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Abstract

Meat processing plant effluent is a high-strength effluent comprising mainly organic
materials including blood and fat. It is highly variable and often has high levels of
suspended solids, biological oxygen demand, chemical oxygen demand, N and P.
There is an increasing trend towards irrigation onto land for treatment and disposal
of meat processing plant effluent.

Perpetuation of a meat processing plant effluent irrigation scheme is dependent on
maintaining adequate soil permeability on the land treatment area. A decline in soil
permeability has been observed at a number of New Zealand meat processing plant
effluent irrigation sites. If surface ponding of effluent and anaerobic conditions
become widespread then odour and trafficability problems may become severe and
it may become impossible to dispose of effluent without runoff. The main objectives
of this thesis were to describe the occurrence and determine the mechanisms that lead
to a decline in soil permeability at meat processing plant effluent irrigation sites.

A reconnaissance survey of nine New Zealand meat processing plant effluent
irrigation sites, from the King Country to Southland, was undertaken. At most sites,
areas of soil surface crust development and effluent surface ponding were observed
in topographic hollows and/or at the top ends of borders (where border dyke
irrigation was practised). Surface crusting was associated with a build up in organic
material, a decrease in soil bulk density and a decrease in infiltration rates.
However, the survey demonstrated that land application of meat processing plant
effluent was generally an effective means of dealing with large volumes of effluent.
No long-term detrimental effects were identified, with surface crust development
being regarded as a short-term problem that could be remedied, although sometimes
at considerable cost to an effluent irrigation scheme operation.

Laboratory and field experiments were designed to investigate the cause of soil
permeability decline. A factorial laboratory experiment examined the effect of
effluent type, volume of effluent added, soil type, time between effluent applications,
temperature and rainfall on a range of soil and leachate properties. All of the factors
tested had some impact on the soil or leachate properties that were monitored.
However, effluent type and volume, and temperature, were the most important
factors. High volumes of primary and untreated effluent caused the largest decline
in soil permeability and were also associated with surface coat development. Soil
permeability decreased more at 10 °C than at 25 °C and recovered more quickly at
the warmer temperature. At 25°C soil drying and cracking led to increased
macropore flow and a decrease in the effectiveness of effluent treatment.

A field experiment was undertaken to compare the infiltration rates of untreated,
primary treated, and anaerobically treated meat processing plant effluent with that of
water. The infiltration rates of primary and untreated effluents declined faster than
the infiltration rates of water or anaerobically treated effluent. The decrease in
infiltration rate of primary and untreated effluents was attributed to physical pore




blockage by the suspended solids in the effluent. A significant linear relationship (r
= 0.97) was determined between infiltration rate and total cumulative suspended
solids added. The linear relationship fits the model of Berend (1967), the coefficients
of which were determined for primary and untreated meat processing plant effluent.
Berend's model was shown to have potential for use as a predictive tool to determine
decline in infiltration rate as a function of effluent suspended solids content.

To determine the magnitude of soil permeability loss and the rate of recovery,
following effluent application, a laboratory experiment was carried out at 25 °C and
13 °C, using repacked soil cores. At 25 °C soil core permeability dropped by a
mean of 70 % four days after effluent application, but recovered back to the initial
level after 23 days. At 13 °C soil core permeability dropped by a mean of 50 % four
days after effluent application, and took over 50 days to recover. It was concluded
that the time taken for soil permeability to recover following application of large
doses (200 mm) of primary treated meat processing plant effluent will be
considerably longer in winter (approximately six weeks) than in summer (less than

three weeks).

Samples from effluent and water treated cores stored at 13 °C and at 25 °C, along
with samples from field sites where meat processing plant effluent was regularly
irrigated, were examined using a scanning electron microscope. There was a strong
microbial response to addition of primary treated meat processing plant effluent to
soils which resulted in formation of a semi-continuous coat on the soil surface. The
surface coat developed under both field and laboratory conditions and formed and
decomposed more quickly under warm moist conditions, taking 2 to 3 times longer
to develop at 13 °C than at 25 °C. When allowed to dry out the coat did not
fiecompose readily. A strongly developed continuous soil surface coat was present
in areas where effluent had ponded in paddocks and was also present in areas where
water ponding occurred, such as adjacent to water troughs.

It was concluded that the decline in soil permeability observed as

application of New Zealand meat processing plant efﬂuel::,s, at the sites ina:/e;i?;allttegf
was caused by development of a soil surface coat which was formed from both thc;
suspended solids from the effluent, and, the microbial materials that develo, in
response to effluent application. The implications for management of soils receigin
meat processing plant effluent are discussed. s
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List of abbreviations, with some definitions, of selected terms used in this thesis
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BOD
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TEB
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anaerobically treated effluent

base saturation expressed as a percentage

soil dry bulk density

density of water

biological oxygen demand. The quantity of dissolved oxygen required for the
stabilisation of decomposable organic matter by aerobic biochemical action
(usually measured over S days at 20°C)
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1.1 Effluent disposal and the New Zealand meat industry

The New Zealand meat industry produces over a million tonnes of meat every year.
For the year ended September 1993; 29.7 million sheep and lambs, 2.2 million adult
cattle and 1.6 million calves and pigs were processed in New Zealand meat
processing plants (New Zealand Official Yearbook, 1994). The meat industry is
New Zealand's largest export industry, bringing an income to New Zealand of
$ 3 057.5 million in the year ended June 1993 (New Zealand Official Yearbook,
1994).

Meat processing generates large volumes of effluent concentrated at a relatively small
number of sites. Each of the major meat processing plants in New Zealand
contributes a pollution load equivalent to a city of 60 000 - 100 000 population
(Cooper et al. 1979). Therefore the combined effluent from the New Zealand meat
industry has, after primary treatment, a pollution load equivalent to that produced by
the (human) population of New Zealand (Cooper et al. 1979, Cooper and Russell
1982). Hence the pollution potential of the meat industry is greater than that of the
New Zealand domestic sector.

When New Zealand first established meat processing plants, untreated effluents were
usually discharged directly to the nearest waterway - either a river or the sea. An
exception was the Fairton plant in Canterbury which has been disposing of effluent
by flood irrigation to pasture since 1899 (Keeley and Quin 1979). As public
awareness of water pollution has increased, and laws controlling effluent discharge
have become established, there has been a corresponding increase in the level of
effluent treatment prior to discharge.

Land disposal of effluent represents an important option for the New Zealand meat
industry.  Suitable land areas are often available and wastewater irrigation avoids
discharge of treated effluent directly to waterways. Construction and operating costs
are often similar to other treatment options and there is an economic return in the
form of livestock or crops from the treatment site (Russell and Cooper 1987).
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Since implementation of the Resource Management Act, 1991 (RMA), it has become
necessary to avoid, remedy or mitigate adverse effects on the environment (RMA,
Section 5(2)(c)) and also to consider obligations under the Treaty of Waitangi (RMA
Section 8). All forms of pollution entering natural water, irrespective of degree of
treatment, are perceived as being offensive to Maori cultural and spiritual values
(O'Regan 1984) whereas returning wastes to the earth is seen to protect the life-force
of waterways and the mana of those who use them. Land disposal of effluent is,
therefore, a means of effluent treatment that is acceptable in terms of tikanga Maori.
Recognition of Maori concerns, along with increased environmental awareness, has
led to increasing support for land disposal of effluents.

Application of wastes at rates which supply sufficient nutrients to replenish crop
nutrient uptake has been advocated (Giffney 1984, Vanderholm 1984, O'Connor et
al. 1991). For typical agricultural wastes, the nutrient load usually requires a
sufficiently large area that the hydraulic load becomes a minor problem, as long as
the application rate is kept lower than the soil's saturated infiltration rate (Giffney
1984). However, at many meat processing plant sites, effluents are applied at a rate
that is much greater than that required to replenish crop nutrients, with disposal of
effluent being the primary objective. At many sites, the cost of effluent application
dictates that the effluent should be applied over the smallest area possible.

It is generally accepted that management of effluent loading rates and irrigation return
periods are often based mainly on trial and error, as there is a lack of information
available to accurately plan site-specific systems. At a number of New Zealand meat
processing plant effluent irrigation sites, initial estimates of effluent loading rates
have proved to be inadequate, resulting in surface ponding, anaerobic conditions and
unpleasant odours. For example, effluent irrigation at the Kaiapoi meat processing
plant, in Canterbury, had to be stopped after only 8 months in operation (in June
1989), due to excessive effluent ponding on the soil surface. The Kaiapoi effluent
irrigation scheme was designed using some of the best available expertise and
implemented using modern irrigation equipment. Problems such as those experienced
at Kaiapoi can be very costly for the meat processing plant involved, potentially
causing plant shut-down or damage to nearby surface waters if surface runoff or
direct discharge of effluent occurs. The research in this thesis seeks to improve
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understanding of some of the problems that have occurred and thus, contribute to
their prevention in the future.

1.2 Objectives of this study
The objectives of this study are to:
1. determine changes in selected soil properties that have occurred, as a result
of effluent irrigation, on existing New Zealand meat processing plant effluent

irrigation sites;

2. identify the factors that contribute to a decline in soil permeability on New
Zealand meat processing plant effluent irrigation sites; and

3. interpret the results to provide recommendations for design and management
of meat processing plant effluent irrigation sites so that adverse effects of
effluent irrigation on soil permeability can be prevented.
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2.1 Introduction

This chapter reviews the information available on the properties, and methods of
treatment and disposal, of meat processing plant effluent. The commonly recognised
methods of land waste treatment and disposal are described and the interactions
between soil and effluent are discussed. The effects of effluent on soil physical
properties are reviewed in detail, especially in relation to soil permeability. Site
management, particularly with regard to application rates, loading rates, and rest
periods, is also reviewed.

2.2 Meat processing plant effluent
2.2.1 Effluent sources

The processes that are undertaken within a meat processing plant include stock
holding, killing, bleeding, cutting, rendering, dressing, processing and packaging.
Large volumes of water are used in these processes, resulting in an effluent with
relatively high concentrations of organic materials. Water use varies widely between
plants but typically is between 200 and 500 litres per sheep or lamb and between 1000
and 2000 litres per cattle beast (Russell and Cooper 1992).

The most notable characteristics which contrast meat processing plant effluent from
domestic wastewater are its high grease content, high nitrogen concentrations and
extreme variability over short time intervals for all commonly measured effluent
properties (Tarquin 1974, Tarquin and Bautista 1976, Cooper and Russell 1991).
Effluent volume and composition vary both throughout the day, as a plant conducts
different operations, and also from day to day depending on the numbers and type of
stock being processed (Cooper et al. 1979). Tarquin and Bautista (1974) estimated
that 50% of a reasonably typical meat processing plant's effluent was generated on
the killing floor. They reported that the strength of the effluent was greatest during
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the killing hours but residual grease and blood kept the strength of the effluent fairly
high for several hours after the daily clean-up operations began. The multiplicity and
diversity of operations performed in plants, and the variety of chemicals and additives
used in the preparation of the marketed products, account for the large variations that
can occur between the chemical characteristics, strength and volume of waste
discharged by different plants (Crandall et al. 1971).

The organic constituents of effluent from a meat processing plant (excluding
fellmongery processing) come from four major sources; paunch contents, faecal
materials, fat, and blood (Cooper et al. 1979). Fat and grease, and protein (mainly
from blood) are the main contributors to the high concentrations of organic nitrogen
(Crandall et al. 1971) and the high overall oxygen demand (Cooper et al. 1979) of
meat processing plant effluents. A potential source of the high quantities of
phosphorus contained in meat processing plant effluents is the use of phosphorus
based chemicals for curing, water treatment, descaling of stainless steel surfaces and
other cleaning operations (Crandall ez al. 1971).

2.2.2 Effluent treatment

Effluent treatment methods employed in New Zealand meat processing plants include:
screening for gross solids, primary treatment by sedimentation and fat floatation,
anaerobic lagoons, anacrobic and aerobic lagoons in series, aerobic biological
trickling filters (plastic media tower), physicochemical protein recovery, and
irrigation (Cooper et al. 1979, Cooper and Russell 1991). All New Zealand meat
processing plants employ some form of primary effluent treatment. At some sites all
effluents are combined and treated in one common sedimentation/floatation tank.
Separate treatment of fat-bearing effluents by screening and floatation is sometimes
used. Some effluents, notably those from stockyards, are treated separately by
screening and sedimentation and are combined with the other effluents only after
primary treatment (Cooper and Russell 1982).

Anaerobic and aerobic biological secondary and tertiary treatment systems are widely
used in the New Zealand meat industry. This is because most plants are situated in
rural environments where discharge to a city sewage treatment plant is not an option,
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and because these treatment systems are cheap to operate, requiring only a low energy
input (Cooper and Russell 1982).

Discharge of treated effluent to waterways is still common but there is increasing
interest in land based discharge/further treatment options. In 1984 nine New Zealand
export meat processing plants were irrigating effluent (Russell et al. 1984); in 1992
this had increased to 13 plants (Russell and Cooper 1992), despite closure of some of
the plants recorded in 1984.

Primary treated meat processing plant effluents have very high levels of biological
oxygen demand (BOD), chemical oxygen demand (COD), total suspended solids (SS)
and nitrogen (Table 2.1). The range of values given (Table 2.1) illustrate the
variability in effluent properties, both with time and between treatment plants. For
instance, the value of COD for the Fairton plant (Table 2.1) is outside the range
identified as typical by Cooper and Russell (1992). The very high concentrations for
some parameters in US effluents (Table 2.1) may be a result of minimal dilution (by
water addition) in some effluent streams.
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Table 2.1 Characteristics of primary treated meat processing plant effluent.
(All values are g m*, except pH.)

 Iypical N.Z.range*  Fairton Plant, NZ* U.S.A. Meat Plant*
~300-1 800 N.A. 200-15 000
600-3 000 4100 350-39 000
50-400 100 19-680
NH,-N 5-50 N.A. N.A.
NO,;-N +NO,-N 0 N.A. N.A.
TS N.A. 3400 540-14 000
VS N.A. N.A. N.A.
SS 150-2 000 1 900 15-10 000
Fat and grease 100-1 200 N.A. 110-8 000
Total P 5-30 7 3-35
S N.A. 50 N.A.
pH N.A. 10.2 6.6-8.1
Organic C 300-1000 N.A. N.A.
Cl N.A. 280 N.A.
Na 50-250 230 N.A.
K 20-150 90 N.A.
Ca 3-250 140 N.A.
Mg 3-10 7 N.A.
Notes ! BOD = Biological oxygen demand, COD = chemical oxygen demand, SS = suspended

solids, TS = total solids, VS = volatile solids, TkN = total kjedahl nitrogen.
Typical range for New Zealand meat processing plant effluent after Russell and Cooper
(1992), and Cooper and Russell (1992).

Data are for a composite sample made up of subsamples collected at 10 minute intervals
over a whole day from Fairton Meat Processing Plant, Canterbury, New Zealand from
Keeley and Quin (1979).

Data are for a United States meat processing plant after primary treatment of skimming and
sedimentation with a detention time of half an hour during peak flow from Tarquin and
Bautista (1976).

N.A. = not available in the source reference.

Following anaerobic and aerobic treatment, meat processing plant effluents may still
be highly variable (Table 2.2). Comparison of data in Table 2.2 with that of Table

2.1 (primary treated effluent) shows that anaerobic treatment of meat processing plant
effluent causes a large decrease in BOD, COD, SS and fat and grease but has little
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effect on phosphorus or dissolved cations. Aerobic treatment gives a further decrease
in COD, BOD and SS and may lead to a decrease in total Kjedahl nitrogen (Tk-N)
but with formation of some oxidised nitrogen (NO, and/or NO,). Aerobic treatment
has no effect on phosphorus or cation levels.

Table 2.2 Characteristics of anaerobically and aerobically treated meat
processing plant effluent. (All values are in g m® except pH which is standard

-~ Trickling Aerobic

- Lagoon®

20100

25-181 70-300

180-750 80-400

50-200 40-180
NH;, 51-120 59-95 24-46 40-180 40-180
NO,; + NO, 0 0-100
Fat/grease 4-39 15-61 7-15 10-50 0-50
SS 12-144 110-308 32-92 40-200 20-100
Total P 8-20 7-15 8 5-30 5-30
Na 50-250 50-250
K 20-150 20-150
Ca 3-250 3-250
Mg 3-10 3-10

Notes BOD = biological oxygen demand, COD = chemical oxygen demand, SS = suspended solids.
Data for four United States Plants from Crandall ez al. (1971).
Data for two United States Plants from Crandall ez al. (1971).
Data for two United States Plants from Crandall et al. (1971).

Typical values for New Zealand meat processing Plants from Russell and Cooper (1992).

“w b W N -

2.3  Soil properties and processes that are important for effluent treatment
and disposal

2.3.1 Introduction

The application of effluent onto soil can be limited by site factors such as drainage,
slope, climate, and vegetation. Effluent movement within the profile is influenced by
soil properties such as; structure, texture, consistence, porosity, presence of pans,
gleying, and organic matter (Wells 1973, Stevenson 1976). Other factors that
determine the effectiveness of effluent treatment include; clay mineralogy, soil pH,
distance to stream or open water, depth of soil, and type of bedrock or regolith
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material (Spyridakis and Welch 1976). A summary of the suitability of site and soil
properties for irrigation treatment of effluent, as identified by Stevenson (1976), is

given in Table 2.3.

Table 2.3 Site and soil characteristics and suitability for irrigation treatment

of effluent (adapted from Stevenson 1976)
" Well suited to effluent ‘Not suited to effluent
s disposal - disposal
Drainage moderate, well drained, very poor, imperfect,
somewhat excessively drained excessive
Slope flat to undulating, rolling, steep
moderately steep.
Moisture subxerous, subhygrous, hydrous
hygrous
Climate temperate, subtropic sub-antarctic, alpine, sub-

Soil structure

Soil texture

Soil pores

Soil pans

Soil gleying

polyhedral, plate, apedal
earthy

sandy loam, silt loam, loam

many, abundant

none

none

alpine

prism, column, block

silty clay/loam, clay loam,
clay

few
carbonate pan, fragipan, iron
pan, silica pan, humus pan

weak to strong

2.3.2 Soil water movement

Knowledge of the rate that water, or effluent, moves into and through the soil is
important for successful effluent irrigation scheme design and management. Soil
structure, texture, pores and pans are all included in Table 2.3 because of their
influence on soil pore size and distribution, and hence on soil water movement.

Soil hydraulic conductivity refers to the rate that a liquid moves into and through the
soil. Maintenance of soil hydraulic conductivity is vital to an effluent land waste
treatment or disposal system. The rate of water flow through soil can be described

by Darcy's Law which states that the flux of water, g,

gradient multiplied by the conductivity of the soil:

10

is proportional to the hydraulic
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q=Q/A =-K AH/L 2.1

where Q is the rate of discharge through a cross-sectional area A, AH/L is the

hydraulic gradient and K is the hydraulic conductivity of the soil. The negative sign
is there, by convention, to indicate that the direction of water flow is from regions
of higher to lower potential (McLaren and Cameron 1990).

For one dimensional vertical flow, expressed in differential form equation 2.1
becomes (Klute and Dirksen 1986):

q = -K(6) 6H/6z 2.2)

Where 6H/6z is the gradient of the hydraulic head, H, and K(6) is the hydraulic
conductivity at a given moisture content.

When soil is saturated (i.e. when all the pores are full of water) the soil hydraulic
conductivity is at a maximum and this is denoted using the term K,,,.

A soil's infiltration rate is the volume flux of water flowing into the profile per unit
of soil surface area (Hillel 1980). Infiltration is an important parameter for
determining effluent irrigation application rates if all the applied effluent is to
‘infiltrate into the soil, rather than run-off the surface. Cumulative infiltration may
be described by the Phillips equation (Hillel 1980):

I =St + Kt (2.3)
where I is the cumulative quantity of water infiltrating a unit cross-sectional area of
soil, S is the sorptivity of the soil (which indicates the capacity of the soil to absorb
water), and K; is the hydraulic conductivity at the moisture content related to 1.
The infiltration rate, i, is the volume infiltrated per unit area per unit time (Hillel

1980). Therefore:
i = dl/dt = 0.5St'2 + K, 2.4)

11
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Initially, infiltration is influenced by sorptivity. The sorptivity is dependent on the
moisture content of the soil. A dry soil has a much larger matric suction and can,
therefore, absorb water at a faster rate than a moist soil. For uniform soil, under
ponding, the soil eventually approaches saturation and K; approaches K., the
sorptivity term becomes insignificant and therefore i approaches K.

The rate of flow of water through a soil pore (Q) is proportional to the fourth power
of the radius of the pore (McLaren and Cameron 1990):

Q=(nr*/8n)(p.gAH/L) 2.5

Where r = pore radius
n = viscosity
p., = density of waster
g = acceleration due to gravity
AH/L = the hydraulic gradient along the length (L) of the pore.

Soils in the field are usually unsaturated, i.e. not all soil pores are filled with water.
In unsaturated soils, as the coarser pores drain, there is a large decrease in the rate
that water moves through the soil (as indicated by equation 2.5). When soil pores
are not water-filled, water movement may still occur, in water films around soil
particles, or in the vapour phase (McLaren and Cameron 1990). The relationship
between soil hydraulic conductivity and suction for two soils is illustrated in Figure
2.1.

The presence, size, distribution and continuity of soil pores have a large impact on
the rate that effluent moves into and through a soil (as illustrated by Equation 2.5 and
Figure 2.1). Under effluent irrigation systems which saturate the soil surface,
effluent will flow rapidly through soil macropores. If continuous macropores pass
through the depth of the soil profile then effluent may be conducted directly to the
groundwater with minimal treatment occurring. However, if soil pores become
blocked then the rate of water or effluent movement through the soil may decrease
greatly, thus reducing a soil's ability to accept and treat effluent.

12
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Hydraulic conductivity (cm / day )

Figure 2.1 Relationship between hydraulic conductivity and suction for a clay
soil and a sandy loam (after McLaren and Cameron 1990).

In this thesis the term "permeability” is used as a synonym for hydraulic conductivity.
"Infiltration” is used specifically to refer to the permeability or hydraulic conductivity
at the soil surface.

) 3.3 Soil chemical .

Soil chemical properties have an important role in removing contaminants from an
effluent. The solid phase of most soils usually carries a net negative charge. This
charge is neutralised by positively charged cations which are attracted to, and
accumulate near, soil particle surfaces. Cations associated with soil particle surfaces

are in equilibrium, and exchangeable, with the cations in the soil solution (Figure
2.2).

Permanent charge in soils is the result of isomorphous substitution of cations within
the structure of clay minerals. Variable, or pH dependent, charge arises from the
dissociation of H™* ions from the functional groups associated with soil organic
matter, and through the addition or removal of H* ions from OH groups on mineral
surfaces (McLaren and Cameron 1990). Variable charge is affected by soil

13
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mineralogy and properties of the soil solution (including pH, ionic strength, and

speciation).

Ca2+
Nat
Mgzt
Ca2+
Nat
H+

Figure 2.2 Equilibrium between exchangeable and solution cations (after
McLaren and Cameron 1990).

A soil's cation exchange capacity is a measure of the soil's ability to hold and
exchange cations. The proportion of the exchange capacity that is occupied by
cations is referred to as the percentage base saturation (%BS):

%BS = TEB x 100 / CEC (2.6)
Where TEB = total exchangeable bases (me %)
CEC = cation exchange capacity (me%) (McLaren and Cameron
1990).

The total CEC and the %BS are important as they determine a soil's capacity to
remove dissolved cations and other positively charged particles from an effluent.
Soils effectively remove most cations from effluent by adsorption onto the exchange
complex, or by precipitation, as the effluent moves through the soil (Loehr et al.
1979). Cations, including heavy metals, therefore accumulate in soil until the soil
cation exchange complex becomes saturated. The ionic composition of the leachate
would be expected to eventually approach that of the applied effluent as equilibrium
between the cation exchange complex and the soil solution is reached (Bouwer and

14
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Chaney 1974).

On most soil colloid surfaces there will also be some positively charged sites,
especially in soils which contain Fe and Al oxides and short range order
aluminosilicates such as allophane (McLaren and Cameron 1990). These sites attract
anions from the soil solution and can therefore remove negatively charged species
from applied effluents.

Phosphorus is a common contaminant in effluents and can be removed from effluent,
that is applied to soil, by precipitation or adsorption by soil colloids. The removal
of phosphorus, from an effluent, is, therefore, dependent on factors such as soil
texture, soil pH, presence of calcium, and the amount of iron and aluminium oxides
or aluminosilicates (e.g. allophane) present. Phosphorus may be removed from the
site by plant uptake and subsequent removal with a crop. Although there is a large
capacity for phosphorus removal from the effluent in most soils, phosphorus sorption
capacity is finite and over a long time period, or with heavy loadings, the soils ability
to remove phosphorus from the applied effluent may be exceeded (USEPA 1976,
1981). The time-period over which a soil will continue to intercept phosphorus
without it leaching to groundwater is generally unknown. At the Fairton meat
processing plant effluent irrigation site, in Canterbury, Keeley and Quin (1979) found
no phosphorus in the groundwater after 90 years of irrigation of meat processing plant
effluent. Phosphorus removal capacity is most likely to be exceeded in coarse
textured soils with little calcium, aluminium, or iron (USEPA 1976).

Nitrogen removal from applied effluent occurs through crop uptake, growth of
microbial cells, volatilisation of ammonia, assimilation into the soil organic matter
and denitrification (Spyridakis and Welch 1976, USEPA 1976, 1981). Crop uptake
and denitrification are the only two reliable long-term mechanisms for removal of
nitrogen, and therefore affect the total amount of nitrogen leaching to the groundwater
(Bouwer and Chaney 1974, USEPA 1976). To remove N effectively the crop should
be harvested (USEPA 1981). In meat processing plant effluent much of the N is
present in the form of protein. Studies have shown that the top 10 cm of soil could
retain in excess of 980 kg protein N ha’, in a single application, provided soil pH was
in the range of 6 to 9. The protein is, therefore, available for microbial
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decomposition and eventual removal by the plant cover (Russell 1982). Gaseous
losses of nitrogen at effluent treatment sites are usually less than 30% (Loehr ez al.
1979) and, therefore, the main method for nitrogen removal is considered to be plant

uptake and crop removal.

).3.4 Soil biological activi

In most soils the micro-organism and earthworm populations make up the bulk of the
soil biomass (McLaren and Cameron 1990). Both of these groups are of importance
with regard to land treatment and disposal of effluent. Biological processes centre
around soil microorganisms which alter waste constituents through decomposition,
inorganic transformations and nutrient assimilation. Biological processes are
generally restricted to approximately the upper metre of soil (Loehr er al. 1979) and
mainly occur in the topsoil where the highest organic matter contents are found.

The soil microbial population is a mixture of bacteria, actinomycetes, fungi, algae
and protozoa. Bacteria, with their very high surface area:volume ratio, and their
prokaryotic cellular organisation are generally considered to have metabolic rates
which are 5-10 times higher than fungi, when growing under similar conditions.
Therefore, bacteria generally have the fastest response to additions of organic
material. It has been suggested, that the rate of degradation of many organic waste
constituents is controlled by soil bacterial populations (Overcash and Pal 1979).
Many bacteria are heterotropic and release CO, through the breakdown of plant and
animal residues. Bacteria are essentially aquatic organisms, living in the films of
moisture surrounding soil particles. Bacteria are dependant on soil conditions,
particularly temperature, moisture, pH, redox potential, and food supply and there
are rapid fluctuations in the size of soil bacterial populations in response to changing
conditions (McLaren and Cameron 1990). Soil bacteria, rather than the organisms
in the effluents, are mainly responsible for decomposition of effluent organic
material. Therefore, soil is more effective in decreasing BOD than, for example,
oxidation ponds (Vela and Eubanks 1973, Bouwer and Chaney 1974).

Actinomycetes have a true branching growth habit resembling fungal mycelia. Under
neutral to slightly alkaline (pH < 8) conditions they may be the dominant soil
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organism degrading organic waste. Under hot dry conditions, it is considered that

degradation of organic wastes in soils is dependent on actinomycete activity (Overcash
and Pal 1979).

Fungi are also principal agents in the decay of organic materials in soil, particularly
the more resistant organic compounds like cellulose and lignin. They are able to
attack materials at moisture contents that are too low for bacteria to operate (McLaren
and Cameron 1990). Fungi tend to concentrate in the top few centimetres of soil
(Overcash and Pal 1979). They have a branched, ramifying mycelial habit and spread
rapidly and extensively even though the biomass might be quite small. Fungi are, in
general, favoured by low pH (less than about 5.5) although individual species have
quite narrow optimum pH tolerances and may be found in environments ranging from
pH 4 to 10.

