private farm,
industry, municipal
cleansing branch, etc.

information on:

*

(i) effluent
contaminant
concs.

(ii) soil media
contents: type
and % of soil
volume.

* effluent application
type, monthly
volume criteriaand
nutrient/organic/
toxic-element
loading rates.

* potentially toxic
contaminant conc.
levelsin soil.

(b)

Given effluent
charac-teristics as
well asvolumetric
data: Evaluate
suitability of effluent
application for soil,
crop/ land-usetype.

(c)

| dentify applicable
design and planning
parameters,
depending on
effluent/ land-use
type, etc.

Determine whether any
overriding conditions
exist.

(b)

Compare loading-rate
data with applicable
limits.

Highlight limit
exceedance/ problem
cases, and indicate %
reduction required to
obtain acceptable
annual/ monthly rates,
or consider alternative
crops/ land-uses, etc.

(Allow changesto be
madeto, and a re-
assessment of, volume
criteriaand loading
rates)

(b)

Link overriding and
other important
conditions to relevant
regulations and suiteble
mitigatory measures,
where applicable.

Attach relevant
recommendations
and/or other advice.

Indicate whether effluent-
type and land-use/ crop type
combination is acceptable.

Indicate whether
effluent/soils contaminant
concentrationsand site
criteria are acceptable.

(b)

Taking into account the type
of ownership /control over
site, do the following:

Indicate whether the required
effluent volume application
patterns, etc. are acceptable,
and identify suitable
protective mesasures and
sampling/ monitoring
requirements.

| dentify other potential
problems, suitable measures
and further requirements.

(©)

If dl itemsunder 4 (a) and
(b) are acceptable, indicate
this and attach relevant
planning/design/ management
measures.

If anyitemsunder 4 (a) and
(b) are not acceptable,
indicate why not, and what
conditions could be
considered for a permit
exemption status, if required.
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Figurel. Effluent toland suitability assessment flow chart - designed to follow an environmental screening approach.
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