Effluent addition may provide soil moisture and nutrient conditions favourable to
algal growth at the soil surface. Soil protozoa depend on utilising organic compounds
or other microorganisms for their growth and energy (Overcash and Pal 1979), and
therefore benefit indirectly from additions of effluent.

The amount of biodegradation depends on the nature of the organic components, the
amount of solids in the effluent, the amount and frequency of effluent applications
(Loehr et al. 1979, Fuller and Warrick 1985), and the microbial activity. When
organic material is added to soil, decomposition can be described in three steps
(Loehr et al. 1979):

1. Organisms digest the more easily decomposed material, consuming oxygen
and releasing carbon dioxide in the process. This pulse of activity can
result in a rapid increase in organism numbers. In cases of extreme
overloading, temporary clogging of the soil can result. (Effluent BOD
measures the amount of oxygen consumed during this stage).

2. Organism numbers decline as the easily decomposed organic fraction is

exhausted. The resulting mass of dead microbial tissue, along with other
intermediate decay products and the more resistant compounds from the
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original addition, are partially degraded to a relatively stable end product,

humus.

3. Organism numbers decline to about the same level as before the effluent

addition.

In natural systems that receive localised or periodic additions of organic matter, these
three stages may overlap with several processes occurring simultaneously (Loehr ez
al. 1979). There is usually a rapid increase in soil respiration rates following
effluent application (step 1). For example simulated whey effluent application to soil
induced a marked increase in the respiration rate within a few hours of application
(M*Auliffe 1978). De Vries (1972) found that maximum biological activity occurred
1 to 9 hours after primary treated sewage effluent application to a fine sand and 1.5
to 5 hours after application to a coarse sand. De Vries also observed that O, and CO,
production base levels were reached after about 24 hours and concluded that effluent
applications need to be at least 22 hours apart to prevent permeability decline due to
incomplete satisfaction of the BOD. However, a slower response was recorded by
Jewell and Loehr (1975) who showed that the oxygen uptake following application
of food processing effluent to soil peaked within two days, but did not return to initial
levels after 5 days. They also showed that the oxygen uptake increased with the rate
of effluent application.

The soil microbial community changes in response to effluent application. Soils that
have previously received effluent (acclimated soils) have been observed to have a
quicker increase in respiration rate following whey addition (McAuliffe 1978) and a
greater total oxygen uptake following food processor effluent application (Jewell and
Loehr 1975) than non-acclimated soils. Increases in microbial populations and
changes in species composition have been reported in soils as a result of: cannery
effluent irrigation (Vela and Eubanks 1973), cattle slurry application (Opperman et
al. 1989), and sewage effluent irrigation (Safir ez al. 1990). Different micro-
organisms respond to effluent application at different rates. For example, application
of cattle slurry to a sandy free-draining soil led to an immediate increase in the
numbers of viable bacteria and presumptive coliforms followed by increases in the
numbers of protozoa and nematodes (Opperman et al. 1989). The maximum
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responses for bacteria occurred after 10 days, and after 100 days for nematodes.

Meat processing plant effluents often contain particularly high levels of animal fats
compared with sewage and other effluents. Animal fats are hydrolysed by lipases to
produce free fatty acids and glycerol. Glycerol can be metabolised by
microorganisms and the fatty acids may be broken down by oxidation. The rate at
which fats decompose may be a limiting factor for minimising intervals between
effluent application. Animal fats should be relatively rapidly metabolised by soil
microorganisms (compared with petroleum hydrocarbons) although at temperatures
of less than 15 °C biodegradation can be very slow (Overcash and Pal 1979).
Tarquin (1974) observed that complete degradation of fats by soil microorganisms
may take several months. A decomposition rate of 0.2 to 0.4 % oil of soil weight (in
the top 15 cm) per month is possible if the temperature remains above 10 - 15 °C
(Overcash and-Pal 1979). Fat residues remaining after oxidation become integrated
into the soil matrix (USEPA 1981).

Although most studies report an increase in soil microbial activity following effluent
addition, this is not always the case. In a study where soil cores were irrigated with
treated sewage effluent or tap water, differences between soils were found to be
greater than differences between treatments for protozoan fauna (Stout 1978),
actinomycetes (Orchard 1978), and total microbial populations and respiratory activity
(Cairns et al. 1978). The respiratory and enzyme activities were similar to, or
slightly lower than, those recorded for fresh samples of the topsoils (Ross et al.
1978).

Some studies have been undertaken. which examine microbial responses to meat
processing plant effluent. Tarquin (1974) applied 50, 100 and 200 mm per week of
primary treated meat processing plant effluent to a sandy clay loam soil, over seven
months, and found that there was a large increase in both anaerobic and aerobic
bacteria near the soil surface (0-15 cm) for all treatments. An increase below the
topsoil occurred only where 200 mm per week of effluent was added. Tate (1973)
reported that soils which received meat processing plant effluent had a higher soil
respiratory activity and carbon mineralisation coefficient than neighbouring soils, both
unirrigated and water irrigated. In a similar study, Ross ef al. (1982) reported that
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meat processing plant effluent irrigation resulted in increased soil microbial biomass,
enzyme activities, and rates of CO, and net mineral N production from soil organic

matter.

Temperature helps determine both the composition and activity of soil microflora
(Lynch and Hobbie 1988). In the range of temperatures experienced in New Zealand
biological degradation of added material could be relatively slow, especially in
winter. Most species are active in the mesothermic range (20-35 °C) and
degradation becomes very slow below about 20 °C (Overcash and Pal 1979).
However microbial degradation of oils has been observed at temperatures ranging
from -2 °C to about 70 °C. An increase of 10 °C is generally accepted to cause a
doubling of reaction rates. Hsieh ef al. (1981) reported that between 8 °C and 22 °C
the mineralisation rate of sewage sludges in soil increased about 1.9 times for every
10 °C increase in temperature. The degradation rate of milk applied to four different
soil types was significantly affected by temperature (Cooper and Morgan 1982). At
17 °C, BOD exertion took 6 days and lipid degradation 12 days, whereas, at 12 °C
at least 24 days were required for lipid breakdown.

Earthworms feed on organic materials, including components of an applied effluent.
They make an important contribution to the breakdown of organic material and it's
incorporation into the mineral soil. Earthworms also have a considerable effect on
soil physical properties due to their burrowing activities. They promote aeration and
drainage of the soil and contribute to soil structural development (McLaren and
Cameron 1990). Earthworms cannot survive extended proiods of soil saturation so

if effluent application is allowed to cause soil saturation it may be detrimental to
earthworm populations.

2.4  Methods of land treatment/disposal of effluent, and their effectiveness
2.4.1 Introduction

Land treatment of effluent is defined as the controlled application of effluent onto the
land surface to achieve a designed degree of treatment through natural physical

chemical and biological processes within the soil-plant-water matrix (USEPA 1981
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Reed and Crites 1984).

Application of effluent to land has a number of advantages. It keeps effluent out of
surface water and provides recycling where "pollutants” become nutrients for plant
growth (Bouwer and Chaney 1974). Effluent comprises mostly water that contains
essential plant nutrients such as N, P, K, and trace elements (De Vries 1972, Bouwer
and Chaney 1974, Russell and Cooper 1987). Land waste treatment provides water
reuse through groundwater recharge and increased plant growth (Tarquin and Bautista
1976) and it often has a low energy requirement compared with other waste treatment
methods (Bouwer and Chaney 1974). Therefore land treatment can be an economical
alternative to conventional treatment (Bendixen et al. 1969, Tarquin and Bautista
1976, Overcash and Pal 1979). Several factors make land treatment/disposal of
effluent appealing to the food processing industry (Bendixen et al. 1969):

1. Food wastes have a high organic content and are difficult to treat by
conventional methods.

2. Plant operation is often seasonal (land disposal avoids the problems associated
with start-up and shut-down of conventional biological treatment plants, and
periods of maximum effluent production often co-incide with summer soil
moisture deficits).

3. Plants are often located in small towns or rural areas where municipal
treatment facilities are not adequate or where extreme seasonal loads are
impractical to handle.

4. Land disposal offers a high degree of flexibility.
The processes that have been used conventionally for land-based treatment of effluents
are; overland flow, irrigation (including both high-rate irrigation and low-rate

irrigation) and rapid infiltration (Bouwer and Chaney 1974, USEPA 1981, Fuller and
Warrick 1985). A summary of these methods is given in Table 2.4.
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Table 2.4 Summary of commonly used land treatment/disposal systems

(adapted from USEPA 1976, USEPA 1981, and Reed and Crites 1984).

lrngatxon

Rapid Infiltration

Overland flow

Objective Low-rate: Irrigate at rates to match plant S
water/nutrient needs. Maximises plant percolation to gm}mi‘- water. over the ground surface. May
production, may be considered a re-use The primary aim is disposal be used as secondary
option giving advanced effluent treatment. with some treatment. treatment of raw effluent or

Groundwater recharge may be advanced treatment of
High-rate: Irrigate in excess of plant needs an objective. Crop production secondary tred.ed eﬁ]um
to maximise effluent treatment by supplying is not a benefit. Crop harvest is incidental.
mutrients and water to crops - effluent
treatment is the priority.

Dispersal of Low rate: Most water to evapotranspiration. Most water percolates to Most water to surface runoff,

applied water Some water to percolation and leaching of groundwater. Some water to Some to evapo-transpiration
salts. Runoff should be avoided or evapo-transpiration. No runoff. and very little to percolation.
controlled. May result in buildup of a large

groundwater mound.
High rate: Most water to percolation and
evapotranspiration. Runoff should be
avoided or controlled. May result in buildup
of groundwater mound.

Impact on quality  BOD and SS almost completely eliminated. BOD and SS decreased. Some BOD and SS greatly

of applied water Nutrients removed by crop and soil. Heavy nutrient removal by soil and decreased. High N and some
metals adsorbed or precipitated. Increase in crop. Additional salts leached P removal. Decrease in some
hardness of percolate. out of soil by excess applied heavy metals. Little change in

water. Increase in hardness of total dissolved ionic solids.
Low rate:Total dissolved ionic solids percolate.
concentration greatly increased by evapo-
transpiration. Little change in total salts
(applied = leached).
High rate: Additional salts leached out of
soil by excess applied water.

Soil

Permeability >1.5 mm hrt. >40 mm hr. <5 mm hr!.

Texture Clay loams to sand. Sands to sandy loams. Clays to clay loams

Water table Atiﬁstlm.Forhighloads,Sm. lmduringload.ing,3mdmi1g Below ground surface.

drying.

Vegetation agricutural or forest not required agricultural (usually grass)

glope Pasture Forest

-7 high highe, hi .

8-20 low-moderate high ’ 1031 high itable

2135 very .low moderate unsuitable unsuitable

> 35 unsuitable very low unsuitable unsuitable

Area Required up to or over 1 000 Ha 1-20 Ha 120 Ha

Minimum pre- primary primary .

application gnit re!nm"al and

treatment comminution.

Application spray or surface. usuall

ly surface surf:
Method 4-1 icati g Spray or surface
2 hr/application. 8 hr/application 8-12 hr/ application
1 application/7-20 days 1 application/5-15 days 5-7 applic. /week
Loading rate 15-100 mm 1,
g 0.5-6 miyr. week 100-2400 mm/week 60-400 mm/week
6-125 m/yr. 320 m/yr.

Maximise water filtration and

Efftuent is allowed to flow
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Effluent treatment mechanisms include a combination of physical, chemical, and
biological processes within the soil profile (Loehr et al. 1979, Carlson et al. 1982).
A summary of the estimated effluent treatment effectiveness of the three land
treatment methods, (that were described in Table 2.4) are given in Table 2.5. Each
treatment system is discussed in more detail in the following sections.

Table 2.5 Effectiveness of different application methods in removing
components of effluent (% decrease, from Spyridakis and Welch

1976)

parameter Im gat10n1 — Overland ﬂow1 S Ra pld Inﬁltrauon —
BOD? 99 80 99
Ss? 99+ 80 99
N 70-90 60-90 30-80
P 95-99 60-80 50-90
Trace metals 95-99 60-80 50-90
Organic toxicants 99 60-80 %0
Viruses/bacteria 99+ 90 99+
Cations 50-75 30-50 30-75
Anions 0-50 0-10 0-50

! Includes mutrient removal via crop harvesting. 2 BOD = Biological oxygen demand. * SS = suspended
solids.

Land treatment of effluent is effective at removing effluent BOD and SS, regardless
of the method used (Table 2.5). It can also be effective at removing N, P, trace
metals, organics, and pathogens but is less effective at removing dissolved solids
(cations and anions). Stevenson (1976) noted that the level of treatment of effluents
achieved by land disposal may be highly variable, depending on factors such as
previous treatment, effluent type, the application system and rates, soil type,
vegetation cover, climate, and site management. Stevenson (1976) also suggested that
if macropore flow occurs, minimal effluent treatment may occur. Therefore Table
2.5 should be regarded only as a general guide.
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2.4.2 Overland flow

Overland flow is the controlled application of effluent to relatively impermeable soils
on grass covered gentle slopes (Figure 2.3). Hydraulic loading rates are usually in
the range of 5 - 30 cm per week (Reed and Crites 1984). Overcash and Pal (1979)
recommended that overland flow should be viewed as a pretreatment process, and not
as a method of terminal land application, because more than half of the applied
effluent may end up as runoff. Overland flow systems are used where either the soil
is too impermeable, the water table is too close to the surface or the suspended solids
content of the effluent is too high to allow significant infiltration rates (Bouwer and
Chaney 1974, USEPA 1976). An effective overland flow system should have a
uniform slope of 2 to 8% enabling the effluent to move downslope and spread,
uniformly, over the soil surface. A cover crop, usually grass, is grown to protect the
soil from erosion and to maximise effluent treatment by providing a large surface area
for biological activity (USEPA 1976).

Figure 2.3 Overland flow of sewage effluent at an experimental site at Levin,
New Zealand.
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As the effluent flows down the slope biological oxidation, sedimentation, and
filtration (by the vegetation) are the primary mechanisms for organics and suspended
solids removal from the effluent. Nitrogen removal occurs as a result of plant uptake,
denitrification and volatilisation of ammonia-N. Phosphorus is removed by
adsorption and precipitation. Phosphorus removal can be enhanced by adding
aluminium sulphate or ferric chloride to the effluent just prior to application to the
slope (USEPA 1981). Overland flow can effectively remove suspended solids and
biological oxygen demand from effluent (Table 2.5) provided the loading rate is
sufficiently small and the land has been graded to a sufficiently even slope to avoid
channelling of the effluent flow (some chanelling of effluent flow is visible in Figure
2.3) (Bouwer and Chaney 1974, USEPA 1976). Overland flow provides only limited
removal of phosphorus and heavy metals (USEPA 1976) and, therefore, further
treatment may be required. In essence the overland flow slope is similar in concept
to any other attached growth or fixed film biological process, such as trickle filters,
that are used in conventional sewage treatment plants (Reed and Crites 1984).

Overland flow has been reported to effectively remove meat processing plant effluent
suspended solids and oxygen demand (Witherow 1973, Tarquin and Bautista 1976).

It is, however, still necessary to collect and dispose of the runoff and further
treatment, to remove N, P and other cations, may be necessary prior to disposal.
Tarquin and Bautista (1976) reported that over a 62 m long grassed slope 87% of
suspended solids but only very small amounts of dissolved solids were removed from
a primary treated meat processing plant effluent. Tarquin and Bautista (1976)
recorded an 84% COD removal and recommended that for maximum COD removal
a length greater than 62 m could be used. However, they also reported that where
channelling occurred, on the slope, COD removal was less than 50%. Total N
removal was recorded as 44 % with most of the N removal attributed to removal with
the suspended solids of the effluent. In an experiment where anaerobically treated
meat processing plant effluent was applied to plots planted in bermuda grass,
Witherow (1973) recorded the following effluent component removals: BOD 83 %,
COD 70%, total organic carbon 85%, NH;-N 84%, and P 64 %.

Accumulation of organic solids materials at the top end of slopes in overland flow
systems has been observed (Tarquin and Bautista 1976, Reed and Crites 1984).
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Tarquin and Bautista (1976) described build-ups of "greasy-looking” solids at the top
end of the slope which turned black and dried during the resting periods. They
concluded that utilisation of a "proper" operating and drying schedule eliminated
problems which might be caused by solids build-up. Reed and Crites (1984)
suggested that high-pressure sprinklers should be used for high solids industrial
effluents to ensure a more uniform distribution of the solids material, thus preventing
build-up in one part of the irrigated area.

2.4.3 Irrigati

The objective of irrigation is to infiltrate all applied water, whether it occurs as
precipitation or effluent (Nutter 1979, Bouwer and Chaney 1974, Fuller and Warrick
1985). Typically, 2-10 cm of effluent per week are applied in one, or several,
applications. Effluent may be applied using sprinklers (Figure 2.4), furrows, borders
(Figure 2.5) or basins (Bouwer and Chaney 1974, USEPA 1981). Irrigation is
capable of producing the highest degree of effluent treatment of all the land treatment
systems (Table 2.5, USEPA 1981).

Effluent irrigation may be at either a "low" or "high" rate. The objective of low-rate
irrigation is to maximise crop production by applying effluent at a rate that meets
crop water or nutrient requirements. As a consequence most of the water applied is
either evaporated or transpired. Effluent treatment and disposal are secondary
benefits. Low-rate irrigation is a suitable treatment alternative in low rainfall areas,
where irrigation is required for optimum crop production, and it has the highest
potential for removal of effluent pollutants. Because of the lower loading rates low-
rate irrigation involves the largest land area and the widest dispersal of pollutants and
therefore minimises adverse effects on soil and vegetation (USEPA 1976).
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Figure 2.4 Irrigation of a vegetable processing plant effluent using a

travelling irrigator, Canterbury, New Zealand.

Figure 2.5 Border dyke irrigation of meat processing plant effluent, Hawkes

Bay, New Zealand
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It has been suggested that if meat processing plant effluents were irrigated at rates
designed to utilise the nutrients at fertiliser rates (low-rate irrigation) in New Zealand
a large meat processing plant would require a land area of approximately 800 ha if
the pasture was harvested (Russell and Cooper 1987). If stock grazed the irrigated
area (thereby returning nitrogen to the soil in excretia), an even larger area would be
required. Reticulation and management of a large area is expensive, and effluent is
therefore commonly applied at a rate in excess of herbage requirements (i.e. high-rate

irrigation).

High-rate irrigation (effluent applied in excess of crop water or nutrient
requirements) is primarily a method of effluent treatment but it has the additional
agricultural benefit of producing high-yield crops. Because of the high loading rates
used much of the water percolates through the root zone to the groundwater. High-
rate irrigation is a feasible treatment method in almost all climates and has the second
highest potential (next to low-rate irrigation) for removal of effluent pollutants
(USEPA 1976). Although this approach is wasteful of the available nutrients,
advantages include a smaller requirement for suitable land, and lower capital and
maintenance costs (Cooper and Russell 1982).

Irrigation of effluent provides effective effluent treatment (Table 2.5) (Bouwer and
Chaney 1974, USEPA 1981, Reed and Crites 1984). Suspended solids are removed
physically through filtration by the soil. Effluent BOD and COD are effectively
removed in soil. Once the soil-microorganism community is adapted to effluent
irrigation, it can oxidise 9 000 kg ha™ d" (or up to 10 000 g m™) provided that surface
clogging is avoided, macropore space is sufficient, optimum moisture levels are
maintained and soil aeration is adequate (Loehr et al. 1979).

In sewage effluent, the BOD is often associated with the suspended solids whereas
COD is more often associated with dissolved organic solids. The BOD load will not
normally extend more than a few centimetres into the soil because the suspended
material is filtered out or adsorbed near the surface (USEPA 1981). In untreated
meat processing plant effluent, the majority of the BOD and COD (about 70%) is in
a soluble form. However it is generally in charged chain-molecules which are readily
adsorbed by the soil, therefore, the BOD and COD load is unlikely to penetrate far

28




Chapter 2: Literature Review

into the soil (J.M. Russell personal communication). At shallow soil depths, oxygen
diffusion rates are high, and biological oxidation provides the ultimate treatment and
removal mechanism. A decrease in BOD before effluent reaches the groundwater
should therefore be achievable (Bouwer and Chaney 1974, USEPA 1981). However,
if soils become anaerobic, only about 10% of the BOD may be oxidised and

presumably the remainder moves to the groundwater (Wallace 1976, Loehr et al.
1979).

A specific example of the effectiveness of soil for treating primary-treated meat
processing plant effluent is given by Tarquin (1974). Tarquin reported that irrigation
onto 45 cm of sandy clay loam over fine sand (100 mm per week ) resulted in COD
removals of greater than 90% in the top 15 cm and greater than 99% after flow
through 1.2 m of soil. Nitrogen removal varied from 30% at an effluent addition rate
of 200 mm per week to 95% for 100 mm per week and virtually all the fats present
in the effluent were removed in the top 15 cm of the soil (Tarquin 1974).

Some New Zealand meat processing plants use border dyke irrigation systems. These
combine the benefits of overland flow with irrigation. Where low infiltration rates
result in requirements for large land areas it has been suggested that a combination
of irrigation and overland flow, where some of the effluent is collected and disposed
of elsewhere, can be used (Bendixen et al. 1969).

».4.4 Rapid infiltra

Rapid infiltration is the application of effluent at rates of 50 cm to several metres per
week (Bouwer and Chaney 1974, Reed and Crites 1984). Effluent is applied to
specially prepared infiltration beds (Figure 2.6) for several days or weeks. Under
continuous inundation the infiltration rate gradually decreases, therefore, a period of
infiltration must be followed by a drying period to allow infiltration beds to recover
their permeability. Rapid infiltration provides groundwater recharge and some
effluent treatment (Bouwer and Chaney 1974, USEPA 1976). The method requires
soil and geological materials with rapid permeabilities and generally the infiltration
beds are kept free of plant growth. Rapid infiltration has the lowest potential for
removal of pollutants of any of the land waste treatment systems (USEPA 1976).
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Rapid infiltration effectively removes SS, BOD and pathogens, but is less effective

than irrigation at removing N, P, trace metals, and organic toxicants (Table 2.5).
Treatment is accomplished by biological, chemical, and physical interactions in the
soil matrix with the near surface layer being the most active (Reed and Crites 1984).
The suspended solids, BOD and faecal coliforms are removed by the filtering action

of the soil.

Figure 2.6 Rapid infiltration beds for sewage effluent treatment, Pauanui,
New Zealand.

Nitrogen removal, of up to 80%, has been achieved by carefully controlling hydraulic
loading cycles, recycling portions of the treated effluent that are high in N, decreasing
the infiltration rate and supplying an additional carbon source (USEPA 1981). The
main mechanism of P removal is adsorption with some chemical precipitation.
Therefore the long-term P removal capacity is limited (USEPA 1981). The
destination qf the treated water may be either groundwater recharge or recovery for
reuse by direct plant uptake, extraction for irrigation, or recharge of surface streams
(Reed and Crites 1984).
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Despite rapid infiltration being commonly used for disposal of sewage effluent (e.g.
Lance et al. 1980, Tare and Bokil 1982, Darby et al. 1991), no reports of meat

processing plant effluent being treated by rapid infiltration were found in the
literature.

2.4.5 Disease control

Bacteria and viruses have been found to be low or absent after one to several metres
of infiltration in all but very coarse-textured soils (Bouwer and Chaney 1974, Loehr
et al. 1979). Although one or more metres of soil appear necessary for complete
removal of bacteria, most organisms are removed in the top 1 cm of soil (Spyridakis
and Welch 1976). Filtration by the soil, and in some cases, by an additional organic
mat in the top 1 mm of soil, is the primary means of retaining bacteria in the soil.
Adsorption to soil particles is the basic mechanism for the retention of viruses (Loehr
et al. 1979, USEPA 1981). Desiccation, radiation, and exposure to adverse
conditions may also contribute to removal of micro-organisms in land waste treatment
(USEPA 1981, Reed and Crites 1984).

Pathogenic organisms can spread from a land treatment site through the air,
particularly if the effluent is applied by sprinklers (Bouwer and Chaney 1974).
Bacterial survival in aerosols from spray irrigation depends on the ultra-violet
radiation intensity, humidity, and wind velocity. Fuller and Warrick (1985)
demonstrated that the spray-mist zone in an 8-16 km/hr wind extends for about 46 m
downwind from a 9 m spray radius. They concluded that no health hazard existed
beyond the spray-mist zone. Reed and Crites (1984) noted that the concentrations of
virus and bacteria in aerosols from land treatment are equal to, or less than, the
concentrations from activated sludge plants. They suggested that because there were
no adverse health effects associated with sludge plants, then there shouldn't be any
for land treatment.

In overland flow systems, bacteria and viruses are removed primarily by settling and
entrapment of suspended solids harbouring the micro-organisms. However, retention
times in overland flow systems are normally too short to cause a substantial decrease
in bacteria and virus numbers (Bouwer and Chaney 1974).
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In New Zealand, where effluent irrigation systems are often part of an animal grazing
regime, there has been concern about animal health. In a study of faecal coliform
numbers on pasture, following application of meat processing plant effluent,
Donnison and Cooper (1989) recorded a 99% decrease within 14 days after irrigation
in all seasons of the year. This indicates that a 14 day stock withholding time should
be adequate to prevent disease transmission from effluent. Bell and Bole (1978)
found that it took 50 hours of bright sunshine to kill faecal coliforms on reed canary
grass in Canada, and suggested a one week rest period prior to grazing. There is,
however, some evidence that organisms may survive for longer periods in the soil.
Escheria coli and Streptococis bovis were found to survive for periods of up to three
months and one month, respectively, when added to sterilised soil stored at 10 °C
(Guy and Visser 1979). Survival periods were shorter in high clay and low pH soils.

From a communicable disease standpoint, land treatment is considered to be less
hazardous than disposal of sewage effluent and other wastes into rivers and streams
(Bouwer and Chaney, 1974 after Bernarde 1973).

2.5 The effects of effluent on soil physical properties

2.5.1 Soi bil

2.5.1.1 Introduction

Maintaining soil permeability is essential for the continued viability of an effluent
irrigation scheme. Addition of organic matter to soils is generally expected to
increase soil permeability as it contributes to increased porosity and structural stability
(Khaleel ef al. 1981, Reed and Crites 1984). Increases in soil permeability have been
reported following additions of solid wastes (Khaleel ef al. 1981), and for effluent
additions (e.g. Mathan 1994). However, in some instances decreases in permeability
have been shown to occur as a result of effluent addition (e.g. Lance et al. 1980,
Clanton and Slack 1987). The main cause of decreasing soil permeability is the
blockage of soil pores. Factors that result in soil pore blockage may be classified as
physical, biological, and chemical (Berend 1967, Rice 1974). Each of these
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mechanisms is discussed in the following sections. The remainder of this section
provides an overview of the changes in permeability that have been reported.

Effluent may move into, and through, soil more slowly than water. For instance,
Bouwer et al. (1974) reported a permeability for secondary-treated sewage effluent
of about half that for water at the same site. Permeabilities for effluent as low as 10
percent of the water value have been reported (USEPA 1976). Therefore effluent
should be used for field measurements of permeability if at all possible.

The decrease in soil permeability and the resulting slower rate of infiltration of
effluent (compared to water) can lead to effluent surface ponding and increased
runoff. Surface ponding may lead to rapid leaching of waste constituents due to flow
through large macro-pores which would not conduct effluent, except in saturated
conditions. Surface ponding will cause a decrease in biological activity associated
with decreased gaseous exchange and development of anaerobic conditions (Overcash
and Pal 1979). If anaerobic conditions occur they will decrease the rate of
decomposition of the solids and odour and insect problems may develop (Bouwer and
Chaney 1974). Increased runoff may lead to soil erosion and contamination of
surface waters (Overcash and Pal 1979, Vinten et al. 1983).

Applications of oil, or fat-rich effluents such as meat processing plant effluent, may
induce soil water repellency which also affects soil permeability. This is due to the
hydrophobic nature of oils, and to the initial accumulation of hydrophobic
mucilaginous substances associated with increased microbial activity. However, these
effects are usually short-term (2-8 weeks) and it is generally considered that the long
term effect of oil addition to soil is beneficial to soil physical properties as a result of
increased biological activity (Overcash and Pal 1979). Gupta et al. (1977) observed
a higher water repellency on soil samples treated with sewage sludge than those with
low or no sludge added.
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The processes of decline and recovery of soil permeability have been described for
a variety of conditions. ~ Thomas e al. (1966) reported that the infiltration rate
decline under intermittent daily sewage spreading on a sand exhibited three phases:

1.  aslow decline in infiltration rates under aerobic conditions with a drop from
500 to 100 mm hr! over 200 days;

2. arapid decrease under anaerobic conditions to about 1 mm hr in the next 50
days; and

3.  a further gradual decline under anaerobic conditions.

Upon resting, the soil recovered back to an infiltration rate of about 50 mm hr! in 25
days and to about 70 mm hr after 100 days (Thomas et al.1966).

Thomas et al. (1966) found that the primary site of clogging was in the top 1 cm of
the soil. They observed that iron, phosphate, total organic matter, polysaccharide and
polyuronide all accumulated in the clogged layer and may have all contributed to the
clogging. Thomas ez al. (1966) also reported accumulation of sulphide but suggested
that this was an indicator of anaerobic conditions, and not a cause of primary
clogging. The mass of total organic matter present appeared to contribute
significantly to clogging, since the recovery of the infiltration rate was accompanied
by a decrease in the concentration of total organic matter in the soil.

Under continuous inundation a shorter-term pattern (Figure 2.7) has been reported

for a range of effluents (Allison 1947, Okubo and Matsumoto 1979, Fuller and
Warwick 1985, Miyazaki 1993).
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Phase 1 Phase 3
Phase 4
Phase 2
Time
Figure 2.7 Changes in permeability of soil under continuous inundation (after

Allison 1947, see text for definition of phases).

The phases shown in Figure 2.7 are explained as follows:

Phase 1.

Phase 2.

Phase 3.

a rapid decrease in the first 10 days or so. This has been attributed to
aerobic microbial growth (Okubo and Matsumoto 1979), physical
disintegration of aggregates (Allison 1947), and suspension of soil
particles. (Fuller and Warrick 1985).

constant or increased infiltration rates between about 10 and 20 days,
attributed to the dissolution of entrapped gasses (Allison 1947, Fuller
and Warwick 1985).

a rapid decrease in infiltration rates between about days 20 and 30.
This was attributed to development of biological clogging under
anaerobic conditions (Allison 1947, Okubo and Matsumoto 1979 and
Fuller and Warrick 1985). This phase appears to equate to stage 2 of
Thomas et al. (1966) with the development of anaerobic conditions
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ocurring more rapidly under continuous inundation than under

intermittent irrigation.

Phase 4. a continued slow decrease in infiltration rate. Allison (1947)
suggested that biological clogging, aggregate disintegration as a result
of prolonged submergence, and dispersion due to attack of
microrganisms on organic materials that bind soil aggregates, may all
contribute to this decrease. This phase probably equates to stage 3 of
Thomas et al. (1966), described above.

A decline in soil permeability has been reported at dairy factory effluent disposal sites
in New Zealand (Phillips 1971, Parkin and Marshall 1976, McAuliffe 1978) and in
the United States (USEPA 1971), and at sewage disposal sites (Wilcock 1984, Cook
et al. 1994).

In laboratory studies using undisturbed soil cores M°Auliffe et al. (1982) found that
a single application of simulated whey effluent resulted in approximately a 50%
decrease in soil permeability within two days. Repetitive doses of effluent led to a
decrease in soil permeability of over 99% in some cores. The decline was suggested
to be a combination of both physical and biological blockage processes. Recovery
of soil permeability following blockage was also observed. Cores which received a
single application of simulated whey effluent, followed by water every second day,
exhibited virtually complete recovery within two weeks. The high suspended solids
effluent appeared to induce a longer-lasting blockage, as a period of up to 26 days
was needed before the initial permeability was restored. Some cores receiving
repetitive applications of simulated effluent showed no sign of recovery within 28
days of the final application. Soil permeability increases in the soil cores appeared
to be the result of both, pore blockage removal and creation of new macropores. Of

the mechanisms likely to form new macropores, earthworm activity appeared to be
the most important (M°Auliffe 1978).

2.5.1.2 Physical blockage of soil pores
As effluent moves into and through soil pores, suspended solids are removed and can,
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at times, clog soil pores and thereby cause a decrease in the infiltration rate (Bouwer
and Chaney 1974, Rice 1974, Loehr et al. 1979, USEPA 1976, Reed and Crites
1984, Vandevivere and Baveye 1992).

Three mechanisms that can limit particle movement into a soil were identified by
McDowell-Boyer et al. (1986).

1. Surface crust formation. Larger particles accumulate on the surface, leading
to a decrease in permeability.

2. Filtering. Particles small enough to enter the soil pore are mechanically
removed by straining in small pores, with little decrease in permeability
expected. Filtering near the surface may further restrict openings, leading to
surface mat formation.

3. Physico-chemical forces. Very small particles, relative to soil pore size, can
be removed by physical and chemical forces between particles and the soil
aggregate surfaces.

Generally, in all but coarse sands and gravel, the suspended solids are filtered out at
or very close to the soil surface where they tend to form a thin layer with low
permeability. Fine suspended materials such as colloidal clay and algal cell particles
may move deeper into the soil (Berend 1967, Bouwer and Chaney 1974). Vinten ez
al. (1983) observed that in a silt loam soil the coarse solids from a sewage effluent
were filtered out in the top 10 mm of soil, while below this level finer solids were
deposited by adsorption. There is a self-defence mechanism which prevents sub-
surface clogging because surface clogging gradually decreases the rate and depth of
penetration of particles (Berend 1967).

The soil can usually recover from clogging by organic materials, through natural
decomposition processes during non-application or resting periods (Loehr ef al. 1979,
USEPA 1981, Vandevivere and Baveye 1992). If mineral solids are applied, periodic
tilling of the soil may be necessary to break up the material and prevent clogging
(USEPA 1976). Berend (1967) showed that thorough drying of the soil surface
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effectively restored the seepage capacity of sand surfaces clogged with mineral
material, provided the thickness of the surface layer did not exceed a few millimeters.
Allowing a surface layer of organic materials to dry and crack has also been shown
to restore soil permeability following inundation with sewage effluent (Rice 1974).

It has been observed that rapid infiltration basins experience less clogging following
application of primary-treated effluent than when secondary-treated effluent has been
applied (Rice 1974, Carlson et al. 1982). It was suggested that this was because the
primary-treated effluent solids, which are larger than those in secondary-treated
effluent, were retained at the biologically active soil surface where they became
desiccated and decomposed relatively rapidly. The finer size of the suspended solids
in the secondary treated effluent more easily penetrated the top soil layers, forming
subsoil blockages, and did not degrade as rapidly (Rice 1974, Carlson er al. 1982),
presumably due to less microbial activity at depth.

Physical pore blockage can be avoided by pretreatment to remove suspended solids
(Bouwer and Chaney 1974, Loehr et al. 1979, McAuliffe ef al. 1982). However,
Berend (1967) reported that even a concentration of less than 100 g m™ usually had
a greater influence than other clogging factors (e.g. biological and chemo-physical).

Several experiments have shown that physical blockage of pores can be caused by
sewage effluent, but the impact varies for different substrates and effluents.  For
example, in a silt loam soil, infiltration of 400 mm of sewage effluent, containing
39 g m*® SS, caused the flow rate to decline to 20% of its initial value, with over 90%
of the effluent SS filtered out. By contrast an effluent with 98 g m> SS, irrigated
onto a coarse sand, had only 43% of the applied SS filtered out and the flow rate
declined to only 75% of the initial infiltration rate (Vinten et al. 1983).
Accumulation of suspended solids at the soil surface was shown, (using a scanning
electron microscope (SEM) and “C labelled SS), to be responsible for the decline in
infiltration rates. In another experiment, severe soil clogging occurred under
domestic septic tank water effluent (SS of 75 g m) application and in high volume
greywater treatments (SS of 39 g m?), with negligible decline in permeability for
tapwater and low-volume greywater treatments (Siegrist 1987, Siegrist and Boyle
1987). It was found that clogging was highly correlated with the cumulative loadings
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of BOD and SS. Clogged surfaces exhibited accumulation of organic materials at the
surface and in the top few millimetres of the soil. Soil clogging development was
accelerated at higher loading rates and with more concentrated effluents. Siegrist
(1987) suggested that soil clogging, as a result of application of domestic septic tank
effluent, could be retarded by decreasing mass loading rates. This could be achieved

by lowering hydraulic loading rates, or, by decreasing effluent suspended solid
concentrations.

To maintain a rapid infiltration system, a suspended solids concentration of less than
10 g m™ has been recommended (Rice 1974, Bouwer and Chaney 1974, Loehr et al.
1979). If effluent contains suspended solids in excess of 10 g m3, periodic removal
of the sludge layer is required to avoid build-up of solids, and hence, a decrease in
the infiltration rate (Bouwer and Chaney 1974).

Berend (1967) developed a model that relates changes in infiltration rates, as a result
of physical pore blockage, to the suspended solids of the applied effluent. Berend
observed that infiltration rates decrease linearly, if plotted against the cumulative
height of the infiltrated water column. Similarly, Rice (1974) reported that the
hydraulic impedence of the clogged layer was directly proportional to the total solids
load. This is discussed further in Chapter 6.

Development of a surface layer of organic material does not always cause a decline
in infiltration rates. For example, in an experiment where anaerobic swine lagoon
effluent was applied to pasture, the cover crop was mowed but not removed. The
cover-crop residue, along with the organic material in the applied effluent, created
a thin organic mat on the soil surface. The mat did not appear to lead to physical
pore blockage and may have been beneficial in dissipating the energy of the water
from the sprinklers (Vanderholm and Beer 1970).

Physical pore blockage may also be caused by entrapped air bubbles (Vandevivere
and Baveye 1992). For instance, Rice (1974) found that clogging developed below
the surface, during long periods of intermittent inundation, and attributed it to
entrapped, insoluble, gas bubbles. It was speculated that the gas may have been
nitrogen which accumulated as a result of denitrification.
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2.5.1.3 Biological blockage of soil pores

Microbial activity in soils receiving organic substances involves two processes -
biodegradation of the added material, and, synthesis of organic matter, cells, tissues,
gums and slimes (Fuller and Warrick 1985). Biological clogging occurs when
bacterial growth or its by-products (polysaccharides, polyuronides and other organic
compounds) decrease pore diameter. It usually occurs at the soil surface although it
can be at any depth (Rice 1974, Bouwer and Chaney 1974, Thomas et al. 1966,
Spyridakis and Welch 1976) and is a function of the waste organic material added and
the soil pore space (Loehr er al. 1979). Biological clogging reaches a maximum
when biological material fills all soil pores, giving a corresponding minimum
permeability. In an Andosol this minimum permeability was about 2 x 107 ms?
(Kawanishi et al.1990). Biological activity may also lead to pore blockage as a result
of production of gasses or due to the microbial destruction of materials that bind soil
aggregates, therefore leading to disaggregation (Miyazaki 1993).

Increasing temperature may either cause an increase or a decrease in the development
of soil pore blockage. Higher temperatures increase biological activity and,
therefore, may increase soil pore clogging due to an increase in the amount of
microbial material present. However, higher temperatures can also increase the rate
of decomposition of organic material, and therefore decrease the amount of pore
clogging. Polysaccharides are a major component in biological blockage of soil
pores. Nevo and Mitchell (1967) reported that below temperatures of 20°C,
decomposition of polysaccharides was inhibited but their synthesis continued slowly.
Between 20 °C and 30°C, production and degradation rates of polysaccharides were
approximately equal, and both rates increased with temperature. At 37°C, little
polysaccharide was produced but the decomposition rate continued to increase. The
findings indicated that soil clogging by polysaccharides may be of greater concern in
cool, rather than warm climates (Nevo and Mitchell 1967).  This suggestion was
supported in an experiment where primary treated sewage effluent was applied to
sand filters, at a rate of 20 cm day™, 5 days a week, with a daily application period
of 2 hours. The physical condition of the filters did not deteriorate after 240 days at
room temperature but when the experiment was repeated at 4 °C it resulted in failure
in 10 days because of pore clogging (De Vries 1972). The clogging was found to
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occur at the soil surface and was caused by a deposit of "sludge" sealing off the
surface pores. The "sludge” may have been microbial polysaccharide or an
accumulation of suspended solids material.

At temperatures below about 10 °C the microbial response has not always caused
clogging. For example, soil clogging was found to increase with rising temperature
under sewage effluent application (Gupta and Swartzendruber 1962) and following
application of septic tank effluent to sand trenches (Kristiansen 1981). At 12 °C -
15 °C Kiristiansen (1981) reported a clogged layer, of bacterial cells and slime,
formed in the top 1 cm of the sand, whereas, no clear clogged layer was identified
at temperatures that varied to as low as 4 °C.

Biological clogging is frequently associated with anaerobic soil conditions. Anaerobic
conditions result in a lower rate of biological activity and therefore a tendency for
sludge accumulation, and/or accumulation of polysaccharides. Anaerobic conditions,
which give rise to soil biological clogging can result from hydraulic overloading,
regardless of the BOD or organisms added (Spyridakis and Welch 1976). However,
an excessive BOD load may also cause anaerobic conditions. Polysaccharides and
polyuronides break down rapidly if aerobic conditions are restored (Nevo and
Mitchell 1967, Spyridakis and Welch 1976).

There have been a number of investigations of biological pore blockage under
anaerobic conditions, most using inundation of sand columns (Laak 1970, Kristiansen
1981, Taylor and Jaffe 1990). These studies have shown that clogging occurs mainly
due to blockage by bacterial cells, and may cause a reduction in permeability of up
to three orders of magnitude. A very small amount of bacterially produced slimy
material may contribute to clogging by cementing together other particles such as
bacterial cells and it has been suggested that that this may explain the reported
correlations between clogging rate and polysaccaride content (Kristiansen 1981).

Bacterial soil pore blockage is not always limited to anaerobic conditions.
Vandevivere and Baveye (1992) found that an obligately aerobic strain of bacteria
(Arthrobacter AK19) was able to decrease permeability in sand columns by three to
four orders of magnitude, in about one week, due to the formation of a thick, highly
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porous, bacterial mat at the inlet end of the sand column. They found that clogging
was mainly due to the bacterial cells, which tended to form large aggregates that
impeded water flow, rather than uniform biofilms. They also reported that
extracellular polymers were not necessary to induce severe bacterial clogging.
Extracellular polymers were produced and appeared to cause additional clogging when
the C/N ratio was high (77) but at lower C/N ratios ( <39) they seemed absent from
the clogged layers. A 78% decline in infiltration rates under aerobic conditions over
a three year period as a result of irrigation of secondary treated sewage effluent was
reported by Cook et al. (1994) at the Rotorua (New Zealand) sewage irrigation site.
They attributed the decline to biological clogging.

Algal growth on the soil surface may, in some instances, lead to increased infiltration
rates during inundation because the algal mat becomes buoyant, thereby freeing the
soil surface from clogged materials (Rice 1974). However, pore blockage from algal
cells has been observed, for instance, at a rapid infiltration site in Arizona (Reed and
Crites 1984).

2.5.1.4 Chemical blockage of soil pores

Chemical phenomena that affect soil permeability involve changes in the swelling
properties of soils, and the dispersion of colloidal particles, brought about by
variations in the composition of the liquid phase (Vandevivere and Baveye 1992).
Effluent with a high sodium adsorbtion ratio (SAR) can cause deflocculation of clay
minerals leading to a decrease in soil permeability, poor soil aeration and difficulty
in seedling emergence (USEPA 1981, Reed and Crites 1984). This may be a problem
with effluents from some fellmongery plants (Tarquin 1974).

As a general rule, an effluent SAR > 15 is considered unacceptable. However there
is a difference depending on the dominant clay type; in kaolinitic soils the SAR can
be as high as 20 before serious swelling problems occur, but SARs of 8 - 10 will
cause swelling problems in soils where montmorillonite is dominant (Ferguson 1976).
A soil exchangeable sodium percentage (ESP) > 10 may cause difficulty in fine-
textured soils whereas coarse-textured soils may not show a decline in permeability
as long as the ESP is not greater than 20 (USEPA 1981 » Reed and Crites 1984).
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250 A Stabili

The main agents of soil aggregate stabilisation are organic materials, including the
products of decomposition of plant and animal remains, the microorganisms
themselves, and the products of microbial synthesis. Organic binding agents of
aggregate stability can be classified into three groups (Tisdall and Oades 1982):

1. Transient, mainly polysaccharides.
2. Temporary, roots and fungal hyphae.

3. Persistent, resistant aromatic components associated with polyvalent metal
cations, and strongly sorbed polymers.

Inorganic cementing agents such as iron and aluminium oxides and clays also provide
aggregate stabilisation (Lynch and Bragg, 1985).

Soil aggregate stability has been shown to increase as a result of addition of organic
materials such as animal manures, compost and sewage sludge (Klute and Jacob 1949,
Pagalai et al. 1981, Lynch and Bragg 1985, Kinsbursky et al. 1989). Improved soil
aggregate stability leads to increased macropore space, aeration, and root growth.
This may help stabilise soils against erosion (Loehr et al. 1979, Khaleel et al. 1981)
and some investigators have reported decreased runoff volumes from waste-
incorporated plots (Khaleel e al. 1981).

It is difficult to relate changes in aggregate stability to the activities of specific
microorganisms. For instance, in a study of the effects of organic amendments on
aggregate stability and microbial activity, Griffiths and Jones (1965) found that
different treatments produced their own characteristic microbial populations.
Following addition of sewage sludge to a structureless, loess soil, Metzger er al.
(1987) suggested that fungal carbohydrates and physical entanglement by mycelium
may act as binding mechanisms involved in the formation of water-stable aggregates.
In a later study, Kinsbursky et al. (1989) reported that, in sludge amended soils,
cementing by fungal carbohydrates is a relatively more important binding mechanism
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than physical entanglement by mycelium.

It has been suggested that humic substances are the predominant binding agent in soil
microaggregates. This was substantiated by Piccolo and Mbagwu (1990) in a study
of aggregate stability of microaggregates from soils treated with a variety of organic
waste amendments. They showed a significant positive correlation between
microaggregate stability and humic acids, and with humic plus fulvic acids, but no
significant relationship with total organic matter.

A comparison of the effects of meat processing plant effluent and water, on aggregate
stability, on a Lismore soil, in the South Island of New Zealand, was undertaken by
Churchman and Tate (1986). They reported that effluent addition did not affect
macroaggregate stabilities as measured by wet sieving, but it increased the stability
of clay aggregation as measured after selective disaggregation treatments. They
recorded highly humified organic matter associated with the soil clays as a result of
meat processing plant effluent treatment. Churchman and Tate (1986) observed
(using a scanning electron microscope) that a "web" (suggested to be polysaccharide)
formed over the soil particles which became firmly bound after drying. The web was
more continuous on the effluent treated soil than the irrigated or control soils.

2.5.3 Bulk density

Addition of organic wastes, to soil, generally causes an increase in soil organic matter
and therefore a decrease in soil bulk density. Khaleel e al. (1981) derived a linear
regression equation (r* = 0.69) between increases in soil organic carbon and reported
decreases in soil bulk density as a result of solid organic waste application. They
attributed the decrease in bulk density to the dilution effect resulting from the mixing
of the added organic matter. However an increase in aggregation and, therefore, an
increase in porosity would also be expected to have contributed to the decrease in soil
bulk density.

In New Zealand M°Auliffe (1978) found that bulk density decreased at some whey

disposal sites and not others. Marris (1992) found no difference in soil bulk density
for two soils to which whey had been applied.
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2.5.4_Other soil physical eff

Sewage sludge, compost, meat processing plant effluent, and manure additions to soil
have all been reported to increase soil water retention (Gupta et al. 1977, Kladivko
and Nelson 1979, Khaleel er al. 1981, Ross et al. 1982) which was attributed to
increased aggregation and therefore increased total pore space by Khaleel et al.
(1981).

Accumulation of soil organic matter and an increase in soil moisture retention, may
also lead to a decrease in soil penetration resistance. Stevens et al. (1988) found that
applications of pig slurry, at rates greater than 250 m? ha year? for a total of eight
years, caused a significant decrease in soil penetration resistance at a depth of 10 to
15 cm.

Effluent application can lead to a deterioration in soil properties. For example,
increased pasture growth sometimes encourages higher stocking rates, which was
observed to cause increased problems of pugging in soils with "weak" structures (such
as Gley Soils and soils with high clay contents) at dairy factory effluent disposal sites
(Wells and Whitton 1966).

Soil temperature changes have been observed as a result of solid organic waste
addition. Gupta ez al. 1977 showed that temperature fluctuations were greater on
plots receiving sewage sludge, than on a control treatment. This was attributed to an
increase in the specific heat capacity and a decrease in the thermal conductivity of the
soil which received the sludge.

2.6 The effects of effluent addition on soil chemical properties
There is a large body of literature on the effects of effluent on soil chemical
properties. This section briefly summarises some of these effects, particularly those

reported in New Zealand.

In an investigation of three New Zealand meat processing plant sites, Wells and
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Whitton (1970) reported that effluent irrigation raised soil nitrogen levels and
increased the base saturation (by increasing Na and K) of topsoils. At the Fairton
meat processing plant (in the South Island of New Zealand) where effluent irrigation
nutrient loadings have been in excess of plant requirements, Keeley and Quin (1979)
found that soil C, N, Ca, K and P levels had risen, but, that there was no change in
soil pH, despite 90 years of application of pH 10 effluent. Similar effects have been
reported for soils irrigated with dairy factory effluent (Wells and Whitton 1966), and
for irrigation of whey (M°Auliffe 1978).

The groundwater at the Fairton meat processing plant had a similar chemical
composition to the effluent, except that nitrate-N was higher (at the expense of NH;)
and some N was not accounted for (Keeley and Quin 1979). It was suggested that
considerable nitrification, and some denitrification occurred (Keeley and Quin 1979).
In a trial where meat processing plant effluent was applied to an Allophanic Soil in
the Waikato, Russell et al. (1984) found that losses of nitrate to the groundwater
increased as the amount of N applied was increased. They suggested that total N
losses to groundwater, following effluent applications of up to 1500 kg N ha! yr?!,
were no greater than those expected from intensively grazed pasture.

A New Zealand example of the effects of sewage irrigation on soil chemical
properties is provided by studies of the Templeton sewage irrigation scheme in
Canterbury, where soils have been irrigated with treated domestic sewage effluent
since 1958. In 1968 the site received 840 mm of effluent and 760 mm of rain,
resulting in drainage of 900 mm (Quin and Forsythe 1978). This caused an increase
in soil nutrient status, and an increase in pasture production, compared to a non-
irrigated control (Quin and Woods 1978). Irrigation at Templeton has had little effect
on the heavy metal composition of the soil or pasture (Quin and Sayers 1978). Losses
of P in the drainage were low, but percentage losses of all other nutrients were high.
Na displaced Ca and Mg from the soil, and nitrate losses were estimated at 180 kg

ha™ yr of which 100 kg ha yr* were attributed to urine patches (Quin and Forsythe
1978).
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2.7 Plant responses to effluent application

Irrigation of effluent often results in increased dry matter yield. Increased pasture
production has been reported for sites under dairy factory effluent irrigation and
attributed to the high levels of nitrogen and potassium added in the effluent (Wells
and Whitton 1966). Increases in pasture production of from 81 to 174 per cent,
have been recorded at New Zealand sites receiving regular applications of meat
processing plant effluent, throughout the growing season (Russell and Cooper 1987).

Application of meat processing plant effluent, with high N concentrations, can cause
increased concentrations of nitrate in plants which may endanger stock health.
Russell (1986) found that herbage from anaerobically treated effluent contained higher
concentrations of nitrate-N than herbage irrigated with primary treated effluent.
Based on "safe" nitrate levels in herbage the upper loading limit would be about 500
kg N ha' yr! for anaerobically treated effluent and about 1000 kg N ha yr? for
primary treated effluent (Russell 1986). Addition of primary treated meat processing
plant effluent at rates of 50, 100 and 200 mm per week was found to inhibit grass
seedling establishment (Tarquin 1974).

Pasture "burning” (i.e. dieback as a direct result of effluent contact with the foliage),
as a result of whey application, was observed at all sites investigated by M°Auliffe
(1978) and has been reported elsewhere by Parkin and Marshall (1976). This has
been attributed to various factors such as; insufficient dilution, effluent that has a high
pH, effluent that had been allowed to go "septic" as a result of sitting in lines or
holding tanks, effluent that was too hot, and spraying onto pasture that was "too
long".

Pasture "pulling” (where grazing animals uproot plants) at whey application sites, was
reported by McAuliffe (1978). He suggested that this was probably the result of loss
of soil strength due to high moisture content and a tendency for plants to only develop
shallow root systems under effluent irrigation.
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2.8 Design and management of land waste treatment systems
2.8.1 Introduction

There are a number of guidelines available for design and management of land waste
treatment systems (e.g. Overcash and Pal 1979, Loehr ef al. 1979, USEPA 1981,
Reed and Crites 1984, Vanderholm 1984). None are written specifically for meat
processing plant effluent, and only the report of Vanderholm (1984) relates
specifically to New Zealand conditions.

Proper design of land application facilities must relate the fate of pollutants to the
properties of the soil with which they may interact and minimise the fraction of
contaminants leaching into the groundwater (Loehr et al. 1979). The capacity of
various land areas to accept, conduct and purify wastes varies widely, and good
methods for determining these capacities are of crucial importance when evaluating
land suitability for liquid-waste application (Bouma er al. 1983). Many workers
have recommended that aerobic soil conditions should be maintained, surface ponding
avoided and rest periods provided to allow the soil to dry and recover (e.g. Nevo and
Mitchell 1967, De Vries 1972, Loehr et al. 1979, McAuliffe et al. 1982).

2.8.2 Effluent loading rates

The effluent loading rate (i.e. the total volume of effluent applied over a given time
period) on a soil is usually limited by either the hydraulic capacity of the soil or the
N-removal capacity of the soil-vegetation matrix (USEPA 1981, Reed and Crites
1984). A method for calculating the loading rate, based on hydraulic or N
limitations, is given in USEPA (1981), and Reed and Crites (1984). In New
Zealand, nitrogen is generally considered to be the limiting factor for meat processing
plant effluent application (Russell ez al. 1988, Russell and Cooper 1992). Design
criteria for N application are given in Russell ez al. (1988).

In systems with minimal pretreatment, the level of suspended solids may be the
limiting design parameter, especially if the solids are slowly degradable and

accumulate and clog the soil surface (Reed and Crites 1984). This may be the case
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at some New Zealand meat processing plant effluent irrigation sites where effluent
receives only contra-shear sieving prior to land application. Infiltration rate loss has
caused problems at a number of New Zealand meat processing plant sites. For
example, the Kaiapoi meat processing plant, in Canterbury, was forced to stop
irrigating effluent to allow infiltration rates at the site to recover. Declining
infiltration rates are more likely to be a problem in winter than summer, due to the
lower temperatures. USEPA (1976) suggest that loading rates in winter should
probably be decreased to about half those in summer to allow for slower drying rates
and decreased biological activity.

The BOD of an effluent could also potentially limit the effluent loading rate in a soil
system. As organic matter addition increases, soil respiration also increases until a
maximum rate of oxidation is reached. Although the rate of organic carbon oxidation
in soils is known to be high, limitations for effluent and sludge applications are not
well established. However it is likely that factors such as soil permeability and
nitrogen control will limit waste application rates long before maximum organic
loading capacities are reached (Loehr et al. 1979). Phillips (1971) suggests that, for
New Zealand dairy factory effluent, the daily average BOD application should not
exceed 170 kg ha! and should preferably be kept below 110 kg ha™.

> 8.3 Effl licati
Application rate refers to the rate at which effluent is irrigated onto the soil. The
ideal rate depends largely on soil hydraulic properties. Many methods are available
for measuring soil hydraulic characteristics and for calculating soil moisture regimes.
However, there is as yet no generally accepted procedure for defining the capacity of

a soil to accept, conduct, and purify liquid wastes (Bouma et al. 1983). This may be
due to a number of factors (Bouma et al. 1983):

1. Estimates of soil permeability have poorly defined physical interpretation.
2. Permeability measurements are cumbersome and costly.

3. The dynamic character of the processes involved has sometimes been ignored,
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as research has focused on obtaining one characteristic value for a given soil,
such as one percolation or hydraulic conductivity rate. These values are
inadequate for analysing transient processes that occur during intermittent

applications of waste.

4. Simulation methods usually assume non-swelling soils without continuous

macropores.

5. Emphasis has been placed on disposal rather than purification aspects of liquid
movement. Excellent disposal may be associated with poor purification,
therefore, both aspects need to be considered together when defining optimal
application regimes.

The effluent application rate should be less than the soil infiltration rate.
Theoretically this will prevent surface runoff when applying effluent to saturated soils
(Vanderholm 1984). It has been suggested that the short term change in infiltration
rate should be measured, when effluent is applied, and design sprinkler application
rates should then be selected on the basis of the infiltration rate expected at the end
of the application period (USEPA 1981). Spatial and seasonal variability should also
be considered when undertaking infiltration rate measurements (Phillips 1971).

Recommendations for the effluent application rate (relative to the infiltration rate of
water) vary widely. Vanderholm and Beer (1970) suggested that effluent irrigation
rates should be 50 - 70% of the clean water infiltration rate. However application
rates as low as 5% of the clean water infiltration rate have been suggested for septic
tank effluent (Loehr er al. 1979). Vanderholm (1984) gave a recommended
maximum effluent application rate, based on soil texture and slope (Table 2.6).

Vanderholm derived the values given in Table 2.6 by reducing the recommended

water irrigation rate (New Zealand Standard 5103, 1974), by 30% to allow for the
"effects” of effluent.

For sloping soils Phillips (1971) suggested that the design application rate should be

adjusted by a factor of 0.75 for 5-8% slope, 0.6 for 8-12% slope and on slopes
greater than 12 % irrigation should be avoided.
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Table 2.6 Estimated maximum hydraulic application rates (mm hr') for land
application of effluent (after Vanderholm 1984).

Soil texture . slopes slopes slopes
0-8° 9-12.5° > 12.5°

Sands, light sandy loam, uniform 22 18 14

in texture to 1.82 m, pumice.

Sandy loams to 0.6 m over- 14 12 9

laying a heavier subsoil

Medium loams to sandy clays 12 9 7

over a heavier subsoil

Clay loams over a clay 9 7 5

subsoil

Silt loams and silt clays 7 6 4

Clays 5 4 3

Peat 12 - -
2.8.4 Rest periods

A period of non-application is considered necessary to allow the soil to dry and re-
aerate following effluent application. Drying restores the infiltration rate (Rice 1974,
Bouwer et al. 1974, USEPA 1976) allowing any surface clogging layer to dry, crack,
decompose or dissipate (Loehr e al. 1979, Bouwer and Chaney 1974, Fuller and
Warrick 1985). The length of the rest period depends on the soil properties, land
application process, waste characteristics, climatic condition, crop, and time of year.
It may range from a day or less to several weeks. Fuller and Warrick (1985)
suggested that there seems to be no single rest period that is suitable for all sites or
even for a given effluent quality. As a preliminary estimate the removal, between
effluent applications, of 30% of the available water storage of the 1.2 m profile
should be adequate for the high-rate irrigation process (USEPA 1976).

The length of time the water remains in the soil affects the amount of waste
constituents that can be removed from the effluent. This should be considered in
determining application rates and rest periods (Loehr et al. 1979). Installation of tile
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drains may hasten recovery to aerobic conditions and thus help prevent clogging of
soil pores (Vanderholm and Beer 1970) but it will minimise the interaction between
the solution and the soil solid phase, thereby increasing the likelihood of leaching.

In making recommendations for irrigation of dairy factory effluent, in New Zealand,
Phillips (1971) suggested that the preferable irrigation interval is about three weeks
(although it could be shortened in the summer when higher evapotranspiration rates
dry the soil more quickly). This allows livestock to effectively graze the paddocks
between irrigation events. =~ The combination of small frequent applications of
effluent may give slightly better overall treatment efficiency as reported, for instance,
for irrigation of anaerobic swine lagoon effluent (Vanderholm and Beer 1970).

)85 Si | monitori :

Very little information pertaining to crop and animal management that is recorded in
the literature has direct relevance to New Zealand because New Zealand soils,
climate and pastoral farming systems are different from those of other countries.
Most New Zealand meat processing plants manage their irrigation sites based on local
experience, gained by trial and error (Chapter 4).

It has been suggested that in order to avoid severe soil compaction and decreased
infiltration rates, cattle or sheep should not be allowed onto saturated soils and
rotations should be managed so that effluent can be applied immediately after stock
are removed (USEPA 1981, Reed and Crites 1984). Ideally grass should be 5 - 8 cm
long at the time of spraying to allow penetration of sunlight which maximises drying
and, therefore, speeds up site recovery (Phillips 1971).

After installation of an effluent irrigation system, good management and monitoring
of the system is essential so that undesirable performance can be corrected before
serious damage occurs (Bouwer and Chaney 1974). The broad objectives of
monitoring are to determine if the effluent quality requirements are being met, if any
corrective action is needed to protect the environment or maintain the effluent
treatment capacity of the system and to aid in system operation (USEPA 1981,
Bouwer and Chaney 1974). The soil, vegetation and groundwater should be included
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in a monitoring programme (USEPA 1981) and compared with the effects of
alternative land uses in the area (Russell and Cooper 1987).

2.9 Conclusions

Land treatment and disposal of effluent have the advantages of utilising and recycling
some of the nutrients in the effluent and avoiding discharge directly to waterways.
The land waste treatment methods, that have been used, are overland flow, irrigation
and rapid infiltration. Irrigation, at rates exceeding plant nutrient requirements, is the
method of land disposal most commonly employed by the New Zealand meat
industry. Irrigation provides the most effective effluent treatment and, providing
direct macro-pore flow is avoided, is capable of removing virtually all the applied
suspended solids from effluent. It has been shown to be effective in removing BOD,
P, trace metals, virus, and bacteria, and can be effective in removing N and cations,
depending on application rates and load.

Soil properties determine the effectiveness of soil for effluent disposal, both with
regard to the soil's ability to accept and transmit effluent and its ability to remove or
decompose suspended solids, nutrients and other contaminants from the effluent. Soil
micro-organisms are responsible for removing BOD and decomposing added organic
materials. There is often a significant increase in soil microorganism numbers and
activity following effluent application. This is usually confined to the top few
centimetres of soil. The rate of degradation of added material is considerably lower
at temperatures below 15-20 °C. At cooler temperatures (less than about 15 °C)
microbial production of polysaccharide continues while degradation is inhibited,
which may contribute to soil pore blockage.

Maintaining the soil's effluent infiltration capacity is vital for an effluent irrigation
scheme's viability. Effluent irrigation may increase soil hydraulic conductivity due
to an incréase in aggregate stability and porosity. Effluent addition may, however,
cause a decrease in soil hydraulic conductivity due to blockage of soil pores by
suspended solids from the effluent, blockage of soil pores by microbial material that
develops in response to effluent addition, or dispersion of clay minerals causing loss
of soil structure and porosity as a result of addition of effluent containing high
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concentrations of sodium.

Physical pore blockage usually occurs at, or very close to, the soil surface where the
suspended solids are filtered out as the effluent moves into the soil. It has been
reported at a number of sites, worldwide, and is of particular concern for rapid
infiltration systems. A number of models have been developed to describe the
occurrence of physical pore blockage. Infiltration rates that have declined due to
physical pore blockage will often recover if soils are given "rest periods” and allowed
to dry. Organic matter will decompose and inorganic matter shrinks and cracks,
during the rest periods, allowing infiltration rates to recover.

Biological blockage of soil pores may be the result of the physical presence of
microorganisms or it may be due to the accumulation of by-products of bacterial
growth such as bacterial slimes, including polysaccharides and polyuronides.
Anaerobic conditions lead to very rapid decreases in hydraulic conductivity due
mainly to polysaccharide accumulation and a decline in the biological breakdown of
added materials. Hydraulic overloading by itself can produce anaerobic conditions
and clogging within the soil regardless of the BOD or organisms added. Biological
blockage has been shown to also occur under aerobic conditions.

Land waste treatment systems are complex, with many interactions occurring which
are influenced by a large number of variables including effluent, soil, site, and
climate properties. The occurrance of both physical and microbial pore blockage as
a result of effluent application is well documented. However there is little
information available on the specific factors that influence the development of pore
blockage or on the relationship between the physical and biological processes that are
involved. Little of the information that is available relates directly to meat processing
plant effluent, either internationally or within New Zealand, or to the conditions
encountered at New Zealand effluent irrigation sites.
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Chapter 3: Methods
3.1 Introduction

The methods described in this chapter are the general methods that were used in more
than one experiment. Methods specific to only one chapter are described within that
chapter as are details such as the number of replications used.

3.2 Soil profile descriptions

Soil profile descriptions were carried out following the methods of Taylor and Pohlen
(1979). Soil colours were determined by comparison with standard soil colour
charts. Soil Horizon nomenclature is that of Clayden and Hewitt (1989).

Soil classifications are given for the current New Zealand system after Hewitt (1992).
New Zealand genetic soil classifications follow Taylor and Pohlen (1979) and USDA
Soil Taxonomy classifications were determined using the procedures of Soil Survey
Staff (1990).

3.3 Soil physical properties

3.3.1 Soil hydrauli Juctivi

Over the course of this study, different methods were used for measuring or
estimating soil hydraulic conductivity, depending on the experimental design and the
availability of equipment. Each of the methods used is described below and the

advantages and disadvantages of each method are discussed.

3.3.1.1 Laboratory method
Hydraulic conductivities were measured following an adaptation of the method of

Klute and Dirksen (1986). Soil cores were set up with containers of water supported
over them (Figure 3.1) supplying a constant head.
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Figure 3.1 Constant head method for measuring permeability.

The volume of water flowing from the core with time is measured. This method is a
direct application of Darcy's law where hydraulic conductivity is calculated (after
Klute and Dirksen 1986) as:

K, = (Q/A)(L/AH) (3.1

Where Q = volume of water collected/time taken @L’Th),
A = x-sectional area of the core (L?),
L = length of soil core (L), as illustrated,
AH = change in hydraulic head (H), as illustrated.

This method is easy to use and reasonable numbers of replications are possible.
However conditions in the laboratory cannot reproduce field conditions.

3.3.1.2 Field methods

a. Permeability estimation

Permeability class estimates were made using the method of Griffiths (1985). The
method utilises field moisture, texture, structure, penetration resistance, semi-confined
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shear vane (degree of packing), biopore and coating observations to give an estimate
of soil "permeability classes" (Table 3.1). The advantages of the method are that it
provides a fairly replicable method of estimating permeability classes in the field
without the need for time-consuming measurements. It also avoids the requirement for
large volumes of water in the field. Estimates of the permeability class can be made
for each horizon within the soil, which is usually beyond the scope of all but the most
detailed measurement programmes. It is, however, only an estimate, but given the
temporal and spatial variability in soil permeability measurements, it provides a
reliable guide to the permeability status of a soil, as demonstrated, for example, in New
Zealand Soil Bureau (1986).

Table 3.1 Soil permeability classes (after Griffiths 1985).

Permeability  Deserpfion T Tfilatonmae T

1 very slow <1 <3x107

2 slow 1-4 3x107 -1x10%

3 moderately slow 5-19 1x10°-5x10%

4 moderate 20-64 5x10%-2x 107

5 moderately rapid 65-129 2x10%-4x10°

6 rapid 130-250 4x10%-8x10°

7 very rapid >250 >8x 10°

b. Disk permeameter

A disk permeameter (Perroux and White 1988) was used to measure both soil surface
saturated hydraulic conductivity (K,,, Figure 3.2) and unsaturated hydraulic
conductivity at a tension of 40 mm (K_).

To measure K, the surface vegetation was clipped and the steel ring was pushed
about 4 mm into the soil. To prevent leakage the outside of the ring was sealed with
bentonite. The permeameter was then placed on the steel ring. Water flow was
started and the change in water reservoir level was measured with time. As many
readings as possible were made in the first few minutes (from which sorptivity can
be calculated) and then groups of 10 or so readings were made periodically until
steady state was reached. It usually took several hours to reach steady state and the
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water reservoir was refilled as necessary.

Figure 3.2 Disk permeameter for measuring saturated hydraulic
conductivity (after CSIRO 1988).

Calculation of S and K is based on Equation 2.3 (Section 2.3.2). For a short time
after water application commences, commonly the first minute or two, the sorptivity
is the predominant component of flow and cumulative infiltration, I, can be assumed
to be equal to St'2. To determine the sorptivity (S,) a graph of I versus t'? was
drawn, for the first few minutes of water flow, and the sorptivity was determined as

the slope of the straight-line part of the graph. At longer times, K was calculated as
(CSIRO 1988):

K, = i - 4bS 2/nr (6,-6,) (3.2)

where i is the infiltration rate
b is a constant determined as 0.55,
S, is the sorptivity
I, is the radius of the ponded area,
6, is the volumetric moisture content at the measurement potential,
8, is the initial volumetric moisture content.

The disk permeameter for unsaturated hydraulic conductivity measurements utilises
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a bubbling tower with an adjustable water level to supply a negative head to the water
reservoir. Measurements were made in the same way as described above for
saturated conditions, except that a bed of sand was used to provide contact between
the base of the permeameter and the soil surface.

The advantages of the disk permeameter are that it provides a method to measure
unsaturated hydraulic conductivities at a range of tensions, it requires less water than
alternative field measurement techniques and it provides a convenient means of
measuring water volumes. However, with only one instrument available, and several
hours required per measurement, the number of replications that can be undertaken
is limited. Field infiltration rates are variable, therefore, a large number of
replications are preferable. A further disadvantage is the sensitivity to the volumetric
moisture content near the soil surface (recommended top 5 mm) soil. Many New
Zealand soils under pasture have a thin organic debris layer at the soil surface which
can have a porosity and bulk density that is different from underlying soil, and
accurate determination of soil properties in the thin surface layer can be difficult.

c. Twin Rings

The twin ring method (Scotter et al. 1982), for measuring saturated hydraulic
conductivity utilises two rings of different diameters. The steady state infiltration
rate of ponded water is measured in each ring. In smaller rings sorptivity tends to
be the dominant component of the infiltration rate, whereas in larger rings the K,
component predominates. Therefore by using rings of different sizes a simultaneous
equation can be solved to give both S and K. The hydraulic conductivity was
calculated as follows (Scotter et al. 1982):

K = (qir; - @r)/(r, - 1) 3.3)
Where q, and g, are the steady state flux densities and r; and r, are the radii of the

rings used. A number of replicates were used to measure q and the mean used in the
calculations.
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Providing the frequency distribution is approximately normal, an estimate of the
standard error of K (SE) is (Scotter et al. 1982):

SE = [(r,5,)*/n, + (r,5,)*/n,]'? (3.4)

where s, and s, are the standard deviations of q, and q, respectively, and n, and n, are
the number of replicate measurements.

Rings of 11, and 35 cm diameter were carefully pushed, up to 1 - 2 cm, into the soil
surface and ponded to a depth of about 1 cm. Any leaks around the edges were
sealed using bentonite on the outside of the rings. The water level was maintained
in the rings for an hour or two and then the volume of water infiltrating was
measured for a unit time, using a precise water level marker, a measuring cylinder
and stopwatch, usually with about 10 replicates for each ring. Measurements were
repeated periodically until steady state was achieved.

An advantage of this method over the disk permeameter is that it allows many
replicates to be made at the same time, as construction of rings is not difficult or
expensive. It is also suited to making measurements using effluent as well as water,
whereas the disk permeameter's mesh would be blocked by effluent suspended solids.

3.3.2 Bulk density

Soil dry bulk density (p,) is the ratio of the mass of dry soil to the total volume of
soil. Soil dry bulk densities were measured following the methods of Burke ef al.

(1986) using cores (5 cm deep and 5 cm in diameter), where possible, and sand
replacement on stony soils.

333 bili

The aggregate stability in water, of soil from cores (Chapter 5), was measured by
moistening 2 - 4 mm sized air-dry aggregates by placing them onto moist filter paper.
The moistened aggregates were then placed on a sieve set and immersed in water and
raised and lowered 4 cm, 30 times per minute, for 30 minutes.
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The mass of aggregates retained as a percentage of the total weight of soil added was
calculated as:

Water stable aggregate % = Y[100(a; - b))/(c/mf-s)] 3.5

where a; = mass of soil on sieve i, b; = mass of sand on sieve i, ¢ = mass of air dry
soil added, mf = moisture factor, s = total mass of sand in the sample.

3.3.4 Particle size distributi

Particle size distribution refers to the relative proportions of sand, silt and clay in a
soil. These were estimated in the field, by hand texture, and measured in the
laboratory using the hydrometer method (Gee and Bauder 1986).

i . .

Moisture retention describes the relationship between matric potential and soil water
content. The moisture contents at matric potentials of less than -100 cm were
determined following the "tension method” (Haines apparatus) of Burke et al. (1986).
Higher matric potentials were determined using pressure plates, following the "gas
pressure method” of Burke et al. (1986). Samples were approximately 5 cm in
diameter and 1 cm in depth.

3.4 Soil chemical properties

Total nitrogen was determined following the Kjeldahl method. Approximately 0.5
g of finely ground, air dried, soil was weighed into a 50 ml Kjeldahl flask. A small
amount of distilled water was added to moisten the soil, then one kjeldahl catalyst
tablet and a speck of selenium were added. Five ml of concentrated H,SO, was
added and the sample was digested on the digestion stand until the mixture
decolourised. It was then heated for a further 30 minutes. The sample was cooled
then a further 20 ml of distilled water was added, the contents transferred to a 50 ml
volumetric flask and made up to the mark. This was shaken vigorously then left to
stand overnight. A 10 ml aliquot was pipetted into a Markham steam distillation
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apparatus and ‘approximately 20 ml of 40% NaOH was added. Ten ml of 1% boric
acid and 5-6 drops of bromocresol green-methyl red mixed indicator were added to
a conical flask which was placed under the delivery tube of the Markham steam
distillation apparatus. Steam distillation was carried out until 20-25 ml of distillate
had been collected. The distillate was then titrated against 0.01 M HCI to a neutral
grey colour and corrected for reagent blank.

Organic carbon was determined following the method of Schollenberger as described
by Allison 1965. Approximately 0.5 g of finely ground soil was weighed into a 500
ml flask. Potassium dichromate (0.785 g) was added and about 10 ml of distilled
water was used to wash any soil or dichromate from the sides to the bottom of the
flask. A blank with no soil was also prepared. Concentrated sulphuric acid (20 ml)
was added to all flasks and they were warmed, without boiling, for half an hour. The
mixture was allowed to cool, then 100 ml of distilled water was added and it was
again left to cool. Five ml of phosphoric acid was added and the mixture was titrated
with 0.5 M ferrous ammonium sulphate solution, using barium diphenylamine
sulphonate indicator.

Soil pH and electrical conductivities were measured following the methods of
Blakemore et al. (1987). Soil pH was determined on air-dry (<2 mm) soil in a soil:
distilled water ratio of 1:2.5. Samples were stirred for 10 minutes and allowed to
stand overnight. Measurements were made using a glass/reference electrode.
Measurements of pH in CaCl, were made as described above except that 0.01 M
CaCl, was substituted for the distilled water. To determine electrical conductivity,
air-dry (<2 mm) soil in a 1:5 soil: distilled water ratio was shaken for 30 minutes

then centrifuged. The supernatant was then poured directly into the measurement
cell.

All ratings of chemical properties were made according to the classification of
Blakemore et al. (1987).

3.5 Effluent total and suspended solids
Total solids is the mass of residue following evaporation to dryness at 105°C (Russell
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1984). Suspended solids are defined as the nonfilterable residue retained by a
Whatman GF/C 9 or 11 cm diameter glass fibre filter paper (Russell 1984). Both
total and suspended solids were measured following the methods of Russell (1984).
Dissolved solids were determined by difference between total and suspended solids.

3.6 Core preparation

The soil cores, used in experiments described in chapters S, 7, and 8, were packed
with soil, to a depth of 15 cm, using an adaptation of the method of Fireman (1944).
Soil was packed, at field soil moisture content, into PVC pipe with an internal
diameter of 10 cm and a brass gauze taped to the base of the core to support the soil.
Large stones and earthworms were removed and the soil was broken down to
aggregates of less than about 3 cm diameter. Soil was added to a core and then the
core was repeatedly dropped from a height of 2.5 cm to facilitate packing.

3.7 Statistical analysis
The statistical analysis of the core factorial trial (Chapter 5) were undertaken using

"genstat V". Other statistical analysis were conducted using MYSTAT, Lotus123,
or Microsoft Excel computer software.
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Chapter 4: Survey of land effluent-treatment

sites at meat processing plants in New Zealand

4.1 Introduction

In 1989/90 a reconnaissance survey was undertaken of nine meat processing plants
that dispose of their effluent on land (Table 4.1). The sites were located throughout
New Zealand (Figure 4.1) and represent a range of soils and climates. The objectives
of the survey were:
1. To document the current practise of land disposal of effluent at New Zealand
meat processing plants.

2. To determine the long-term effects of disposal of effluent from meat processing
plants on selected soil properties and identify any problems that may have been

occurring.

Table 4.1 Meat

processing plants included in this survey

Plant

Fairton

Feilding

Kaiapoi

Lorneville

Makarewa

Oringi

Takapau

Taumarunui

Wakanui

Canterbury, 6 km northeast of Ashburton,
adjacent to SH1.

Manawatu, 2 km from Feilding, east of the
Oroua River, Feilding-Bunnythorpe Rd.

Canterbury, 2 km east of Kaiapoi, 15 km
north of Christchurch.

Southland, 10 km north of Invercargill, off
SH6.

Southland, 12 km north of Invercargill, off
SH6.

Hawkes Bay, 10 km south of Dannevirke,
adjacent to SH2.

Hawkes Bay, 5 km north of Takapau
township, Fraser Rd.

King Country, Effluent disposal site is 10 km

southeast of Taumarunui, Burnands Rd.

Canterbury, 10 km east of Ashburton,
Seafield Rd.

Canterbury Frozen
Meat Co. Ltd.

AFFCO.

Alliance Freezing
Company Ltd.

Alliance Freezing
Company Ltd.

Waitaki International

Ltd.

Richmond Meats
Ltd.

Richmond Meats
Ltd.

AFFCO

Fortex Group Ltd.

1 The meat company name listed is the company at the time of site visit - there have been some changes since then.
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Figure 4.1 Location of meat processing plant effluent disposal sites (coloured
dots) included in this survey.

Since this survey was undertaken there have been changes in effluent volumes,
sources, treatment and management at a number of the sites that were visited. No
attempt has been made to record subsequent changes in this report.

4.2 Survey methodology

The Fairton, Lorneville, Kaiapoi, Makerewa, Taumarunui and Wakanui sites were
visited in November/December 1989 in fulfilment of a contract for Ministry for the
Environment. Information for these sites was included in a contract report (Balks

1990). The remaining sites (Feilding, Takapau and Oringi) were visited in August
1990.

At each location (except Kaiapoi) a site which had not received effluent and a
comparable "typical” site of effluent disposal were investigated. At most sites a full
soil profile description was undertaken and permeability class estimates were made.
Saturated and unsaturated hydraulic conductivity measurements were carried out and
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samples were taken for determination of soil bulk density and chemical analysis.
Methodology details were given in Chapter 3.

At each meat processing plant staff members involved in the effluent disposal
operation were interviewed, and general observations were made, regarding the
history and management of the operation.

The main findings of the survey are discussed in the following sections and more
detailed data are included in Appendix 1.

4.3 Brief history of effluent disposal at sites visited

Effluent irrigation scheme duration and irrigation methods are summarised in Table
4.2. The longest-running effluent irrigation scheme is that of the Fairton meat
processing plant which has been irrigating effluent since 1899 (Table 4.2). Initially
Fairton used "wild flood" irrigation (i.e. allowing effluent to flow out across a
péddock surface following the natural topography) but later border dykes were
established. The area under irrigation at Fairton was expanded in the 1970s and
1980s and some of the original blocks have been reworked with new borders
installed.

The shortest-lived irrigation scheme (Table 4.2) was at Kaiapoi. After only eight
months in operation the decline in soil infiltration rates led to surface ponding,
development of anaerobic conditions, and a consequent severe odour problem.
Difficulties with vehicle access, formation of large wheel ruts and bogging of the
irrigator also occurred. Following cessation of irrigation, the area was allowed to dry
out and recover. In November-December 1989 land restoration work was carried
out. This included disking severely ponded areas, on which vegetation had been
killed, and recontouring rutted areas. Irrigation of effluent, treated using a 24-hour
balancing pond and a trickling tower, recommenced in December 1989, on a small
scale, to prevent drought damage to the grass.
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Effluent irrigation scheme duration and irrigation method for sites

visited.

‘Scheme duration.

Irrigation method employed

Fairton

Feilding

Kaiapoi

Lorneville

Makarewa

Oringi

Takapau

Taumarunui

Wakanui

1899 - present

1985 - present

Oct. 1988 - June 1989

1962 - present

1960 - present

1981 - present

1981 - present

1979 - present

1985 - present

Border dyke irrigation. 200 and 300 m
long borders.

Discharge to Oroua River, irrigation by
travelling spray-irrigator during low
river flow, usually December to April.

Travelling spray-irrigator. Stopped due
to severe decline in soil infiltration rates.

Discharge to Makerewa River, irrigation
by ponding or, since 1972, by spray
irrigation during river low-flow or plant
malfunction.

Discharge to Makerewa River, spray
irrigation during summer low river
flow, usually 2 - 4 months per year.

Border dyke irrigated. The original area
was enlarged following problems of
infiltration rate decline.

Border dyke irrigated, borders 70 m
long.

Spray irrigated. Changed from
travelling irrigator to "big guns" in
1989.

Travelling spray-irrigator. A small gun
was used to irrigate deer-chain effluent
over a 5 ha area from 1981 - 1989.

At the time of visit the Wakanui meat processing plant was irrigating effluent at
"water irrigation rates” (i.e. at rates that meet plant moisture requirements) over 150
ha. The remainder of the farm was irrigated with water.

Border dyke irrigation was utilised for effluent disposal at sites in the Canterbury and
Hawkes Bay regions, where border dykes are widely used for water-irrigation. In
other regions, travelling irrigators were the most popular choice although at the time

of my visit Taumarunui was changing from travelling irrigators to
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Problems of travelling irrigators becoming "bogged" have been experienced at a

number of sites. Makerewa had a cumbersome, hand-moved, pipe and sprinkler
system.

4.4 Effluent treatment and irrigation scheme management practices

4.4 -

Effluent sources, pretreatment, volumes, and land areas used for disposal are
summarised in Table 4.3. The two main differences in effluent sources, between
plants, are the inclusion (or otherwise) of stock-holding yard wastes, and the presence
or absence of a fellmongery. The fellmongery plants encountered in this survey
were all using a Ca(OH), based process which results in a high pH, low SAR,
effluent.

The Lorneville meat processing plant accepted effluent trucked from a wool scouring
plant in Invercargill and the Makerewa meat processing plant received effluent from
a neighbouring tannery.

Three plants, Feilding, Lorneville, and Makerewa, discharge to adjacent rivers,
except during periods of river low-flow which occur in the summer, and had tertiary
effluent treatment systems (detailed in Appendix 1). All other plants had screening
with only Taumarunui providing primary, dissolved air flotation treatment, prior to
irrigation onto land.

The volumes of effluent given (Table 4.3) are only a general guide as effluent volume
fluctuates throughout the season, depending on the numbers of stock being handled.

The volumes and land areas included in Table 4.3 indicate that a wide range of
effluent loading rates were being employed. For Kaiapoi the volume that was being
irrigated prior to June 1989 is given. Upon problems with their irrigation scheme a
water conservation programme was introduced into the Kaipoi plant which resulted
in 2 40% decrease in effluent volume, giving a maximum daily output of 4 000 m?
(Carl Temm, personal communication).
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Table 4.3 Effluent sources, treatment, volumes and land area under effluent

irrigation’
:‘;}Plén’t  Effluent sources Effluent Effluent volume ‘ Area
foE T pretreatment irrigated
(m*day™) (ha)

Fairton Killing chain, Floatables Up to 11 000 400
fellmongery and skimmed off
pelthouse

Feilding Killing chain, Tertiary 3 000 50
fellmongery, rendering
plant, stock holding
yards, stormwater

Kaiapoi Killing chain, Screening 6 000 110
fellmongery and flotation

Lorneville Killing chain, Tertiary 1 000 - 3 000 -
fellmongery, further
processing plant, wool
scour.

Makarewa Killing chain, rendering Tertiary 10 000 - 13 000. 350
plant, casings factory, Max. of 4 500
fellmongery, tannery irrigated

Oringi Killing chain, casings Contra- 4 000 85
plant shear screen

Takapau Killing chain, stock Contra- up to 2 000 180
holding yards shear screen

Taumarunui  Killing chain, stock Primary, 18 000-20 000 70
holding yards dissolved air

floatation

Wakanui Killing chain, Contra- 1 000 150

rendering, stock holding shear screen

yards

! These data pertains to the time of the survey - changes have been made at many of these sites since
then. This information was derived from observation and discussion with meat processing plant staff.

442 E

The data on effluent properties, that were available (Table 4.4) reflect the variability
of meat processing plant effluents and the level of effluent treatment being carried

out. At plants where effluent was screened and irrigated, generally, very few
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measurements of effluent properties were undertaken by the companies. Feilding,
Makerewa and Lorneville provide tertiary treatment and discharge to rivers and,
therefore, had detailed information available as a result of the requirements of their
discharge rights. It is likely that the effluent from the other meat processing plants
would be similar to that described for New Zealand meat processing plants in Table
2.1. The high pHs at the Feilding and Kaiapoi sites are the result of the
fellmongeries at those sites. The relatively low BODs and suspended solids at
Feilding, Lorneville and Makerewa are the result of the tertiary effluent treatment
carried out at these plants.

Table 4.4 Effluent properties for sites visited'

CPlant CTotal = Stlspended CpHo
B solids ooosolids oo
| (g ) @m?) _em) E@m) o ew)

Feilding 1000 45 - 270 8 23-93 - - -
Kaiapoi - 250 - 700 7.59 570-1500 50-400 120-190 -
Lomeville - 50 - 100 - 20 - 100 - - 10 - 180
Makarewa - 8-254 - 23 - 257 - - 87 - 240
Oringi 1000 - 2000 - 6.5 - - - ;

! These data were provided as personal commmunications from plant staff. They pertain to the time of the
plant visit and may not be indicative of current data. Sites not listed did not provide any data.

(43 M ¢ effluent irieation scl

All the sites visited, except Kaiapoi, were in clover-ryegrass pasture and used for
stock-holding or sheep, deer or cattle grazing (Table 4.5). Kaiapoi was in fescue
grass intended for hay or silage production. An increase in pasture or crop
production was reported at most sites, as a result of effluent irrigation. Cropping was
undertaken occasionally at most sites. For example, at Fairton crops of oats, peas,
maize, barley and wheat had been grown. Maize was particularly successful when
grown under effluent irrigation at Fairton (R. M*Cormack personal communication)
and was also regularly grown at the Wakanui effluent irrigation site.

The Oringi and Kaiapoi sites were managed primarily for effluent disposal, whereas
at other sites effluent application tended to be more incidental to the management of
the land for production. At the Oringi site, grass is kept fairly long as this has been
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found to improve effluent distribution over borders. Oringi graze only sheep as they

have found cattle to cause pugging damage to the borders.

Table 4.5 Land use, stock with-holding times and irrigation return period

for sites visited!

Predominant land  Other land uses ~ Stock with- Irrigation
owse holding time  return period
Fairton stock holding, some cropping 3 weeks 1 week to
animal grazing several
months
Feilding dairy farm some cropping - irregular
Kaiapoi pasture for none not grazed -
silage/hay
Lorneville stock holding beef and lamb - irregular
fattening
Makarewa dairy farms - 1-2 weeks, irregular
sometimes
less
Oringi sheep/lambs firewood gums - about 20 days
Takapau cattle/sheep lucerne no stock 1 week,
cropping withholding sometimes
less
Taumarunui sheep/cattle some hay and 3-4 weeks 6 - 10 weeks
fodder crops
Wakanui deer/sheep some cropping 2 weeks 2 - 3 weeks

! This data pertains to the time of the survey - changes have been made at many sites since then.

Many of the newer borders at Fairton are 200 m long, following recommendations
for irrigation of Lismore Soils (Taylor, 1981). Operators find the shorter borders less
desirable because they have to switch the effluent flow between borders more

frequently. The older (300 m long) borders tend to receive a larger portion of the
effluent as they can be left unsupervised for longer periods.

During wet winter conditions effluent moves along borders very rapidly, presumably
as a result of lower soil infiltration rates. Therefore, larger land areas are required
for effluent irrigation. For example, at Fairton in dry summer conditions 4 - 6 ha
day™ are irrigated while during a wet winter period, when the meat processing plant

is operating to capacity, up to 60 ha may be irrigated in one day (Canterbury Frozen
Meat Company staff, personal communication).
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Stock with-holding times were very variable (Table 4.5) with a minimum of three
weeks cited at two sites, but two other sites reported that they sometimes left stock
in a paddock during effluent irrigation. A number of farm managers commented
that stock, particularly lambs, tended to "scour” if put on paddocks too soon (less
than one to two weeks) after effluent application. Stock do not like the effluent
irrigated pasture and will always graze the non-irrigated areas of a paddock first.
Where tertiary treated effluent is irrigated reported stock aversion to effluent irrigated
pasture was less. At Makerewa (which irrigates tertiary treated effluent) dairy cows
have been observed to drink from irrigation ditches with no apparent adverse effects
(Mr A. Gray personal communication).

Effluent irrigation required direct field supervision by at least 1 staff member at
Makarewa (24 hrs/day), Fairton (12 hrs/day), Oringi (8-12 hrs/day), and Takapau
(up to 4 hours/day) with intermittent staff attention required at Fielding, Lorneville,
Kaiapoi, Wakanui, and Taumarunui.

4.5 Effects of effluent on soils
4.5.1 Pedological of )

Soil profile descriptions, classification and site factors, including parent materials,
depth to water table, and climate are given in Appendix One. The soil profile
descriptions confirm the similarity of selected effluent treated and non-treated
comparison sites. Wakanui was the only site where marked differences in pedological
properties were observed that could be related to the effects of effluent. At Wakanui
the topsoil under effluent irrigation was more porous and less compacted than that
under water irrigation.

4.5.2 Earthworm populations
Earthworms are potentially beneficial at an effluent disposal site as they may

contribute to the breakdown of the effluent as well as assisting in maintaining (or
even increasing) soil permeability, aeration, and soil structure development.
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There was an increase in the earthworm population on the effluent irrigated areas,
compared with non-irrigated areas at some sites, but not others. At both Wakanui
and Takapau marked increases in earthworm numbers were observed. For example,
an effluent irrigated area at Wakanui had more than 30 earthworms per 3 000 cm? of
topsoil whereas at an adjacent water-irrigated site only one earthworm was seen.

At Lorneville a few small introduced earthworms were found at the effluent irrigated
site. At a neighbouring non-irrigated site large native earthworms were present. The
native earthworms were found in the subsoil but large (5 mm diam) worm channels
were evident throughout the soil. It is possible that the large doses of effluent are
responsible for the absence of native earthworms at the effluent treated site, but their
survival in the modified environment of pastoral farming is probably not common.

At Oringi earthworms were found in all areas, except those where prolonged surface
ponding of effluent occurred. However they were more common in areas of the
paddock that did not receive effluent. At Kaiapoi a few earthworms were observed
in areas that had not been severely damaged by effluent irrigation, but none were seen
in areas where effluent had ponded.

The lack of an observed increase in earthworm numbers at some sites may have been
because of the high pH of effluents which contain fellmongery effluent. High pHs
may have a detrimental effect on earthworms. For example, the range of pH
tolerance of Aporrectodea trapezoides lies between pH 5.8 and 8.3 (Kiihnelt 1976).
The pH of Kaiapoi effluent ranged between 7.5 and 9 in December 1989 (C. Temm
personal communication) and Keeley and Quin (1979) report a pH of 10.2 as a
typical value for composite effluent samples at Fairton. These pHs would have had
potentially damaging effects on earthworm populations. Wakanui and Takapau did
not have fellmongeries and therefore their earthworm populations would not have
been subjected to high pH effluents.
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Application of effluent was found to cause an increase in saturated hydraulic
conductivity (K,) at some sites while decreases were recorded at other sites (Table
4.6). There were no differences (P<0.05) in saturated hydraulic conductivity
measurements, between sites that received effluent and those that did not, at Fairton,
Lorneville, Makerewa, and Taumarunui (Table 4.6). However, at Fairton there
appeared to be a decline in K, in small areas at the top, and in some instances the
bottom, ends of borders where water was observed to pond on the surface of the
ground.

Table 4.6 Saturated hydraulic conductivities (K,,,)! for effluent irrigated areas
and areas that do not receive efﬂuent

oo oo mean  std. dev v. 1o
Fairton 180 120 5 5
Kaiapoi

ponded n.a.’ - - 40 28 3
disked n.a. - - > 400° - -
vegetated n.a. - - 200 80 3
Lorneville 380 470 3 420 140 3
Makerewa 140 50 4 135 62 3
Taumarunui 69 25 5 40 25 5
Wakanui 60 20 2 >400° - -
Oringi, pasture*
15 m along border n.a. - - 23 7 3
50 m along border n.a. - - 49 14 4
150 m along border n.a. - - 101 2 2
Oringi - gum trees
5 m along border n.a. - - 1 1.6 5
60 m along border n.a. - - 19 0.9 5
120 m along border n.a. - - 80 16 5
spray irrigation n.a. - - 14 16 5

T All measurements were made using a disk permeameter, except the Oringi gum trees which were
measured using twin rings.

2 Not Applicable

3 Infiltration rate so rapid (> >400 mm hr') it could not be accurately measured with the disk
permeameter.

4 Oringi meat processing plant, paddock 13.

Changes in K, with distance along borders was investigated at the Oringi site.
Measurements were made 15, 50 and 150 m from the top end of a border under
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pasture, and 5, 60 and 120 m along a border under gum trees (Table 4.6).
Measurements were also made in an area of gum trees under spray irrigation.  There
was a marked increase (P <0.005) in K, with increasing distance from the top end
of borders. The lower K, at the top end of the border is attributed to the greater
amount of effluent that is received at that end. The decline in K, was greater under
the trees than on pasture, with a decrease to as low as 1 mm hr' (Table 4.6).
Canopy closure, causing shading from the trees, may have contributed to the decrease
in K,,, by slowing the rate of soil drying and effluent decomposition. The litter of
wet leaves on the ground may have also been contributing to soil pore blockage. A
lot of suspended solids material from the effluent was left clinging to the trees in
spray irrigated tree areas and this may have helped prevent the K, in the spray
irrigated trees from declining as much as it did at the top end of the borders under
trees.

At the Wakanui site there was a large increase in K, at the effluent irrigated site
compared to the non-irrigated site (P <0.005, Table 4.6) which was attributed to the
presence of large numbers of earthworms in the effluent irrigated soil (section 4.5.2).

At Kaiapoi a comparison was made between the K, of a previously ponded site (an
area that had been severely impacted by effluent ponding, and on which very little
vegetation remained), a disked site (a ponded site that had been subsequently disked),
and a vegetated site (an effluent irrigated site that was less severely damaged, and on
which vegetation had survived) (Table 4.6). The vegetated site had a rapid K.,
However, at the previously ponded site the K, was lower (P <0.005), despite a
period of six months since effluent irrigation had ceased. Disking the soil was
effective in restoring the soil's K, presumably by creating large continuous
macropores. The K, of the disked area was so rapid that accurate measurements
could not be made with the disk permeameter.

Unsaturated hydraulic conductivity measurements showed no clear trends as a result
of effluent application. Data are included in appendix 1.
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A significant decrease in soil bulk density was found to occur towards the top ends
of borders at Fairton, Takapau, and Oringi, and at the effluent irrigated site at
Wakanui (P <0.005, Table 4.7). The lower bulk densities at the top ends of borders
are attributed to the large volumes of effluent received at these sites and the decrease
at Wakanui is attributed to the effects of the large earthworm population (Section
4.5.2). In contrast, the ponded site at Kaiapoi had a higher bulk density than the
other Kaiapoi sites that were measured. Compaction, as a result of disruption of the
weak soil structure, may have contributed to the increased bulk density and to the
ponding at Kaiapoi.

At Taumarunui there was no difference in bulk density between the sites (Table 4.7)
and at Lorneville, although statistically significant, the difference between 0.81 and
0.76 Mg m™ was fairly small. At Makerewa the higher surface soil bulk density at
the effluent irrigated site probably reflects the compaction resulting from trampling
by dairy cows whereas the non effluent-irrigated area was under sheep grazing.
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Table 4.7 Soil bulk densities for sites that are effluent irrigated and sites that
do not receive efﬂqent

'__lk:.density, effluent irrigated,

- (Mg m?)
mea td. dev.  nc ean std.dev.  no.
Fairton 1.10 0.05 12 - - -
6 m along border n.a.! - - 0.69 0.06 4
155 m along border n.a. - - 1.03 0.08 4
280 m along border n.a. - - 1.16 0.1 4
Kaiapoi
ponded n.a. - - 1.24 0.07 3
disked n.a. - - 1.12 0.03 2
vegetated n.a. - - 1.02 0.05 3
Lorneville 0.81 0.03 6 0.76 0.01 5
Makerewa 0.87 0.01 6 1.09 0.03 6
Takapau 1.15 0.05 3 - - -
5 m along border n.a. - - 0.98 0.08 3
30 m along border n.a. - - 1.11 0.02 3
60 m along border n.a. - - 1.17 0.03 3
Taumarunui 0.68 0.02 9 0.68 0.03 10
Wakanui 1.34 0.05 5 - 1.10 0.04 5
Oringi, pasture?
15 m along border n.a. - - 0.59 0.04 8
50 m along border n.a. - - 0.77 0.05 5
150 m along border n.a. - - 0.93 0.005 3
Oringi - gum trees
5 m along border n.a. - - 0.71 0.04 5
60 m along border n.a. - - 0.95 0.1 4
120 m along border n.a. - - 0.97 0.04 3
spray irrigation n.a. - - 0.91 0.08 6
! Not applicable

? Oringi site, paddock 13.
4.5.5 Surface crusting and ponding

Some surface crusting and ponding, of effluent or rainfall, was observed at most of
the meat processing plant effluent disposal sites visited. Surface crusts formed either
in hollows, where effluent accumulates due to surface runoff (Figure 4.2), or at the
top ends of borders where the effluent impact is the greatest (Figure 4.3).
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Figure 4.3 Surface crusting and ponding at the top end of a border
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The most serious case of surface ponding encountered in this survey was that reported
for the Kaiapoi meat processing plant (section 4.3). At the time of the visit to this
site, six months after effluent irrigation had ceased, a surface crust of organic

material was still evident in many areas (Figure 4.4).

Figure 4.4 Surface crust material at the Kaiapoi site, six months after effluent
irrigation had ceased.

High suspended solids effluents may cause immediate development of surface
crusting. For example at the time of visiting the Taumarunui site an effluent "holding
pond" had recently been cleaned out and the high suspended solids concentration
effluent from this had been irrigated onto pasture causing surface accumulation of the
suspended solid material (Figure 4.5). The contribution of micro-organisms to
surface crust development was also evident at some sites, with algae clearly visible
in some ponded areas (Figure 4.6).

80




Chapter 4: Survey of land treatment sites

Figure 4.5 Surface crusting as a result of irrigation of effluent with a high
suspended solids concentration

Figure 4.6 Algae on the margin of an effluent ponded area
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4.5.6 Soil chemical properti

Results of soil chemical analysis are included in Appendix One. At Lorneville,
Makerewa, Taumarunui and Wakanui there were no marked differences insoil C, N
or pH between sites that received effluent and neighbouring, non-irrigated sites. The
soil electrical conductivity on effluent treated sites was similar to non treated soil at
Lorneville, Makerewa, and Taumarunui but at Wakanui it was higher (130 xS cm™)
at the effluent irrigated site than at a water irrigated site (55 uS cm™).

At the Fairton site soil pH, electrical conductivity, and carbon and nitrogen contents,
were all highest at the top end of the border, apparently as a result of the higher
effluent inputs in these areas. There was a rise in electrical conductivity from 55 uS
cm at non-irrigated sites to 750 uS cm™ at the top end of the border in paddock D1.

An electrical conductivity of 750 uS equates to a total soluble salt percentage of
0.25% (after Taylor and Pohlen 1979) which is likely to adversely affect plant
growth. Poor plant growth was evident at the top end of the border in this paddock.

While most of the impacts of effluent application are concentrated in the topsoil, there
is evidence that changes may occur in the subsoil. For instance, at Fairton the
electrical conductivity and carbon values in the Bw horizon were higher at the
effluent treated site than at the control.

4.5.7 Other observations

Changes in the composition of effluent as it moved along a border were recorded at
Oringi (Table 4.8). The most important difference was a decline in the solids content
of the effluent as the distance travelled along the border increased, indicating that
some of the solids had settled out of suspension in the upper regions of the border.
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Table 4.8 Change in selected effluent properties with distance along border!

Date of Distance pH . Blectrical  toal Sﬁsriénded
sampling to drain S conductmty 7 solids - solids
m s am Cgm?
28/8/90 0 6.7 730 1800 -
10 6.8 600 1700 -
70 6.8 760 1700 -
150 6.8 770 1500 -
30/8/90 0 6.4 360 1100 600
10 6.4 310 1000 400
50 6.5 310 800 400
80 6.5 340 800 400

! All data are means of three replications

Hydrophobicity was observed to have increased in areas that had received effluent at
the Kaiapoi site. It is suggested that fat from the effluent may be contributing to this
effect.

At Makerewa estimated permeability classes were very rapid in the topsoil but
moderately slow in the subsoil resulting in water perching on the subsoil and surface
ponding during prolonged periods of effluent irrigation.

A trend of increasing soil moisture contents, towards the top ends of borders, was
observed at Takapau. Measurements of soil moisture content, made more than a
month after effluent irrigation and a few days after heavy rain, gave gravimetric
water contents ranging from 0.41 at the bottom end of a border to 0.59 at the top end
with a non-irrigated site having a gravimetric moisture content of 0.31. The
increased moisture content corresponds to the lower bulk densities reported (section
4.5.4) and suggests that effluent application led to an increase in soil water holding
capacity at this site. An increased water holding capacity may result from an
accumulation of organic material or a change in soil porosity as a result of the
increased earthworm activity at the site.
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4.6 Discussion

The survey presented in this chapter demonstrates that land disposal of effluent, often
with minimal effluent pretreatment, is successfully employed by New Zealand meat
processing plants on a variety of soils under a range of climatic conditions. Both
border dyke and sprinkler irrigation systems were widely used, however, a greater
input of staff supervision was usually required for the border dyke irrigation systems.

Effluent irrigation had the lowest impact on the soil system at sites where tertiary
treated effluents were irrigated only during summer periods of low river flow
(Feilding, Lorneville, and Makerewa). Of the sites which employed only screening,
prior to irrigation in all seasons, the most apparently successful were Wakanui and
Takapau. At the time of site-visits, neither Wakanui nor Takapau had a fellmongery
operation, so both had relatively low pH effluents. Effluent was spread rapidly and
evenly over the soil surface at both sites and large increases in earthworm numbers
were evident, resulting in decreased bulk density and increased soil hydraulic
conductivity on effluent irrigated sites.

The remaining sites (Fairton, Taumarunui, Kaiapoi, and Oringi) all had some
evidence of soil surface crust development and effluent ponding, either at the top ends
of borders or in topographic hollows. Surface crusting can lead to a decrease in
surface soil permeability, effluent ponding on the soil surface, the development of
anaerobic conditions, unpleasant odours and the death of vegetation. If surface
crusting becomes widespread, as it did at Kaiapoi, the effluent irrigation scheme may
have to be discontinued. Crusted areas can take a long time to recover. Areas at
Taumarunui had not recovered three months after effluent irrigation had stopped and
at Kaiapoi crusting was still evident six months after effluent irrigation ceased.

A number of ameliorative techniques have been used to counteract soil crusting,
including deep ripping (at Taumarunui), mole drainage (at Makerewa), and ploughing
(at Kaiapoi). Ripping appeared to be the simplest treatment, and was effective in
allowing ponded areas to drain and dry out without requiring pasture resowing. It
may not take very long, however, for the ripped surface to reseal, necessitating
repeated treatment. A disadvantage of ripping is the potential for relatively untreated
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effluent to flow through macropores, directly to the groundwater. Therefore,
preventing surface crusting from occurring, by changing the pattern of irrigation and
rest periods, is ultimately more effective than being forced to continually utilise
ameliorative action. The meat processing plants visited in this survey had developed
workable systems, largely by trial and error.

Changes along the lengths of borders in border dyke irrigation systems provide a
useful illustration of the effects of increasing amounts of effluent application. The
top ends of borders are flooded for several hours during effluent application,
however, effluent flow is switched to a new border as soon as effluent nears the
bottom end of a border. The surface crust at the top ends of borders was associated
with decreases in soil dry bulk density and hydraulic conductivity and increases in
soil carbon, nitrogen, pH and electrical conductivity. There was a tendency for the
effluent suspended solids to settle out at the top ends of borders thus contributing to
surface crust development. Algae was visible in some ponded areas, indicating that
microbial materials were also present. The surface crusting observed at the top ends
of borders was similar to that described by Tarquin and Bautista (1976) and Reed and
Crites (1984) for the top ends of overland flow effluent treatment systems.

Churchman and Tate (1986) reported that an increase in the amount of fellmongery
effluent at the Fairton site led to a weakening of the soil structure but they found no
changes in measured microaggregate stabilitics. However, no damage to soil
structural development was observed in this study, suggesting that dispersion was not
a problem at any of the locations visited. On sites with fellmongery effluent the high
levels of Ca?* relative to Na* probably help prevent dispersion from occurring.
Losses in soil permeability, associated with surface crust development, become
evident relatively quickly and so force action to be taken to relieve the problem.
Therefore, surface crusting is unlikely to cause long-term impacts on the
sustainability of an effluent irrigation scheme.

Ideally surface saturation (and therefore macropore flow) should be avoided under
sprinkler irrigation, however, effluent surface ponding during irrigation was observed
at every site visited. Many of the soils studied had higher surface saturated hydraulic
conductivities, as a result of the presence of biopores, with lower saturated hydraulic
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conductivities in subsurface horizons, where biopores were absent. If irrigation is to
be carried out at rates faster than the subsoil can sustain (and most meat processing
plants appeared to do this), it may be better to irrigate in short, repeated bursts to
take advantage of the high surface hydraulic conductivity, but allowing time for the
liquid to move down through the soil. This should prevent water perching on
subsurface horizons and saturating the upper horizons of the soil, causing runoff,

ponding, and damage to soil structure by vehicle traffic.

4.7 Conclusion

Irrigation of meat processing plant effluent in New Zealand is generally a successful
means of disposing of large volumes of effluent without causing serious detrimental

long-term effects to the soil properties investigated.

At most of the effluent irrigation sites visited, areas of surface crusting and effluent
accumulation, in small surface depressions and/or at the top end of borders was
observed. Surface crusting tended to lead to a build up of organic matter and a
decrease in soil hydraulic conductivity in affected areas. @~ Where surface crust
development become widespread it led to development of surface ponding, anaerobic
conditions and odour problems. At one site irrigation had to be stopped altogether to
allow the soil to recover.

Surface crusting and a decline in infiltration rates was attributed to both, the
accumulation of suspended solids material from the effluent and the accumulation of
micro-biological materials which grow in response to effluent addition. Soil crusting
effects were confined to the soil surface and there was no evidence of dispersion of
clay materials or damage to soil structure.

Surface crusting can be ameliorated using techniques such as ripping or ploughing,

but it is better to prevent it from occurring by decreasing the effluent load to a site
and increasing the time between irrigation events.
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Chapter 5: Factorial trial to investigate the impacts
of effluent, soil and climate variables on selected soil
properties

5.1 Introduction

The effects of effluent on soil physical properties, as discussed in Chapter 2, are
summarised in Figure 5.1.

Possible time period Effluent addition to soil

Figure 5.1 Effects of effluent on soil physical properties

Physical blockage of soil pores by suspended solids may occur as an immediate result
of effluent addition. Most suspended solids are retained near the soil surface and,
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given sufficient time between effluent applications, they degrade and dry which allows
the soil permeability to recover. The factors influencing physical soil pore blockage
include effluent suspended solids content, volume of effluent applied, the pore size
distribution of the soil, and the particle size distribution of the solids in the effluent.
Factors affecting the rate of recovery include the time between irrigations and climatic
factors that control soil moisture content and temperature (and therefore the rate of

microbial degradation).

Biological blockage of soil pores results from the enhanced growth of microbial
organisms in response to effluent addition. The factors which affect the development
of this form of blockage include effluent properties (such as N, P and other nutrient
content, pH, and volume added), temperature, soil moisture content, time between
irrigations, and the microbial species inherent in the soil or added in the effluent.

Dispersion of soil colloids occurs as a result of the addition of ions, particularly Na*
and other monovalent cations. Factors affecting dispersion are the soil clay content
and mineralogy, the sodium adsorption ratio of the applied effluent, the volume and
frequency of effluent applications and the volume and frequency of rainfall that will
leach excess salts from the soil.

The factors which may influence soil permeability as a result of effluent addition are
summarised in Table 5.1. Many of the factors are interrelated. While factors that
may affect soil infiltration rates are readily identified, there is very little quantitative
information available that relates to the severity of impacts or the relative influence
of these factors. This chapter describes a laboratory experiment designed to
investigate the relative importance of some of the factors affecting soil permeability
as a result of application of meat processing plant effluent. The experiment also
provided an opportunity to monitor the effect of effluent application on a range of
other soil properties and to measure selected properties of core leachates to investigate
the effectiveness of soil at treating effluent.
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Table 5.1 Factors that may influence soil permeability decline following
effluent addition

Possible influencing factors
Effluent factors suspended solids content

particle size distribution

nutrient content

pH

microorganism population

sodium adsorption ratio

Soil factors pore size distribution
microbial species present
permeability
aggregate stability
particle size distribution
clay mineralogy

Climate factors temperature
rainfall
evapotranspiration
Management factors effluent volume applied/land area

time between effluent applications

site vegetation

stock management

irrigation method and application rate.

5.2 Experimental design and methodology

A 2" factorial trial design (Box et al. 1978) was used which allows a relatively large
number of variables to be tested. It utilises a high and low level for each variable,
with each variable tested against every other variable but with no replicates of any one
set of treatments. Using 64 repacked soil cores (which was the maximum number
logistically reasonable) a trial was designed with two half-replications of a 4 x 2*
factorial design, testing two soil types, two volumes of effluent, two lengths of time
between irrigation, two rainfall depths and four effluent treatments. Each half-
replicate set was stored at a different temperature. The core treatments that were
applied are listed in Appendix 2 (Table A2.1). Repacked soil cores (as opposed to
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undisturbed soil cores) were used to minimise between-core variability in K, so that
the effects of the chosen treatments, on K,,,, could be observed.

The effluents included in the study were; Hamilton tap water (W), primary treated
meat processing plant effluent (P), primary treated effluent with an imitation
fellmongery effluent (comprising sodium sulphide (160 g m?), sodium thiosulphate
(15 g m?) and calcium hydroxide (180 g m?)) added (F), and anaerobically treated
effluent (A). The effluents were obtained from a local meat processing plant.
Primary treated effluent was used as it is the effluent most commonly disposed of on
land. Primary treated effluent with an added imitation fellmongery effluent was
included because many meat processing plants have a fellmongery and the problems
associated with the high salt content require further investigation. Anaerobically
treated effluent was included because increased treatment of effluent prior to irrigation
is becoming more common. Tap water was used as a control because a large
component of the other effluents comprises tap water.

The soils selected were A horizon samples of Bruntwood sandy loam (Allophanic
Soil, Hewitt 1992, described in Appendix 3) and Kopua stony silt loam (Brown Soil,
Hewitt 1992, described in Appendix 1). The Bruntwood soil is formed in alluvium
derived predominantly from tephra. Yellow brown loams, which generally equate to
Allophanic Soils, were described as "ideal" for effluent disposal (Wells 1973). The
Kopua soil is typical of that occurring on alluvial terraces in the Hawkes Bay,
Wairarapa, Manawatu, and Canterbury areas. It is derived from greywacke alluvium
with some loess. A number of New Zealand meat processing plants are situated on
similar soils.

The periods between irrigations that were selected were nine and three days. Nine
days represents an interval similar to that in common use and three days was chosen
to investigate the ability of the soil to recover between effluent applications over a
shorter time period.

Volumes of effluent equivalent to 1825 mm yr? and 5475 mm yr! were applied. The
lower volume is within the range recommended by Russell (1986), based on
acceptable N levels in pasture. The 5475 mm yr level would be considered high, but
is comparable with that used by McAuliffe (1978) in studies of dairy factory effluent.
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The depth of effluent applied to each core at each application is summarised in Table

5.2. The lower volume every nine days gave the same depth of effluent per
application as the higher volume every three days (Table 5.2).

Table 5.2 Depth of effluent applied to cores at each irrigation (mm)

Time between applications nghvolume " Lowvolume i
9 days 135 45
3 days 45 15

The two depths of rainfall applied to soil cores were selected to approximate a mean
Hamilton winter rainfall (209 mm/month) and a mean Hastings summer rainfall (33
mm/month) (New Zealand Meteorological Service 1983). The rainfalls selected are
representative of the regions from which the soils used in the experiment came and
also of the range of rainfalls experienced at New Zealand meat processing plant
effluent irrigation sites.

Cores were stored in constant temperature rooms, at either 10 °C or 25 °C. A cover
of tinfoil was kept on cores (except when effluent was being added or measurements
taken) to ensure that environmental conditions were uniform for all cores, regardless
of position in rooms.

, {d i

Prior to application of effluent, seven measurements of core saturated hydraulic
conductivity (K,) were made on each core, over a period of several weeks (following
the method described in section 3.2.1.1). The mean of the seven measurements was
considered to represent the initial K,,, for each core prior to effluent addition.

Effluent was applied to the cores, according to the experimental design, by ponding
on the core surface to a depth of 1 cm.  After one month, the permeability of some
cores had decreased to the point where one effluent application had not completely
drained before the next application was due. The trial was then stopped and core K,
was measured, 2, 13 and 35 days after the final effluent application, to monitor core
recovery. After 35 days cores were fairly dry and macro-pore flow (as a result of soil
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shrinkage) was common. After day 35, a further treatment of effluent was applied
to cores to re-moisten them. Three days later, 500 ml of effluent was applied to each

core and the leachate was collected for analysis.

Following completion of the experiment the soil cores were dismantled and the soil
bulk density, aggregate stability, pH, electrical conductivity, and organic carbon
content was measured for each core (using methods given in Chapter 3).

Because of the large variability in K, between cores the data were standardised for
initial difference between cores, with the percentage change in core K, calculated as:

2K, = 100 x K,,/MBE

Where MBE is the mean of the K, measurements made on a core prior to

effluent addition.

aK_,, values were used in the subsequent statistical analysis.

The pH, electrical conductivity, total solids, and suspended solids of the effluents
applied to cores during the experiment are given in Table 5.3.  Effluent was
collected, and applied to cores, on the dates indicated (Table 5.3). Some of the
effluent was stored in a refrigerator (4°C) for use on the intervening days, as
required.

The anaerobic effluent collected on 24 May had an unusually high suspended solids
content (Table 5.3). It had a thick oily appearance and was the result of an equipment
failure at the effluent treatment plant. There was an immediate decrease in core
permeability and a visible soil surface-crust formed on cores that received the high
suspended solids anaerobically treated effluent, on May 24. In cores that received a
high volume, and especially those that also received high rainfall or were stored at 10
°C, the permeability did not recover. In cores receiving lower volumes of effluent and
rain, or stored at 25 °C, the coat dried and cracked and core permeability recovered.
Prior to addition of the anaerobic effluent on 24 May the cores receiving anaerobic
effluent had shown no sign of decreases in effluent infiltration rates. Because the
anaerobic effluent of May 24 was anomalous, and adversely affected the permeability
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of some cores, the data for cores that received anaerobically treated effluent were
excluded from the statistical analysis of AK,,.

Table 5.3 Selected properties of effluents used in factorial trial'

Effluent Date pH Electrical  Total solids Suspended
’ conductivity (g m?®) solids
(1S cm™) (g m?)
Primary 15 May 6.9 2000 2100 750
P) 24 May 7.2 1250 1000 600
S June 6.5 1000 900 260
10 June 6.3 900 1100 380
Primary + 15 May 11.1 2600 2750 850
ey oneer 24May  10.8 1850 1600 670
S June 11.1 1500 1900 380
10 June 11.1 1500 1800 380
Anaerobic 15 May 7.5 1500 390 60
(A) 24 May 7.4 1600 7800 6800
5 June 7.1 1300 400 30
10 June 7.0 1200 400 50
Tap water 10 June 7.9 200 nd® nd
(W) 28 July 7.8 180 nd nd

Data are means of two replicates. > nd = not determined

5.3 Results

The results in this Chapter are presented mainly as Tables of means. The full data

and statistical analysis are included in Appendix 2.

s 3.1 Core hydraulic conductivi

Two days after effluent application ceased the K,,, of the cores had decreased for
nearly all treatments, with an overall mean of 61% of the original K,,, (Table 5.4).
The K,, slowed to less than 1 mm hr in a few cores which had received high

volumes of P or F effluents.
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Table 5.4 Table of means for percent change in K,,, (AK,,,) for cores, measured
2 days after effluent application ceased.

Temperature Volume Soil Effluent Rain Time
°O (days)
10 25 high low K B W P B low high 3 9
Temperature
10 50
29 - 73 Grand mean = 61%
Volume
high 38 41
low - 82
Soil
K 35 64 36 63 50
B 64 81 45 100 - 73
Effluent
w 63 89 72 79 61 91 76
P 42 75 34 83 57 60 - 58
F 45 54 16 &3 32 67 - = 49
Rain
low 41 76 36 80 48 69 74 59 42 58
high 59 70 45 84 52 76 78 58 57 E 64
Time
3 57 74 34 97 53 77 76 61 59 64 67 65 -
9 43 72 47 67 46 68 76 55 40 53 61 - 57

Note: Groups within which significant differences (P <0.05) occurred are shown in colour. Single factor
interactions (i.e. the effects of just one of the variables included in the experiment) are shown on these
tables as the diagonal line across the top edge, the remainder of the table illustrates two-factor interactions.
Two days after effluent application ceased the volume of effluent added was the
largest single-factor influence on core permeability (P < 0.001) with a mean aK,, of
41% for cores receiving high volumes of effluent and 82 % for cores receiving low
volumes of effluent (Table 5.4). The effects of temperature, soil and effluent were

also significant. The K, of cores stored at 10 °C slowed more (aK,,, = 50%) than
those stored at 25 °C (2K, = 73%) and Kopua soil cores slowed more (2K, =
50%) than Bruntwood soil cores (aK,, = 73%). Cores receiving primary treated
effluent or fellmongery effluent had greater decreases in permeability than those that

received water (Table 5.4). Rain and time did not show up as significant single
factors.

Significant two-factor effluent-volume, time-volume, and temperature-volume
interactions occurred (Table 5.4). Mean 4K, was lowest for cores receiving high

volumes of primary-treated or fellmongery effluents (34% and 16% respectively,
Table 5.4). Low volumes of effluent applied every three days did not cause a
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significant decline in core permeability ( 2K, = 97%) but high volumes every
three days caused a large decline (2K, = 34%, Table 5.4). For low temperature -
high volume treatments the mean oK, was 38% whereas for high temperature - low

volume treatments the mean aK,, was 102% (Table 5.4).

Following drying of cores for 13 days, the mean aK,, was 102% (Table 5.5)
indicating that, on average, all cores returned to pre-effluent permeability rates.
There were, however, some cores with permeabilities greater than at the start of the
trial and others that still exhibited substantial decrease in core permeability.

Table 5.5 Table of means for percent change in K, ( aAK,,, ) for cores measured
13 days after effluent application ceased.

Temperature Volume Soil Effluent Rain Time,
°C days
10 25 high low K B W P F low  high 3 9
Temperature °C
10 86
25 - 118 Grand mean = 102 %
Volume
high iis. 116 94
low 99 120 - 109
Soil
K 85 111 92 103 98
B 87 125 97 115 - 106
Effluent
W 100 126 132 94 103 123 113
P 64 131 76 119 103 92 - 98
F 94 96 75 115 87 103 - - 95
Rain
low 74 135 105 105 102 107 112 108 94 105
high 97 100 84 114 93 105 114 87 96 - 99
Time days
3 100 118 86 132 116 102 118 100 109 110 108 109
9 72 117 103 87 79 110 108 95 81 100 90 - 95

Note: Groups within which significant differences (P <0.05) occurred are shown in colour. Single factor
interactions (i.e. the effects of just one of the variables included in the experiment) are shown on these
tables as the diagonal line across the top edge, the remainder of the table illustrates two-factor interactions.
Thirteen days after effluent application ceased, temperature was the only significant
single-factor interaction (P= 0.01, Table 5.5) affecting K,,, with cores stored at 10
°C having a lower K,, than cores stored at 25 °C. The cores stored at warmer
temperatures were visibly drier and shrinkage cracks (and hence macropore flow)
were more common. Among the two-factor interactions temperature-rain, effluent-

volume, and time-volume, were significant (Table 5.5).
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Rain-temperature interactions (Table 5.5) show that cores receiving low rainfall at
25 °C had an increased permeability (2K, = 135%), probably due to excessive
drying, and hence macropore flow. Effluent-volume data show that high volume
P and F treatments (with mean aK,, of 76% and 75% respectively) had not fully
recovered, whereas permeability in low volume and water-only cores had either

recovered or increased.

The three day - low volume treatments had a higher mean 2K, (132 %) than other
time-volume treatment combinations (Table 5.5). The high volume P and F treated
cores were slower to recover than other effluent-volume combinations.

5.3.2 Soil analysi
5.3.2.1 Soil Bulk density

The dry bulk density of Bruntwood soil cores was 0.67+0.02 g cm™ whereas the dry
bulk density of Kopua soil cores was 1.1+0.1 g cm™. The bulk density of
repacked Bruntwood soils was less than that of the same soil in the field (mean
bulk density of 0.72, range 0.63-0.8) , and less variable. The mean bulk density of
the Kopua soil cores was greater than that measured in the field (0.88 g cm?). Soil
type was the only significant single-factor affecting soil bulk density (P < 0.001).
There was a soil-temperature interaction (P = 0.002). The mean bulk density for
Kopua soil at 10 °C was 1.07 g cm® and at 25 °C 1.19 g cm?®. For the Bruntwood
soil at 10 °C mean bulk density was 0.70 and at 25 °C it was similar (0.67 g cm?).

5.3.2.2 Soil pH

Soil pH (measured in water) was affected by both temperature and effluent type
(Table 5.6). Mean soil pH at 25 °C was about half a pH unit higher than for the same
effluent at 10 °C (Table 5.6). Cores that received W, P and F effluents all had a pH
in the range 5.0 - 5.3, while the pH in A-effluent treated cores had dropped to 4.7
(Table 5.6). Soil and volume also had a significant (P <0.05) effect on soil pH but
these differences were less than 0.1 pH units and are not considered to be of practical
importance. ~Two-factor volume-effluent and temperature-effluent interactions
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(P<0.001) were also evident (Table 5.6). Higher volumes of P and A effluents gave
small decreases in soil pH, relative to W and F, at 25 °C with a greater apparent
decrease at 10 °C.

Table 5.6 Table of means for soil pHy,, measured at the conclusion of the

experiment.
Temperature Soil Effluent Rain saailime Volume
5.2 (days)

10 25 K B W P E A low  high 3 9 . high = low
Temperature °C
10 4.9
25 E 3.3 Grand mean = 5.1
Soil
K 4.9 5.4 5.14
B 4.8 5.3 B 5.06
Effluent
w St 5.5 5.4 5:3 5.3
P 4.7 5.3 531, 4.9 - 5.0
F 3.1 5.5 53 5:3 - - 53
A 4.4 5.1 4.8 4.7 - - - 4.7
Rain
low 4.9 5.4 5:1 5:1 5.4 5.0::15v1933:- 1148 521
high 4.8 5:3 5.1 5.0 5.3 5:0 e 5132 a0 q T - 5.1
Time (days)
3 4.9 5.4 52 541 5.4 S:1-5015.3: v v 4.8 5:2 5:1 5.1
9 4.8 5.3 541 5.0 5.3 SLOMEES IR AL Seil 5.0 B 5l
Volume
high 4.8 5.3 5:1 Sl 5.4 49 54 46 5.1 5.0 5:2. 1 55l 506
low 4.9 5.4 52 5.1 5:3 523 5530k, 4B 5] S: 5:0:0815.0 -

Note: groups within which significant differences (P <0.05) occur are shown in colour. Single factor
interactions (i.e. the effects of just one of the variables included in the experiment) are shown on these
tables as the diagonal line across the top edge, the remainder of the table illustrates two-factor interactions.
The pH in CaCl, was lower than that for H,0 and there was less difference
between the different effluents (data are included in Appendix 2). Effluent and
temperature showed up as significant (P < 0.001) for pH in CaCl,, as was recorded

for pH in water.

5.3.2.3 Soil electrical conductivity

Effluent type, soil type and volume all affected the soil electrical conductivity (P <
0.001, Table 5.7). The electrical conductivity of the water-only treated soils was
lower than that for any of the soil cores which received effluent. Bruntwood soils
had a higher mean electrical conductivity (210 S cm™) than Kopua soils (170 uS
cm™). Higher volumes gave higher mean values (220 uS cm™ compared to 160 uS
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cm *). Significant soil-volume and effluent-volume interactions occurred (Table 5.7).

The electrical conductivities of the effluent being applied (Table 5.3) ranged from
200 S cm! for tap water to 2800 uS cm for F effluent. In spite of the relatively
high electrical conductivities of some of the applied effluents, and the rise in
electrical conductivity of non-water treated cores, all soils recorded low (150-400 uS
cm™) electrical conductivities at the completion of the experiment (Table 5.7).

Table 5.7 Table of means for soil electrical conductivity (xS cm™) measured at
the conclusion of the experiment.

Temperature Soil Effluent Rain Time Volume
°C days
10 25 K B W P F A low high 3 9 low high
Temperature °C
10 190
25 - 190 Grand mean = 190
Soil
K 160 170 170
B 210 210 - 210
Effluent
W 60 80 50 80 70
P 190 180 150 220 - 180
F 230 270 220 280 - - 250
A 270 240 240 270 - - - 250
Rain
low 200 190 170 210 70 200 250 260 190
high 180 190 160 210 70 170« 250: <250 - 190
Time
3 190 190 170 210 70 190 260 240 190 190 190
9 180 200 160 220 70 180 240 270 190 180 - 190
Volume
low 160 160 120 200 70 160 210 200 170 150 150 170 160
high 220 220 210 230 70 210 290 310 220 220 230 210 - / 220

'Note: Groups within vyhich signiﬁcant differences (P <0.05) occur are shown in colour. Single factor
interactions (}.e. the t_:ftects of just one of the variables included in the experiment) are shown on these
tables as the diagonal line across the top edge, the remainder of the table illustrates two-factor interactions.

5.3.2.4 Soil Carbon

The carbon content of the Bruntwood soil (7.3%) was higher (P <0.001) than the
Kopua soil (6.7%, Table 5.8). There was a significant (P < 0.001) interaction
between soil and volume of effluent added with larger volumes associated with an
apparent increase from 6.7%C to 7% C in the Kopua soil and a decrease from 7.4 %
t0 7.2 % in the Bruntwood. The mean carbon percentage was lower at 25 °C than
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at 10 °C. This may have been a result of increased carbon mineralisation at the

higher temperature. The lowest C % was recorded for cores that received only water
and were stored at 25 °C (Table 5.8).

Table 5.8 Table of means for soil carbon (%) measured at the conclusion of the

experiment.
Temperature Soil Effluent Rain Time Volume
1 8 days

10 25 K B W P F A low  high 3 9 low  hig
Temperature °C
10 7
25 - 6.9 Grand mean = 7.0
Soil
K 6.9 73 6.7
B 6.4 7.3 - 7.3
Effluent
A 7.0 6.5 6.4 1.1 6.8
P 7.4 6.7 6.7 7.4 - 7/ !
F 6.8 7.1 6.7 72 - - 7.0
A 7.2 745 6.8 75 - - - 7
Rain
low 72 6.9 6:17 7.4 07 Sife1Rey S S ST D EITG
high 7.0 6.9 6.6 T2 (S Sty L0 R (0 Sy - 6.9
Time
3 71 6.9 6.7 73 6.8% 4710 7.0 S T35 WTE0 7.0 7.0
9 7l 6.8 6.6 7.3 6.7 T 6:957 .05 70 6.8 - 6.9
Volume
low 7.0 6.8 6.4 74 6:811516:8' (6.8 T2 7.0 6.8 6.8 6.9 6.9
high 7ol 7.0 6.9 T2 67 a3 sl iaiTE] 7.0 gl 7.2 6.9 - 7.

Note: Groups within which significant differenccs (P <0.05) occurred are shown in colour. Single factor
interactions (i.e. the effects of just one of the variables included in the experiment) are shown on these
tables as the diagonal line across the top edge, the remainder of the table illustrates two-factor interactions.

5.3.2.5 Soil aggregate stability

Aggregate stabilities were uniformly high (80-90%) for all cores, but were higher
(P=0.002) for the Kopua soil (87%) than the Bruntwood soil (84%). The high
values obtained may be the result of the periodic inundation of the cores which has

removed any unaggregated material.

5.3.2.6 Soil surface coatings

Surface coatings were observed on cores 12 days after initial effluent application.
They were first identified on cores that were receiving high volumes of P or F effluent
at 25 °C. When effluent application ceased, all high volume P and F cores had
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relatively continuous coatings, low volume P and F cores had intermittent coatings,

and W cores had no surface coating.

A black soil-surface coat (0.25-1 cm thick) composed of filtered suspended solid
material formed on the surface of all the A cores as a result of application of the high
suspended solids content effluent on 24 May. By 29 May the surface coat had
cracked and the permeability was restored on the A cores which had an opportunity
to dry. Where drying was slower (10 °C room, high volumes and three-day

rotation) the permeability remained very low.

The surface coats for all cores were rated on a scale of 0 to 3 as follows:
0 = no visible surface coat
1 = some surface coat material visible (less than 20 % of surface affected)
2 = surface coat present on more than 20% of the core surface, but not
continuous
3 = coat developed over the entire core surface.

Surface coats were rated 2, 13 and 35 days after effluent irrigation was stopped.
Effluent type, the time between applications and the volume of water or effluent
applied all affected crust formation recorded two days after effluent application
((P<0.001, Table 5.9). W treated cores had a coat rating of O (ie no coat formed)
while A cores had a mean rating of 2.6, indicating that most cores had a
continuous or semi-continuous coat (which was the result of the one batch of
high suspended solids effluent). Cores with 9 days between irrigations had greater
coat development than those irrigated at 3 day intervals (Table 5.9). High volume
effluent treatments had more coat development (with a coat rating of 2.0) than cores
that received low volumes of effluent (coat rating of 1.0). Significant volume-effluent
(P <0.001) and volume-time (P=0.005) interactions for coat development occurred.
Higher volumes of effluent gave increased soil surface coat formation on P, F, and
A treated cores. There was little difference between the effect of high volumes added
every nine days or every three days (mean of 1.9 compared to 2.1) but at low
volumes there was a lot less coating on cores irrigated every three days than 9 days
(mean of 0.4 compared to 1.5).
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Table 5.9 Table of means for soil surface coat ratings 2 days after effluent
application ceased.

TFemperature = Soil S Effluent » : Rain- " Time - - Volume
10 25 K B W P B A lows s chighs 030 090 Jows hish

Temperature °C

10 1.5

25 - 1.5 Grand mean = 1.5
Soil

K 155 1.6 1.5

B 1.6 1.4 - 1.5

Effluent

w 0.0 0.0 0.0 0:0 ---0.0

P 2.0 1.7 2.0 1.7 - 1.9

F 1.3 1.8 125 1.6 - - 1.5

A 2.8 24 2.6 225 - - - 2.6

Rain

low 1S 1.4 1.5 1.5 0.0 v1:9:5% 11..5::246 1.5

high 1.5 135 1.6 1.4 0.05:5°1:094.:51.6 %5055 - 1.5

Time

3 1.2 1.2+ =:1.3 11 Q.00 1S 11 2 1.2 12, 1.2

9 1.9 1720 1.8 1.8 0.0.52.2:5%0,:2.0 430 1.8 1.8 - 1.8
Volume

low 1 | 0.8 1.1 0:9. 0009 0.9 Bl 1.0 0.9 04 1.5 190
high 1.9 2alir 2.0 24, 0.0 29 22 30120 24! 195 24 - 2.0

Note: Groups within which significant differences (P <0.05) occur are shown in one colour.

Thirteen days after effluent application ceased (Table 5.10) the overall mean surface
coat rating was 1.2, compared to a rating of 1.5 recorded two days after effluent
application was stopped.

Effluent type, volume of effluent and time continued to have significant (P <0.001)
effects on coat development 13 days after effluent application ceased (Table 5.10).
A volume-time interaction (P=0.02) was also still evident.

Soil surface coating assessment 35 days after the end of effluent application (Table
5.11) indicated very little change had occurred since day 13. The surface coats on the
A cores were still evident - they had dried and did not appear to alter greatly with
time. Volume and effluent effects were significant (P <0.001). Time was no longer
a significant factor and there were no significant two-factor interactions. Two of the
water-treated cores stored at 10 °C had developed some surface coating, presumably
a microbial response to the damp conditions.
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application ceased.
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T domperatie . SO e Effluent - Rain Time Volumg
g s g o W P F A low high 3 9 low - high
Temperature °C

10 1.3 Grand mean = 1.2

25 - 1|

Soil

K 13 1.3 1.3

B 1.3 1.0 - 1.1

Effluent

w 0.0 0.0:%7.0.0 0.0 0.0

P 1S 1.0 1.4 11 - 1.3

F 0.9 1.1 1.0 1.0 - - 1.0

A 2.6 245026 2.4 - - - 255

Rain

low 1.3 1'3 1.3 143 0.0 1.4 1.3 2.6 1.3

high 122 0.9 122 0.9 0.0 11 0.8 2.4 - 1.1

Time

3 1.0 0.8 1.0 0.9 0.0 1::0 016 2.1 1.1 0.8 0.9

9 125 1.4 125 1.4 0.0 1.5 1.4 29 1.6 1.3 - 1.4

Volume

low 1.0 0.6 0.9 0.7 0.0 0.8 0.5 20: 0.9 0.7 04 13 08
high 1§55 1.6 1.6 1.6 0.0 1.8 125 % e 1 1.4 1.5 1.6 E 1.6

Note: Groups within which significant differences (P <0.05) occurred are shown in one colour.

Table 5.11 Table of means for soil surface coat ratings 35 days after effluent
application ceased.

. Temperature Soil Effluent Rain Time Volume
e KB IW P E SA low:  high 3 9 low  high
Temperature °C
10 152
25 - 152 Grand mean = 1.2
Soil
K 1£3 1.4 13
B 1. Jest - 1.1
Effluent
w 0:3 0.0 0:3::5.0.0. 0.1
P 1.3 1:5 S IR B - 1.4
F 1.0 1.0 1.4 0.6 - - 1.0
A 2.4 2.4 2.5 2.3 - = ¥ 2.4
Rain
low 121 1.4 b2 [ O T R 1.1 2.4 13
high 1.3 1.0 1.4:.:09:701 . 1.3 0.9 2.4 - 1.2
Time
3 151 1.0 180810 13 0.9 2.0 1.1 1.0 1.1
9 1.3 1.4 L4147 0.1 1.5 Tl 2.8 1.4 1.3 B 1.4
Volume
low 0.9 0.8 1513201610 0.00 1 1.0 0.6 1.7 0.9 0.8 0.6 o | 0.8
high 1.6 1.6 18635161203 - 21:8 1.4 3.0 1574 i 1.6 1.6 i 1.6

Note: Groups within which signiticant differences (P < 0.05) occurred are shown in colour.
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The mean coat rating for P and F treated cores dropped between two and thirteen days
after effluent application ceased, but there was very little change thereafter (Figure
5.2). The coat rating did not change greatly for either the A-treated or the W-treated
cores, over the 35 days following the end of effluent application (Figure 5.2). A
small amount of microbial surface coating developed on some of the water treated
cores between days 13 and 35.

-

o
2]

Mean coat rating
z;
f_f// ’
B8

o
—

- a8 i
Day 2 Day 13 Day 35
Days since effluent application ceased

Effluent applied

—J—  Anaerobic —— Primary
—jll— Felmongery —Jl— Water

Figure 5.2 Changes in core coatings with time

Upon dismantling the cores it was found that all the coatings were superficial, about
1 mm in thickness, and there was no visible effect evident in the underlying soil.
Surface coats appeared to be formed from a combination of suspended solids material
from the effluent and biological material growing as a result of the nutrient/moisture

additions.

Springtails (Collembola sp.) first appeared in cores that were irrigated with A
effluent at 25 °C about two weeks after effluent irrigation commenced. Later they
appeared on many effluent treated cores at both temperatures. It was observed that
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the surface coat broke up more rapidly on cores with large springtail populations.

3.3.3 Effluent treatment

The changes in the effluent properties, as a result of the effluent passing through the
soil (Table 5.12) give an indication of the effluent treatment achieved by the soil.

Table 5.12 Mean values of properties of core leachates compared to applied

effluent’.
Bff. o pHy. pHyi - ApH - BC. EC. = AEC TS TS ATS Colour;, Colour,,
W10 7.5 6.3 -1.2 180 190 +10 100 150 +50 clear clear
w25 7.8 6.9 0.9 180 300 +120 100 300 +200 clear clear
P10 6.8 6.4 -0.4 700 710 +10 1500 580 -920 10YR4/6  5Y8/1
brown light grey
P25 6.8 7.0 0.2 700 1100 +400 1500 860 -640 10YR4/6  5Y8/1 light
brown grey
Al0 74 6.6 -0.8 1500 1000 -500 700 700 O 5Y7/6 5Y8/3 pale
yellow yellow
A25 8.5 7.1 -1.4 1400 1400 O 700 900 +200 5Y7/6 5Y8/3 pale
yellow yellow
F10 10.6 7.0 -3.6 1200 1000 -200* 2000 800 -1200 5Y4/4 5Y8/2 -
dark 5Y7/6 light
olive grey-yellow
F25 10.6 7.3 -3.3 1200 2000 +800 2000 1600 -400 5Y4/4 5Y8/4 -
dark 5Y7/6 pale
olive yellow-
yellow

! Eff. = effluent; W10 = water at 10 °C, W25 = water at 25°C. Similarly for other effluents where
P = primary treated, F = fellmongery and A = anaerobically treated. pH,, = pH of the applied
effluent, pH,,, = pH of the leachate collected at the base of the core, ApH = difference in pH between
effluent inflow and out flow. Similarly for other measures where EC — electrical conductivity
(S cm™), and TS = total solids (g m?).

2 Very variable, range -500 to +300.

There was a marked change in the colour of leachate when compared to inflow (Table
5.12, Figure 5.3), except in cores where macropore flow was evident. For W-treated
cores, the leachate was clear except for one core that was slightly discoloured. The
P effluent changed from brown to light grey with a few cores appearing pale
yellow to yellow and one that was bright yellowish brown. The F effluents changed
in colour from dark olive to pale yellow or yellow with one clear and one light grey.
These were not as well amended as those with P effluents. Inflow of A effluent was
yellow with leachates recorded as light grey, pale yellow or clear.
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Primary treated effluent

Fellmongery effluent

Anaerobically
treated effluent

Figure 5.3 Photographs of effluent before (container on left hand side of each
photograph) and after flow through cores
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The pH of the leachate was lower than that of the applied effluent for most cores

(Table 5.12).

The pH of the leachate was affected by the type of effluent, and by temperature (P
< 0.001, Table 5.13). The higher pH associated with higher temperatures appears
to be due to core drying and shrinkage, resulting in an increase in macropore flow.
The F and A effluents had higher pH as did their core leachates. There was also a
significant soil-temperature interaction (P < 0.001), with the Bruntwood soil at 25

°C giving the highest mean pH.

Table 5.13 Table of means for core leachate pH.

Temperature Soil Effluent Rain Time (days) Volume
i &
10 25 K B W P F A low high 3 9 low high
Temperature ° C
10 6.5
25, - Tl Grand mean = 6.8
Soil
K 6.6 6.9 6.7
B 6.5 T2 - 6.8
Effluent
w 6.3 6.9 6.5 6.6 6.6
P 6.4 7.0 6.7 6.7 - 6.7
F 6.9 7.3 7.0 7.2 - - Vs
A 6.5 7.1 6.7 6.9 - B - 6.8
Rain
low 6.5 i 6.7 6.8 6.6 6.7 71 6.8 6.8
high 6.5 7| 6.7 6.9 6.6 6.7 71 6.8 - 6.8
Time
3 6.5 71 6.7 6.8 6.5 6.7 7.2 6.7 6.8 6.8 6.8
9 6.6 74l 6.8 6.9 6.6 6.7 7| 6.9 6.8 6.8 - 6.8
. Volume
low 6.6 7.0 6.7 6.9 6.5 6.7 7.0 6.9 6.7 6.9 6.8 6.8 6.8
high'''%6.4.: 7.1 6.8 6.8 6.6 6.7 .7..7.2:. 766 ' 6.8 6.7 167 6:8 : 6.8

Note: Groups within which significant differences (P <0.05) occurred are shown in colour.

Effluent, temperature, and volume all affected leachate electrical conductivity (Table
5.14). The lowest leachate electrical conductivity (250 pS cm™) was recorded for
water treated cores and the highest (1510 uS cm™) was for fellmongery effluent
treated cores (Table 5.14). Mean leachate electrical conductivities were higher at 25
°C than at 10 °C.

106




Chapter 5: Factorial trial

The effluent-temperature interaction was significant (Table 5.14) as a result of the big
differences in electrical conductivities between effluents combined with a tendency
for them to be higher at higher temperatures. An increase in electrical conductivity
in core leachate, compared to applied effluent, occurred at 25 °C for W, P and F
effluents (Table 5.12). This may be due to the remobilisation of some salts that had
accumulated in the soil as a result of the drying of soil cores following the cessation
of effluent irrigation.

Table 5.14 Table of means for core leachate electrical conductivity (uS cm™).

Temperature °C Soil Effluent Rain. Time (days) " ‘Volume :
: 09 K BoWo P R AT Jow ochighs o3 low. bish
Temperature °C
10 720
25 - 1200 Grand mean = 960
Soil
K 740 1170 950
B 710 1220 - 970
Effluent :
w 190 310 220 280 250
P 710 1090 950 860 - 900
F 1030 1990 1520 1500 - - 1510
A 970 1390 1140 1230 - - - 1180
Rain
Low 690 1300 980 1010 260 930 1600 1190 1000
Hi 760 1090 920 920 240 870 1410 1170 - 920
Time
3 740 1210 950 1000 270 970 1460 1190 1030 910 970
9 710 1180 960 940 230 830 1560 1170 960 940 - 950
Volume
low 640 1090 810 1090 280 820 1310 1050 940 790 850 880 870
high 810 1290 920 1010 220 980 1710 1310 1050 1050 1090 1020 - 1050

Note: groups with significant differences (P <0.05) within them are shown in one colour.

The total solids in the leachate were affected by temperature, effluent and volume (P
< 0.001, Table 5.15). Higher total solids were recorded for F effluent than others
as a result of the higher level of total solids applied, and the larger proportion of
dissolved solids (which are less likely to be retained in the soil than suspended solids).
Total solids in leachates were higher at higher temperature and higher volumes.
Effluent-temperature (P < 0.001), effluent-volume (P <0.001), temperature-soil
(P=0.02) and soil-volume (P=0.02) interactions were all significant.

The high-temperature Bruntwood soil cores had higher total solid concentrations in
leachates, probably as a result of macro-pore flow (Table 5.15). The total solids
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content of core leachate for P treatments (Table 5.15) was 30-60% of that applied
with the biggest decrease at 10 °C. The total solids leachate from A treated cores
was unchanged, or showed an increase, particularly at 25 °C. In the anaerobic
effluent most of the solids were usually dissolved and therefore pass through the soil.
The increase in total solids out, over that applied for water-treated cores and other
treatments at 25 °C (Table 5.12) was probably due to the loss of soil material from

cores, which was more common where macropore flow was occurring.

Table 5.15 Table of means for core leachate total solids content.

. Temperature - ~Soil. Effluent Rain Time Volume
- s : (days)
S e T K5 R W P E A low  high 3 9 low  high
Temperature ° C
10 550
25 E 910 Grand mean = 730
Soil
K 590 850 720
B 510 980 - 740
Effluent
W 150 290 180 260 220
P 580 860 740 700 - 720
F 780 1610 1150 1240 - - 1195
A 700 890 810 780 - - - 790
Rain
low 530 960 750 740 210 700 1280 790 740
high 580 860 690 750 230 740 1110 800 - 720
Time
3 580 940 760 770 250 810 1190 800 780 750 760
9 520 880 630 720 190 630 1200 790 710 690 - 700
Volume
lc?w 440 790 560 680 230 680 930 650 660 580 630 610 620
high 660 1030 880 810 210 760 1460 940 830 860 8.;)0 790 3 840

Note: groups with significant differences (P <0.05) within them are shown in one colour.
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Table 5.16 Summary of lmpacts of expenment factors on variables tested‘

"Variablez : L i Experlment Factors '
Effluent ‘Yolume. _ Soil  Temp. .‘»»;?Rain%ﬁi??r»ff*i.t.Time(i:

Ko - 13 X ! X | s X X

Soil pH

Soil EC L

SOil Pa P : : ; X

Soil C X X

Agg. stabil. X X
Coat - 2

Coat - 13
Coat - 35 {
Leachate pH | - X X

Leachate EC ' X ' X

Leachate TS X

! Coloured boxes indicate significant (P < 0.05) one-factor effects, x indicates significant (P <0.05) two-
factor interactions.

2 K, - 2 = K, two days after effluent application ceased, K,,, - 13= K,,, thirteen days after effluent
application ceased, EC = electrical conductivity, pq = bulk density, Agg. stabil. = soil aggregate
stability, Coat - 2 = soil surface coat two days after effluent application ceased, similarly for coat - 13 and
coat - 35, TS = total solids.

The type of effluent added had some impact on every variable tested except for soil
bulk density. Volume affected every variable except soil bulk density and aggregate
stability (Table 5.16). The interaction between effluent and volume was the strongest
effect observed in this experiment with high volumes of P and F effluent leading to
the largest decline in soil K,,. Effluent and volume were also associated with the
visible soil surface coat formation. The cores which had very large decreases in soil
K., (to < 5 mm hr?) all exhibited surface coating assessed as level "3" indicating that
the coat may have been responsible for the decrease in soil K,,. The K,,, recovered
when cores were allowed to dry, and even if the soil surface coat was still present, the
K., recovered as soon as the coat dried and cracked.

Similar responses to effluent application were generally observed for the two soil
types, despite their different textures and mineralogies. There was no relationship
between the soil-type and development of soil surface coating, indicating that both
soils were equally susceptible to surface coat development. There were significant
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differences in soil bulk density, carbon content, aggregate stability, and electrical
conductivity between the two soil types (Table 5.16), which are attributed to the
inherent differences between the two soils. Two days after effluent application ceased,
the decrease in K., was greater in the Kopua soil than in the Bruntwood soil. The
Kopua soil had a lower mean K,,, and may, therefore, have been more susceptible to
pore blockage. However, 13 days after effluent application ceased there was no
difference in AK,, between the two soil types.

Temperature had an effect, particularly on AK,, and leachate properties. At the
higher temperature greater soil drying, and hence, increased soil shrinkage was
observed, especially in the Bruntwood soil. The increased K,,, and higher core
leachate pH, electrical conductivity and total solids in cores stored at the higher
temperature were taken to be an indication of the occurrence of macropore flow.

Time between effluent applications was significant as a single factor only in coat
formation where nine days between effluent applications gave greater coat
development than three day intervals, probably due to the higher dose per application
at longer time intervals. The extra soil moisture added as rain showed up as only
weakly significant in interactions with temperature for soil K, at 13 days, and with
leachate electrical conductivity. The low rainfall treatments were apparently more
prone to core macropore flow as a result of drying and consequent soil shrinkage.

The slowing of P or F effluent movement through cores could be observed in the
course of addition of one dose of effluent and is attributed to physical blockage of soil
pores by the suspended solids from the effluent. The soil surface coats appear to be
formed, at least initially, from the suspended solids material from the effluent.
However, some material which appeared to be microbiological became visible within
some soil surface coats. The hazard of applying high suspended solids effluent was
clearly illustrated by the anaerobic effluent of 24 May where a soil surface coat
formed and led to an immediate decrease in core permeability.

The findings presented here indicate that atypical variations in effluent properties,
such as the high suspended solids content of the A effluent of 24 May, can have large
effects on soils and should be taken into account when designing a system. Effluent
properties may vary beyond their usual range as a result of plant malfunctions,
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variations in the activities within the factory and events such as clearing out holding
ponds. If there is not sufficient flexibility to allow an area that receives a
particularly high dose of material time to recover prior to further effluent application
then surface ponding and runoff of effluent may result.

Effluent application had very little effect on soil bulk density or aggregate stability in
the time-frame of this experiment. Aggregate stabilities remained very high for all
treatments, indicating that dispersion of clay minerals was not occurring. Therefore
physical and biological blockage were the only processes contributing to a decrease
in core permeability in this experiment.

Significant differences in soil pH, carbon content and electrical conductivity were
recorded in relation to a number of the experiment factors (Table 5.16), however the
changes in soil pH were small. Both soils buffered the high pH F effluents (pH 11)
with effluent leachate having a pH of about 7 and soil pH remaining relatively
unaffected at about 5. As some changes in soil pH, carbon and electrical
conductivity were recorded in this short-term experiment, the implication is that
careful long-term monitoring of effluent addition should be undertaken at effluent
irrigation sites as cumulative changes in these properties could become detrimental to
the soil system.

The effectiveness of soil in treating effluent was illustrated by the leachate properties
investigated in this experiment. Flow of effluent through a 15 cm deep soil generally
provided a marked improvement in effluent colour, and solids content and led to a
decrease in effluent pH when high pH effluents were applied. The effectiveness of
the soil at effluent renovation was lower at 25 °C than at 10 °C, which is attributed
to increased drying leading a higher incidence of soil shrinkage and macropore flow
at the higher temperature.

The use of repacked soil in the cores destroyed the natural soil structure but was
considered necessary to observe the effects of the treatments that were imposed, due
to the large between-sé.mple variablity in K, that can occur in undisturbed soil. In
the field situation there are many other factors that may also affect the decline in soil
permeability that were not tested in this experiment, including direct solar radiation,
diurnal temperature variation, and the effects of wind and grazing animals. However,
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the surface crusts and associated decline in infiltration rates observed in this
experiment were similar to those observed in the field survey (Chapter 4). Therefore
it is considered that the results provide information on factors that influence decline

in soil permeability following effluent application to soil.

5.5 Conclusion

All of the factors tested (effluent type, volume of effluent applied, soil type,
temperature and rainfall) had some effect on the soil or leachate variables that were
monitored, illustrating the complexities and inter-relationships that occur within the
soil system. However, effluent type, the volume of effluent added, and the
temperature had larger impacts with rainfall having relatively little effect.

High volume applications of P and F effluents (equivalent to 5475 mm yr') were
clearly not sustainable, causing K, to decrease substantially after only one month of
application. The experiment indicates that high application rates should not be
attempted. Effluent application at rates equivalent to 1825 mm yr, led to a decline
in K, similar to that observed in water-treated cores and was therefore considered
more suitable. The development of a soil surface coat, formed from suspended solids
from the effluent and microbial materials growing in response to the effluent,
contributed to the decline in K.

The effect of effluent application on soil hydraulic conductivity was influenced by the
temperature, with a larger decrease in K,,, at 10 °C and faster recovery at 25 °C.
There is, therefore, likely to be a seasonal difference in the way that a soil responds
to, and recovers from effluent application.

The two soils used in this experiment responded to effluent application in a generally
similar manner, even though they had markedly different inherent soil properties.
Therefore, it is suggested that the processes of soil surface coat formation and

associated permeability decline are more strongly controlled by effluent and climate
variables than by soil properties.
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Chapter 6: Comparison between water and effluent

infiltration rates - a field trial

6.1 Introduction

It was apparent in Chapter S that the suspended solids concentration of the effluent,
and the volume of effluent applied, contributed to the observed decline in infiltration
rates. While a number of instances of decline in infiltration rates due to suspended
solids in effluent have been previously reported (Section 2.4.1.2), no examples that
related directly to meat processing plant effluent, or even to effluents with similarly
high suspended solids concentrations, were found. Furthermore much of the literature
relates to the conditions of rapid infiltration, rather than irrigation as practised by New
Zealand meat processing plants. Both Rice (1974) and Bouwer ef al. (1974) suggested
that to prevent soil pore blockage the suspended solids concentration in effluent should
be less than 10 g m>. However, many meat processing plant effluents currently
irrigated onto New Zealand soils have higher concentrations. Primary treated meat
processing plant effluents contain suspended solids in the range of 150 - 2000 g m?,
and even following tertiary treatment, suspended solids concentrations remain above
the recommended concentrations at 20 - 100 g m™ (Russell and Cooper 1992).

Recommended rates of effluent irrigation, which make some allowance for a reduction
in effluent infiltration rates, compared to water, vary widely. For example the USEPA
(1976) recommended rates between 10% and 50% of those for "clean" water but also
state that determining rates of effluent application"'is more of an art than a science".
In comparison Vanderholm (1984) recommended an application rate of 70% of that for

"clean" water.

The relationship between effluent particle size and soil pore size is important as it will
determine the likelihood of effluent particles becoming trapped in soil pores. The
particle size distribution of a primary treated meat processing plant effluent (Table 6.1)
is within the same range of orders of magnitude as the soil pore size distribution for a
range of soils (Figure 6.1). Most of the effluent suspended solids (i.e. material > 1.2
um in diameter) was in the 1.2 - 200 pm diameter size range. There were also some
larger particles (Table 6.1). Many soil pores are also in the range 1.2 - 200 pm in
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diameter (Figure 6.1). Therefore, the particles from a primary treated meat processing

plant effluent are likely to become lodged in soil pores.

Table 6.1 Particle size dlstnbutlon of primary treated effluents’

Sample B Sample B through so1l cores”
~ Mean sD. | Mean S.D.
% . gm? % P % gm’ %
: foar 719 A - 264 -
1.2-63 24 379 3 43 658 5 12 36 5
63 - 200 9 142 1 8 122 4 0 0 0
200 - 600 4 63 1 1 15 1 0 0 0
>600 2 32 1 j 1 15 1 * 0 0 0
Total 100 1580 100 1530 100 300

Notes  !'The particle size distributions of two samples of primary treated meat prooessmg plant effluent
(collected at different times to demonstrate the variability that occurs) were measured by passing
the effluent through a nest of sieves with 600, 200, and 63 pm diameter openings and with GFC
filter paper (1.2 um). ?data for sample A are means of 4 samples; others are means of 3 samples.
3 This is effluent sample B following infiltration through a 15 cm deep core of Bruntwood A

horizon.
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Figure 6.1 Soil pore size distribution of a range of soils (@ = data included in appendix

5, *=data from NZ Soil Bureau (1986), # = after Marshall and Holmes (1988).)
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Most suspended solids are retained at or very close to the soil surface (Berend 1967,
Bouwer and Chaney 1974). Suspended solids retention at the soil surface is probably
due to a lack of continuous coarse pores in most soils, the effect of adsorption of solid

particles to soil surfaces and the rapid decline in pore effectiveness as particles become
trapped.

Berend (1967) suggested a model which could be used for predicting infiltration rate
decline as a function of the suspended solids content of flood waters. Berend observed
that seepage rates decrease linearly, if plotted against the cumulative height of the
infiltrated water column, thus leading to the relation:

i=1,- avgs 6.1)

where: i = instantaneous infiltration rate (LT™)
i, = initial 1
o = coefficient (L3T'M™)
v = suspended solids concentration (ML)
g = fraction of suspended matter retained on or about the soil surface -
dimensionless

s = cumulative height of the infiltrated water column (L).

The time (t) function of infiltration can be derived mathematically (Berend 1967)

giving:

=i, et (6.2)

The first objective of this chapter was to determine the difference in infiltration rates
between water and effluent from New Zealand meat processing plants which contain
a range of suspended solids contents. The second objective was to determine whether
the model of Berend (1967) is applicable to New Zealand meat processing plant

effluents.
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6.2 Experimental design and methodology

An experiment was carried out to compare the infiltration rates of untreated, primary
treated and anaerobically treated meat processing plant effluents with the infiltration
rate of water on a Bruntwood silt loam under pasture situated near Hamilton (described
in Appendix 3). Five sets of twin rings were used to measure infiltration rates for up
to seven hours following the method of Scotter et al. (1982) as described in Chapter
3. Water infiltration rates were measured one day, and on the following day the rings
were shifted laterally, approximately 2 m, and the measurements were repeated using
an effluent. The procedure was repeated on three occasions, for the different effluents.

Water was acquired from a nearby farm water supply and selected properties of the
water and effluents used are summarised in Table 6.2. The experimental site and

equipment are illustrated in Figure 6.2.

Table 6.2. Properties of water and effluent used in effluent infiltration trial'.

Total solids Suspended solids

o (gm?) , (gm?)
Water 12 120 120 nd?
Untreated 720 2250 1400
Water 2 110 nd 10
Primary- 970 1400 550
treated
Water 3 110 135 15
Anaerobically- 1550 610 15
treated

'Water data are the mean of two samples, primary and raw effluent the mean of three , and anaerobic effluent

the mean of four samples. > Water 1,2, and 3 are used to distinguish the water samples f three di
times when the experiment was undertaken. * nd = not determined. s for the different

Total and suspended solids were highest in the primary treated and untreated effluents
and lowest in water (Table 6.1). The high electrical conductivity and high proportion
of dissolved solids (595 g m”) of the anaerobic effluent reflects the inclusion of
fellmongery effluent in the anaerobic effluent stream.
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6.3 Results
Results of the experiment are summarised in Figure 6.3 and the data are included in
Appendix 3.

100 1
— Water 1 |
Untreated Effluent “

________________________________________________________________ i

Time (hours)

100
T ~— Water 2
Primary Effluent
80‘ ____________________________________________________________________
T }
SOT ------------------ r ———
~
5 l
[=]
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100
— Water 3
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o 1 2 3 4 s & 71
Time (hours)

Figure 6.3 Comparison between water and effluent infiltration rates
(Error bars = 1 standard error of the mean)
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The infiltration rate of primary and untreated effluents was lower than the infiltration
rate of water (Figure 6.3). However the infiltration rate of the anaerobically treated
effluent was not significantly different from the infiltration rate of water. The decline
in infiltration rates for the primary treated effluent was slower, than the decline in
infiltration rate of the untreated effluent (Figure 6.3).

To compare the infiltration rate of the three effluents with water, the ratio of the
infiltration rate of effluent to the infiltration rate of water ( i(effluent)/i(water))
was calculated for each effluent treatment (Figure 6.4). In generating the relationships
shown in Figure 6.4, the initial effluent infiltration rate was assumed to be equal to the
initial water infiltration rate.

A decline to 50% of water infiltration rate occurred after about one hour of application
of untreated effluent and after about three hours of application of primary treated
effluent (Figure 6.4) whereas there was no difference between the infiltration rate of
water and anaerobic effluent.  The infiltration rate of untreated effluent initially
slowed more quickly than that for primary treated effluent, however, after about four
hours the infiltration rates were about 1/3 of the water infiltration rate for both the
primary and untreated effluents.

20
15

1.0 %=

1 effluent / | water

0.5

0.0_ T T T T LA ™ Ty T

Figure 6.4 Ratio of effluent infiltration rate/water infiltration rate versus time
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6.4 Model application

Regression analysis of the infiltration rate, i, against the total water infiltrated, I, and
the total suspended solids added, for each effluent, for all treatments together, for
primary and untreated together and, for water and anaerobic effluents together are

illustrated in Figures 6.5 and 6.6, and summarised in Table 6.3.

In order to calculate cumulative infiltration and cumulative suspended solids
application it was necessary to obtain a value for the initial infiltration rate. This was
not measured. An initial infiltration rate of 70 mm hr! was adopted, by interpolation
from the graphs in Figure 6.3. This value was used in the calculation of cumulative
suspended solids and cumulative infiltration for all treatments. (To check the impact
of adopting a value of 70 mm hr for i, the regression values were also calculated using
an i, of 50 and 90 mm hr'. The regressions thus obtained were similar to those given
in Table 6.3, indicating that the result is not strongly sensitive to i,, and, therefore,
suggesting that adoption of a value of 70 mm hr! was reasonable.)

All individual treatments, except water 2 (Figure 6.5b), show good correlations
between i and cumulative water and cumulative suspended solids. The poor correlation
shown by water 2 is associated with larger measurement variability (F igure 6.3) than
that of the other treatments. When all treatments are included, cumulative water
infiltration (Figure 6.5i) does not give a good correlation but cumulative suspended
solids (Figure 6.6i) does. This relationship is further improved if only the primary and
untreated effluents are selected (Figure 6.6g).
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Table 6.3 Summary of regression analysis of infiltration rate, i, versus cumulative
water added and cumulative suspended solids added.

i vs cumulative water | ivs cumulative suspended solids
Intercept Slope r Intercept ~ Slope r

ms!*10°  *10° 1 gm?*10% *10°
Water 1 1.9 -4.1 0.97 1.9 -0.41 0.97
Water 2 2.0 -0.7 0.50 20 -0.07 0.50
Water 3 1.7 33 0.84 1.7 -0.22 0.84
Untreated 1.8 -16.5 0.97 1.8 -0.01 0.97
Primary 2.0 -6.8 0.99 2.0 -0.01 0.99
Anaerobic 2.1 29 0.89 2.1 -0.19 0.89
All 14 -1.1 0.19 1.6 -0.01 0.82
Prim + 1.3 42 0.55 1.9 -0.01 0.97
Untreated
Rest 1.7 -1.2 0.35 1.8 -0.13 0.45

Notes: Water 1 = water measurements made in association with untreated effluent application, Water 2 =
water measurements made in association with primary treated effluent, Water 3 = water measurements made
in association with anaerobically treated effluent. All = regression analysis of all the water and effluent data
together, Prim + Untreated = analysis of primary and untreated effluent data together, Rest = analysis of all
water and anaerobic effluent data together.

Berend's model (equation 6.1) has the same form as the regression equations for
cumulative suspended solids (Table 6.3), where vs = the cumulative suspended solids.
For meat processing plant effluent g (the fraction of suspended matter retained on or
about the soil surface) is about 0.95 (as derived from Table 6.1) and i, corresponds to
the intercept values given in Table 6.3. Solving equation 6.1 for « gives an « value
of 1x107 m?s™ g for primary and untreated effluents, both individually and together.
The value of « depends on the kind of suspended matter, its concentration, the nature
of the soil, and the initial infiltration rate (Berend 1967). The particularly high
suspended solids concentrations in primary and untreated effluents suggest that
suspended solids are more important in determining o than the influence of initial soil

infiltration rates and related properties.

The good correlation (r = 0.97) between infiltration rate and cumulative suspended
solids for primary and untreated effluents, when considered together, suggests that the
model of Berend (1967) has potential wider application in predicting the decline in
effluent infiltration rates as a result of application of high suspended solids meat
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processing plant effluents.

Equation 6.2 can be solved for time for a given decline in infiltration rate, eg. for

infiltration rate to halve:

i/ip=0.5= e (6.3)

solving for t gives:
t=-In 0.5 /avg (6.4)

Solving equation 6.4 (where for the effluents in this discussion & = 1 x 107 m*s! g,
g=0.95 and for primary treated effluent v=1550 g m and for untreated effluent v =
1400 g m?) predicts that the time to halve infiltration rate for primary treated effluent
is 3 hours, 40 minutes and for untreated effluent it is 1 hour, 30 minutes. These times
are in reasonable agreement with those indicated in Figure 6.3, suggesting that this
relationship could be used to give an initial prediction of the likely decline in
infiltration rates, due to effluent application, as a function of the suspended solids
content of the effluent.

6.5 Discussion

The experiment described in this chapter demonstrated that the infiltration rates for
primary and untreated effluents were significantly lower, and decreased more with
time, than the infiltration rate of water. The decrease in infiltration rate was greatest
for the highest suspended solids (untreated) effluent, as would be expected from the
results of Chapter 5. Comparison between soil pore size distribution and primary
treated effluent particle size distribution showed that the suspended solids in meat
processing plant effluents are similar in size to many soil pores. Therefore, the
suspended solids can be expected to become lodged in, or block soil pores. The
decrease in infiltration rate for primary and untreated effluents, compared to water, was
attributed to pore blockage by the suspended solids from the effluent.

Because the infiltration rate of effluent is not the same as that of water it is suggested
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that when an effluent irrigation scheme is being designed then infiltration rate
measurements should be undertaken using the effluent that is to be irrigated, rather than
water. However, the model of Berend (1967) has potential for use as an alternative to
extensive field measurements. Berend's model (Berend, 1967) has potential application
in deciding the amount of treatment needed to remove suspended solids prior to
effluent application, and in predicting the length of time that effluent can be irrigated
before effluent infiltration rates decline significantly. While it has been demonstrated
to work well for the Bruntwood soil further work needs to be undertaken on a range of

other sites to confirm the wider applicability of this relationship for New Zealand
conditions.

In this experiment effluent was ponded on the soil surface for several hours which
represents the situation at the top end of borders in border-dyke irrigation systems. It
is suggested that in border dyke irrigation schemes short borders, with frequent shifts
of effluent application between borders will be best for prevention of physical pore
blockage.

6.6 Conclusion

There was a significant decline, with time, in the infiltration rates of primary and
untreated effluents compared with water or anaerobically treated effluents. This was
attributed to physical pore blockage by the suspended solids in the effluent.

High suspended solids effluent (suspended solids greater than about 1000 g m™), such
as the untreated effluent of this trial, can be applied for only very short periods (less
than one hour) before an effluent infiltration rate decline to half of that for water
occurs. Primary treated effluent (suspended solids of about 500 g m) can only be
applied for 2 -3 hours before the effluent infiltration rate declines to about half of that

for water.

A linear relationship (r = 0.97) existed between infiltration rate and total cumulative
suspended solids added. This fits the model of Berend (1967) which could be used as
a predictive tool to determine decline in infiltration rate as a function of effluent

suspended solids content.
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Conditions in this experiment were similar to those of border-dyke irrigation where
effluent is ponded on the soil surface for several hours. To avoid a decline in
infiltration rates under border dyke irrigation, when using primary treated or untreated
effluents, it is suggested that short borders should be used and the border under

irrigation should be changed frequently.

Physical pore blockage is likely to be the first step in the formation of a soil surface-
coat. There is a need to investigate the rate at which permeability recovers because if
more effluent is added prior to recovery then the decline in infiltration rates could be

expected to compound.

The large differences between water and effluent infiltration rates imply that when an
effluent irrigation scheme is being designed, soil infiltration rates should be measured
with an effluent similar to that which is proposed to be disposed of, rather than with

water.
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Chapter 7

Recovery of soil permeability following effluent application

7.1 Introduction

It was demonstrated, in Chapters 5 and 6, that applications of effluent to soil can
cause a decrease in soil permeability. It is, therefore, important to determine the rate
of permeability recovery. If additional applications of effluent are made prior to
recovery, further permeability decline may cause effluent surface ponding and lead
to irrigation scheme failure. Soil temperature was shown earlier (Chapter 5) to
influence the rate of recovery of soil permeabilityand is widely known to affect the
rate of microbial activity. This chapter describes two laboratory experiments that
were undertaken at different temperatures (13 °C and 25 °C) to determine the loss
and recovery of K,,, following effluent application. In the next chapter (Chapter 8)
the biological response to effluent application under similar experimental conditions,
is described.

7.2 Experimental design and methodology

Both experiments used soil cores packed with soil from a Horotiu silt loam Ap
horizon (using the method described in Section 3.6). The soil (a Typic Orthic
Allophanic Soil), and the site from which the soil was obtained, are described in
Parfitt et al. (1980). The A horizon of the Horotiu soil is similar to the A horizon
of the Bruntwood soil used in the earlier experiments (Chapters 5 and 6) in this
thesis. Repacked soil cores (rather than undisturbed) were used for the reasons
explained in section 5.2.1. Measurements of K, were made using the method
described in Section 3.2.1.1. Because of the large variability in K, between cores
the percent change in K (AKy, calculated as described in Section 5.2.2) was

determined for each individual core.
7 Trial °

The K, of cores was measured six times to enable the initial K, of the soil to be
calculated. Twenty cores were then selected for inclusion in the experiment, avoiding
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cores that had particularly low, high or erratic K., results. Two litres of primary
treated meat processing plant effluent (equivalent to a depth of 210 mm) was applied
to each of 10 cores. The same amount of water (210 mm) was applied to each of the
remaining 10 cores. Core K, was then measured 1, 4, 7, 10, 13, 17 and 23 days

after effluent or water application.
7.2.2 Trial conducted at 13 °C

The K, of each core was measured four times before forty cores were selected for
use in the experiment. Again, cores with exceptionally high, low or erratic K,
results were avoided. Two litres of primary treated meat processing plant effluent
(equivalent to a depth of 210 mm) was applied to each of 20 cores and two litres of
tap water was applied to each of the remaining 20 cores. They were then stored in
an unheated room which maintained a fairly constant temperature 13 £ 2 °C)
throughout the duration of the experiment. Core K, was then measured 2, 4, 7,
11, 16, 21, 28, 34, 41, 49, 62, 70, 86 and 100 days after effluent or water
application.

7.2.3 Effluent properties

Selected properties of the effluents used in each experiment are given in Table 7.1.
The effluent used in the 13 °C trial had a higher pH and electrical conductivity, and
lower suspended solids than the effluent used for the 25°C trial. The differences
between the effluents are a result of the variability of effluent, as the experiments
were conducted at different times.

Table 7.1 Selected properties of the primary treated meat processing plant
effluent used in permeability recovery experiments.

-‘: Proj)erty : R e 001300C : 25 °C
pH 9.4 7.5
Electrical conductivity 850 690
(#S cm™)

Total solids (g m™) 1 800 1 800
Suspended solids (g m?) 500 950
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7.3 Results

A complete summary of the data presented in this chapter is included in Appendix 4.
1.3.1 Rate of recovery for soils stored at 25 °C

Application of effluent to the soil cores stored at 25 °C resulted in a substantial
decrease in core K, (Figure 7.1). In contrast the K, of the water treated cores
remained fairly constant over time (i.e. AK,, remained at approximately 100%). On
days 1, 4, 7, and 10 there was a significant (P < 0.001) difference between the AK,,
of effluent and water treated cores. There was a gradual recovery in the K, of the
effluent treated cores over time and after 23 days there was no longer a significant
difference between treatments (Figure 7.1).

]
130 —J
120 —
110 -
3 N
é 100 -
15 ok
VIRCE
R 70 —
S 60—
8 s
I
=l Effluent treated cores
(] 30 — 1
2 20 — ~—  Water treated cores
10 4

°~1"'—f"""‘."'*1""t"*-l"*'v*-"l
0 5 10 15 20 25 30

Time (days) since effluent or initial water application

Figure 7.1  Percent change in permeability of cores treated with effluent or

water, stored at 25 °C  (Error bars are 1 standard error of the mean).
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A surface crust was observed to develop immediately following effluent addition,
formed from the solid components of the effluent. This appeared to develop into an
algae/slime cemented material by day 3 but began to break up by day 7. By day
13 the surface crust had subsided to a discontinuous film on most cores and by day
23 surface crusting was no longer visible (this is further discussed in Chapter 8).

7.3.2 Rate of recovery for soils stored at 13 °C

The mean AK,, of cores stored at 13 °C that were treated with water fluctuated
between 80 and 100% (Figure 7.2) with a possible slight decrease over time. The
AK,, of effluent treated cores dropped to less than 50 % at day two and then
recovered slowly so that by day 49 there was no significant difference between the
two treatments (P <0.05). The AK,, of effluent treated cores had only recovered
to about 75% by day 100.
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Figure 7.2  Percent change in permeability of cores treated with effluent or
water, stored at 13 °C  (Error bars are 1 standard error of the mean)
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A surface crust, similar to that described in section 7.3.1, developed within a few
days of effluent application. It was still visible, although no longer continuous, 49
days after effluent application, but only small remnants were still visible by day 100.

7.4 Discussion

There was a marked decline in core K, following application of primary treated meat
processing plant effluent at both temperatures. The K, of cores stored at 25 °C
recovered after about 23 days, however cores stored at 13 °C took twice as long
(about 50 days) to recover to levels that were not significantly different from water
treated cores. The slower rate of recovery of soil K, at 13 °C, than at 25 °C, may
contribute to the lower infiltration rates observed at effluent irrigation sites in winter
than in summer (Section 4.4.3).

The K,,, was observed to decrease during effluent application which, along with the
low K,, measured the following day, can be attributed to the suspended solids
component of the effluent.  The difference in the suspended solids content of the
two effluent samples did not appear to greatly affect the AK,,, which dropped to
about 45% on the day after effluent application in both the experiments. The
continued decrease in K,,, recorded at day four on the cores stored at 25 °C was
probably the result of the build up in biological material on the soil surface (see
Chapter 8).

All effluent treated cores had some fat visible on the core surface following effluent
addition. This became less evident after about 1 week in the cores stored at 25 °C
but some fat was visible for up to 10 weeks on the cores stored at 13 °C indicating
that the fat material was much slower to break down at the cooler temperature.

While conditions in these experiments are different from those prevailing in the field
they do suggest that there is a marked difference in recovery rates at different
temperatures. Under field conditions it would be expected that desiccation, caused
by sun and wind, would make recovery more rapid than that recorded here. It could
therefore be expected that under warm summer conditions it would take less than
three weeks for soil permeability to recover following application of a large (200
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mm) dose of primary treated meat processing plant effluent. However when the
temperature is around 13 °C, it may take twice as long for soil permeabilities to
recover and if the mean temperature dropped further it could take considerably
longer, especially if combined with surface ponding from winter rainfall.

7.5 Conclusion

The time taken for soil permeability to recover following application of large doses
(200 mm) of primary treated meat processing plant effluent will be considerably
longer in winter than in summer. Soil permeabilities are likely to recover in less
than three weeks in warm summer conditions, but may take over twice as long to

recover in cold winter conditions.
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Chapter 8
Investigation of the biological response to effluent
addition using a scanning electron microscope

8.1 Introduction

The results described in previous chapters have shown that application of meat processing
plant effluent may cause a decrease in soil permeability, and that recovery of permeability
was influenced by temperature. While initial decline in permeability is affected by the
suspended solids component of the effluent (Chapter 6) it was apparent that microbial
activity may have contributed to some of the soil surface coating and permeability decline.
This chapter describes a series of investigations in which a scanning electron microscope
(SEM) was used to qualitatively determine the microbiological response to effluent
application to soil.

8.2 Sample selection and preparation

Samples for SEM viewing were taken from both effluent and water treated soil cores
which had been stored at 13 °C and at 25 °C. In order to relate the results of the
laboratory experiments to the field situation, two field meat processing plant effluent
irrigation sites (Wakanui and Taumarunui) were also sampled.

Soil cores stored at 13 °C

Eight soil cores that were stored at 13 °C, four of which had received effluent and four
of which were water treated, were sampled. The cores were prepared at the same time,
and treated in the same manner, as those described in Section 7.2. The cores were
sampled prior to effluent or water application and 4, 7, 11, 21, 28, 63, 73, 80, 98, 114,
135, 149 and 155 days after effluent application.

Soil cores stored at 25 °C

Eight cores, six of which received effluent and two of which received water, were stored
at 25 °C. The cores were prepared, as described in section 7.2 except that a different
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batch of effluent was applied to them. The effluent that was applied to six of the cores
consisted of 210 mm of contra-sieved meat processing plant effluent, with a pH of 7.1,
a total solids content of 2 900 g m™ and a suspended solids of 610 g m> . An equivalent
depth (210 mm) of water was applied to the remaining two soil cores which acted as a
control. By 37 days after the initial effluent or water application the cores had become
very dry and changes in soil microbial development were no longer evident. To test the
effect of adding moisture, 50 mm of water was applied to half of the cores on day 37.
Core surface and subsurface samples were taken prior to effluent application and then 1,
2,4, 8, 10, 16, 23, 30, 38 and 44 days after the initial effluent or water application.

Field sample collection

Samples were collected from the Wakanui meat processing plant effluent irrigation site,
near Ashburton, in October 1992 and from the AFFCO meat processing plant effluent
irrigation site near Taumarunui in February 1993. The weather at Ashburton in the
fortnight preceding sampling had been cool and wet. Prior to sampling at Taumarunui
the weather had been hot and dry with all soils, except those that had been recently
irrigated, in a very dry condition. Samples were sealed in plastic bags and transported to
the laboratory. The following day SEM samples were prepared and freeze-dried.

Samples of soils that had been irrigated with effluent were taken from a range of sites at
both Wakanui and Taumarunui. Control samples were taken from a water irrigated site
at Wakanui and from a non-irrigated site at Taumarunui.

Sample preparation for SEM viewing

The following sample preparation method was developed. Thin (approximately 1 mm)
slices of soil were cut from soil cores or larger field samples using a scalpel. These were
fastened to microscope stubs using double-sided carbon tape. Samples were immersed in
liquid propane for about 30 seconds then transferred to liquid nitrogen and dried in a
freeze-drier overnight. This allowed biological material to be preserved in what appeared
to be a reasonably whole state. Samples were then stored at room temperature in a
dessicator. They were sputter-coated with gold/palladium and viewed using an Hitachi
S4 100 SEM.
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In the course of this work over 450 samples were prepared and viewed. When soil cores
were sampled, generally, 2 surface and 2 subsurface samples were taken from each of four
cores, two that had been effluent treated and two that had received only water. Multiple
samples, at a range of depths were taken for all the field samples that are described.

8.3 Results

Results of the SEM investigations are presented as a series of photographs in Figures 8.1
to 8.21. The numbers on the base of the SEM photographs are (in order from left to
right): the camera photo number, the electron acceleration voltage, the magnification to
which the SEM was set when the photograph was taken (where k stands for thousand),
and the length of the scale on the photograph (um). The photographs included in this
chapter were selected to show representative samples of the features discussed.

331 Soil red at 13 °C

Typical photographs of the water-treated soil surface (Figure 8.1) show no visible micro-
organisms in soils on day O (Figure 8.1 a and b), day 11 (Figure 8.1 c and d), or day 63
(Figure 8.1 e and f) and the soil matrix is clearly visible. A few testate amoebae (Figure
8.1 g) were occasionally observed. By day 135, although the general soil matrix was
unchanged (Figure 8.2 a and b), a film of biological material developed on some soil
surfaces (Figure 8.2 c and d). Note that Figure 8.2 d is a 15 000 times magnification of
an area on the right-hand-side of Figure 8.2 b. The biological material remained localised
and was not evident in samples taken on day 155 (Figure 8.2 e, f and g).

The addition of effluent to soil cores led to a marked biological response. Some
suspended solids material from the effluent is visible in Figure 8.3 a, c, e, f and g. This
material partially covered the soil surface, but by day four the remaining soil surface was
masked by a fine net of biological material (Figure 8.3 b). By day seven this net had
become virtually continuous over much of the soil surface with individual bacteria evident
(Figure 8.3 c and d). On day 11 (Figure 8.3 ¢, f, and g) core surfaces appeared similar
to those viewed on day seven. Plant material (probably from effluent paunch material,
i.e. undigested material from the animals gut) is visible on the soil surface (Figure 8.3 e
and f). The smooth area on the right hand side of Figure 8.3 g is possibly fatty material
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and f). The smooth area on the right hand side of Figure 8.3 g is possibly fatty material
from the effluent.

A low magnification view of the core surface sampled on day 21 (Figure 8.4a) showed
suspended solid material and a coating of biological material on the soil surface. The
surface coat was fairly continuous (Figure 8.4 b, d and e) although gaps were visible in
some areas (Figure 8.4c). The extreme coating visible in Figure 8.4 e and f may be
associated with fat from the effluent. Figure 8.4 g shows fat taken from the edge of a
soil core (where it had adhered since effluent application 64 days prior to sampling) which
is similar in appearance to the surface shown in Figure 8.4 e.

Samples from day 28 (Figure 8.5) showed that bacteria were present but the soil coating
was no longer continuous (Figure 8.5 a and b), and in some areas was not visible at all
(Figure 8.5 c). Figure 8.5 d, e, f, and g show a progression of magnification from 400
to 10 000 times, of the core surface on day 35. These show a large number of bacteria
on the soil surface but the coating material between them is relatively discontinuous.

By day 63, a diversification of the soil micro-organism population was evident (Figure
8.6). Fungi were present in some cores (Figure 8.6 a and b). Some larger pieces of
suspended solids material (Figure 8.6 c) were still visible although being attacked by
bacteria (Figure 8.6 d). Small colonies of actinomycetes, as identified by the 0.5 pm
widths of the filamentous cells, (Figure 8.6 e and f) and a few testate amoebae (Figure 8.6
a and g) were also present.

Text resumes on page 143.
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Figure 8.1. SEM photographs of the
soil surface of water-treated soils
stored at 13°C. Day; O (a and b), 11
(c and d) and 63 (e and f) and a
testate amoeba (g).
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Figure 8.2. SEM photographs of the
soil surface of water-treated soils
stored at 13°C. Day; 135 (a,b,c,
and d) and 155 (e, f and g).
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Figure 8.3. SEM photographs of the
soil surface of effluent-treated soils
stored at 13 °C. Day; 4 (a and b), 7
(cand d), and 11 (e, fand g).
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Figure 8.4. SEM photographs of the
soil surface of effluent-treated soils
stored at 13°C. Day 21 (a, b, c, d,
e and f) and fat from core edge, day
63.
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Figure 8.5. SEM photographs of the
soil surface of effluent-treated soils
stored at 13°C. Day; 28 (a, b and
), and 35 (d, e, f, and g).
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Figure 8.6. SEM photographs of the
soil surface of effluent-treated soils
stored at 13°C. Day 63.
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Eighty days after effluent application, a coating of bacteria was still evident on most core
surfaces (Figure 8.7). Some areas, which were possibly fat material, were largely
unaffected by microbial attack (Figure 8.7 ¢ and d) but larger areas were being colonised
by actinomycetes (Figure 8.7 e, f and g).

Ninety eight days after effluent application, testate amoebae (Figure 8.8 a) and a variety
of bacterial forms were evident (Figure 8.8a and b). Non branching actinomycetes
(Figure 8.8c) which may be Arthrobacter or Cellulomonas were also visible. By day 135
(Figure 8.8 d and e) the continuous coating had retreated markedly and by day 155
(Figure 8.8 f and g), apart from a few testate amoebae, there was very little microbial
material visible.

The considerable microbial response, described above, was confined to the soil surface.
Samples from between 1 mm and 5 mm below the soil surface (Figure 8.9) were generally
devoid of visible microorganisms, although a coating on some soil particles was

occasionally observed in small areas under higher magnification e.g. Figure 8.9 e.

Text resumes on page 147.
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Figure 8.7. SEM photographs of the
soil surface of effluent-treated soils
stored at 13°C. Day 80.
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Figure 8.8. SEM photographs of the
soil surface of effluent-treated soils
stored at 13°C. Days; 98 (a, b and
c), 135 (d and e) and 155 (f and g).
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Figure 8.9. SEM photographs of
effluent-treated soils, 1 - 5 mm
below the surface, stored at 13°C.
Days; 0 (a and b), 11 (c, d and ¢)
and 63 (f and g).
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8.3.2 Soil cores stored at 25 °C

In soil cores stored at 25 °C, biological coating was evident 1 day after effluent
application (Figure 8.10 a, b, and c). By day 8, this had developed into a continuous film

on the soil surface (Figure 8.10 d, e, f and g) with some indication of individual bacteria
within the covering film (Figure 8.10g).

By day 16 (Figure 8.11 a and b) the cores were still uniformly coated but the presence of
actinomycetes (Figure 8.11c) showed that some diversity was starting to occur. The
diversity of micro-organisms continued to increase by day 23 with what appeared to be
chains of spores of streptomycetes (Figure 8.11 d and f) and colonies of bacteria appearing
(Figure 8.11 g) although more typical samples exhibited relatively featureless coatings
such as that in Figure 8.11 e.

On day 30 (Figure 8.12 a and b) a uniformly coated soil surface was still evident. This
surface coat was easily seen with the naked eye although it was less than 1 mm thick. It
was fairly strong and coherent, requiring a scalpel to cut through it, and could be
effectively peeled back to reveal the soil beneath. By this time the cores were very dry
and it appeared that very little change in the soil crust was occurring. On day 37, 500 ml
of water was added to some cores. This helped promote the degradation of the surface
coat. Samples that did not receive water, viewed on day 44 (Figure 8.12 c and d),
appeared to have a very similar coating to those from day 30, while water treated soils
appeared to be relatively free of biological coating on day 44 (Figure 8.12 e and f).
However some biological material was observed to be still present in some areas of cores
that received water, on day 37 (Figure 8.12 g, which is a close-up of a coated patch in the
upper right hand side of Figure 8.12¢).

Samples from depths ranging from immediately below the crust to about S mm below the
soil surface (Figure 8.13) generally showed no visible microbial material. However on
day 1 samples, a slight net development over soil surfaces was evident in some areas
(Figure 8.13 b). Cores treated only with water showed no significant biological
development (Figure 8.14) with no changes evident during the course of the experiment.

Text resumes on page 153.
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Figure 8.10. SEM photographs of
the soil surface of effluent-treated
soils stored at 25°C. Day; 1 (a, b
and c), 8 (d, e and f) and 10 (g).
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Figure 8.11. SEM photographs of
the soil surface of effluent-treated
soils stored at 25°C. Day; 16 (a, b
and c¢), and 23 (d, e, f and g).
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Figure 8.12. SEM photographs of
the soil surface of effluent-treated
soils stored at 25°C. Day; 30 (a and
b), 44 (c and d) and 44, with water
added at day 37 (e, f and g).
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Figure 8.13. SEM photographs of
the soil sub-surface of effluent-
treated soils stored at 25°C. Day; 1
(a and b), 8 (c and d), 16 (e and f),

and 38 (g).
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Figure 8.14. SEM photographs of the soil surface of water-treated soils stored at 25°C.
Day; 10 (a and b), and 8 (c and d).
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83,3 Samoles o : fluent irrieation i

Water irrigated samples from Wakanui and non-irrigated samples from Taumarunui
typically had no visible microbial material, either at the soil surface or beneath it (Figure
8.154a, b, ¢, d, and e). However, at both sites small areas of surface coating (Figure 8.15
f and g) were seen and diatoms were evident at Taumarunui (Figure 8.15 g).

Samples from low ridges in effluent irrigated Wakanui paddocks (Figure 8.16 a, b, ¢ and
d) showed some biological coating of soil particles, but no micro-organisms were
distinctly visible. A low power view (Figure 8.16 e) showed a lot of fibrous material
covering the soil surface - this may be fungi, plant roots or suspended solids (probably
paunch material) from the effluent. Subsurface samples (Figure 8.16 f and g) have a
somewhat coated appearance, suggesting that some biological activity was extending
beneath the soil surface.

Samples from a topographic hollow in which effluent was ponded on the soil surface at
Wakanui showed spectacular biological coating (Figure 8.17) with a large amount of
fungal material (Figure 8.17 a and b) and a film giving a continuous coating between the
fungal strands (Figure 8.17 c and d). The coating and diatoms were present at depths of
1 mm (Figure 8.17¢) and 2 mm (Figure 8.17 f) below the soil surface but at 4 mm depth
(Figure 8.17 g) there was very little evidence of microbial activity.

Samples from the soil surface at Taumarunui, in a paddock that was being irrigated at the
time of sampling (Figure 8.18) had a lot of fibrous material, probably derived from the
suspended solids in the effluent, lying on the soil surface (Figure 8.18 a). A bacterial coat
was also evident (Figure 8.18 b and c) but in some samples there was only a discontinuous
net-coating (Figure 8.18 d and e). Very little biological material was evident in samples
from 1 cm depth (Figure 8.18 f and g).

Samples from the soil surface, at Taumarunui, taken two and a half weeks (Figure 8.19
a, b and c) and four weeks (Figure 8.19 d and e) after effluent irrigation showed a large
amount of fungal hyphae with a fairly continuous coating and diverse microflora including
bacteria and diatoms. The "spiky" object in Figure 8.19e is probably a pollen grain. The
samples illustrated in Figure 8.19 f and g were taken from the soil surface immediately
beneath the surface crust of biological material. They indicate that there is no coating on
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the soil particles although some microbial features (Figure 8.19g) are visible.

Samples from the soil surface at Taumarunui, taken from the edge of an area where
effluent was ponded on the soil surface (Figure 8.20) show abundant soil micro-organisms
and surface coating. The shiny surface (Figure 8.20 a and b) is probably algal cells
embedded in their extracellular slime. Diatoms were also very common (Figure 8.20 a
and c). Samples in Figure 8.20 d and e were from a dried pond surface and I interpret
the pattern visible in these photographs as dried-out algae. The samples shown in Figure
8.20 f and g are from a depth of 1 cm below the pond surface, and some biological net
material is evident.

Figure 8.21 shows samples from an area that was surface ponded with water, adjacent to
a stock water trough. This site received no meat processing plant effluent, but was
subjected to inputs of cattle dung and urine as the cattle tended to congregate around the
trough. Diatoms, algae and bacteria were evident at the soil surface (Figure 8.21 a, b,
¢, d, and €) and a net-coating was visible 1 cm below the soil surface (Figure 8.21 f and
g). The microbial growth visible in samples from the water ponded site (Figure 8.21),
was similar to that from the effluent ponded site (Figure 8.20).

Text resumes on p. 162.
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Figure 8.15. SEM photographs of
water-irrigated soils from Wakanui
soil surface (a, b, and f) and
subsurface (c) and non-irrigated soil
surface from Taumarunui (d, e, and
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Figure 8.16. SEM photographs of
the soil surface (a, b, ¢, d and e) and
subsurface (f and g) of low ridges in
effluent irrigated paddocks at
Wakanui.
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Figure 8.17. SEM photographs of a
ponded area of an effluent-irrigated
paddock at Wakanui. Pond surface
(a, b, cand d) and 1 mm (e), 2 mm
(f) and 4 mm (g) below the pond
surface.
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Figure 8.18. SEM photographs of
the soil surface (a, b, c, d and e) and
1 cm depth (f and g) from
Taumarunui. The site was being
irrigated with effluent during
sampling.

8@2458 2.0 kV X4.88K 7.50sm

158




Chapter 8: Biological response to effluent addition

ee?eas 2.8 kV X2.56Kk 18 Oum e b } St
82751 2.0 kV X500

Figure 8.19. SEM photographs of
the surface of effluent-irrigated
Taumarunui soils 2.5 weeks (a, b
and c) and 4 weeks (d and e) after
effluent application and soil
subsurface 2.5 weeks after irrigation
(fand g).
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Figure 8.20. SEM photographs of
an effluent ponded soil surface (a, b,
c, d and e) and 1 cm below the
surface (f and g) from Taumarunui.
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Figure 8.21. SEM photographs of
non-effluent-irrigated ponded soil
adjacent to a water trough,
Taumarunui. Soil surface (a, b, c, d
and e) and 1 cm depth (f and g).
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8.4 Discussion

The SEM photographs clearly illustrate the response of micro-organisms to the addition
of meat processing plant effluent. On soils that did not receive effluent there were
generally no soil microorganisms visible (except for the water ponded area at
Taumarunui). On effluent treated soils, microbial activity was concentrated in a thin film
on the soil surface, although in both effluent and water ponded areas a discontinuous net
was evident to about 1 cm depth.

A progression in the microbial response following effluent application was evident.
Initially a discontinuous film formed on the soil surface. With time, the film developed
into a continuous coating within which individual bacteria became visible. It is probable
that the "film" consisted of a microbial polysaccharide slime produced by the bacteria.
This stage was followed by a diversification of the soil micro-organisms with fungi
becoming common and a variety of bacterial colonies also becoming evident. The
bacterial coating tended to break down with time, becoming more porous, and gradually
disappearing. In the soil cores stored at 13 °C, the whole process took place over about
155 days with the biological coating beginning to form by day four and reaching it's most
continuous state by about day 21. At 25 °C a bacterial coating had formed on the surface
1 day after effluent application and had become continuous by about day 7. The very dry
conditions that ensued in the cores stored at 25 °C appeared to inhibit break-down of the
surface crust which remained relatively unaltered up until day 44. Addition of water to
the dry cores promoted crust breakdown over a period of a week.

In cores stored at 13 °C there was a gradual recovery in core permeability, over about 50
days, following effluent addition (Figure 7.2, page 130). The microbial response to
effluent application in cores stored at 13 °C developed over a similar period. Gaps in the
core coat were first observed about day 20 and a diversification in the microbiological
community developed between 35 and 63 days after effluent application while the initial
coating declined. At the warmer temperature (25 °C), soil core permeability was slowest
between 4 and 7 days after effluent application and it took about 23 days for soil cores to
recover their permeability (Figure 7.1, page 129). The period of slowest permeability
corresponds to the period of continuous soil core surface coat development with recovery
coinciding with development of a more diverse range of micro-organisms. The cores in
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the permeability recovery experiment received additions of water as a result of infiltration
measurements being undertaken. The rapid breakdown of the surface coat following water
application, on day 37 in the SEM core experiment at 25 °C, suggests that moisture was
limiting decomposition of the microbial material. It is probable that if more moisture had
been available the surface coat on the cores in the SEM experiment, stored at 25 °C,
would have decomposed more rapidly.

Bacterial blockages have, in recent studies, been attributed to the organisms themselves
rather than to extra-cellular slimes (for example,Vandevivere and Baveye, 1992).
However, in this study the period of lowest K, corresponded to the period of maximum
slime development and, once the slime-coating subsided the K, generally recovered
despite the presence of large numbers of bacteria.

Photographs of samples from active meat processing plant effluent irrigation schemes had
coatings that were very similar to those that formed under laboratory conditions, with
similar assemblages of organisms appearing. At Taumarunui, where the weather was fine
and hot, the soils were very dry at the time of sampling and the surface crust on soils that
had been effluent irrigated 2.5 and 4 weeks prior to sampling had a surface coating very
similar to that observed on the soil cores stored at 25 °C. Effluent irrigated soil samples
from Wakanui, which had been subjected to cool wet weather, tended to have only a
discontinuous film present. At both Wakanui and Taumarunui, effluent ponded areas had
strongly developed surface coatings within which bacteria, algae, fungi, and diatoms were
all evident. It is interesting to note that the water ponded area at Taumarunui also
exhibited a similar surface coating. It is suggested that microbial soil surface coatings
form in response to favourable moisture and nutrient conditions that are not necessarily

effluent-dependent.

The net-like coating observed in some sub-surface samples appears very similar to that
reported by Churchman and Tate (1986) at the Fairton meat processing plant effluent
irrigation site. The development sequences shown here indicate that the net develops in
association with the bacterial response to effluent and water addition to soils.

A strongly developed continuous soil surface coat was observed to form in areas where
effluent or water ponds in paddocks. Once effluent ponds on the soil surface, growth of
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micro-organisms is promoted and leads to formation of surface coatings. The coatings
contribute to further decline in soil infiltration rates, which leads to further surface
ponding, therefore creating a positive reinforcement cycle. It is suggested that the cycle
of positive reinforcement is one of the key factors in observed declines in effluent
infiltration at irrigation sites. To prevent declining soil infiltration rates, sufficient time
between irrigations must be allowed for the microbial coat to degrade. This time will be
considerably longer in winter than in summer.

8.5 Conclusion

There was a strong microbial response to addition of primary treated meat processing
plant effluent to soils which resulted in formation of a semi-continuous coat of microbial
material on the soil surface. The coat formed under both field and laboratory conditions.
The microbial soil surface coat formed and decomposed more quickly under warm moist
conditions, taking 2 to 3 times longer to develop and break down at 13 °C than at 25 °C.
If allowed to dry out the coat may not decompose readily.

The development of a microbial soil surface coat following effluent irrigation follows a
progression from the development of a thin film of material, within which bacterial forms
become evident. Over time a diversity of microbial forms develops with fungi,
actinomycetes and a range of colonial bacteria appearing. Eventually the film breaks
down, leaving only the bacterial forms which then gradually breakup and disappear.

A coating of microbial materials on the soil surface is likely to contribute to a decrease
in effluent infiltration rates, which may, in turn, cause conditions of surface ponding
favourable to further microbial growth.
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Chapter 9: Discussion, recommendations and
conclusions

9.1 Overview and synthesis of results
9.1.1 Introduction

The New Zealand meat industry has been utilising irrigation as a means of disposing
of large volumes of effluent which often has a high BOD and a suspended solids
content in the range of 500 - 2000 g m>. Irrigation is carried out on a wide range of
soils at a growing number of sites distributed throughout New Zealand. Problems of
a decline in soil permeability, sometimes resulting in serious problems of surface
ponding, loss of trafficability, unpleasant odours, and the inability to continue to
dispose of effluent have been known to occur at a number of New Zealand meat
processing plant effluent irrigation sites.

The mechanisms leading to a decline in soil permeability at New Zealand meat
processing plant effluent disposal sites have not been well understood and the problem
has been dealt with mainly by trial and error. Most of the research that has
previously been undertaken relating to declining infiltration rates following effluent
application has been for low (<100 g m?) suspended solids sewage effluents under
conditions of continuous inundation on sand beds (for example Vinten et al. 1983,
Siegrist and Boyle 1987).  The primary objectives of the research undertaken in this
thesis were to determine the occurrence, and establish the causes, of soil permeability

decline at meat processing plant effluent irrigation sites.

The survey of existing meat processing plant effluent irrigation sites (Chapter 4)
showed that a decline in soil permeability in topographic hollows and/or at the top
ends of borders (at sites where border dyke irrigation was used) was common,
leading to effluent and rainfall ponding on the soil surface. The only sites that did
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not exhibit any surface crusting and ponding were sites that were irrigated for only
two or three effluent applications per year (during periods of summer low river flow)
with tertiary-treated effluent. The ponded areas had a crust, of apparently organic
material, on the soil surface. The ponded areas had lower soil bulk densities than
non-crusted areas, indicating that compaction was not the cause of the problem. The
presence of water lying on the soil surface of ponded areas, for several days at a
time, indicated that the infiltration rates in ponded areas were considerably lower than

1 mm hrl.

There was evidence that soil pore blockage and surface coat formation, as a result of
both suspended solids from the effluent and the presence of microbial materials,
contributed to the decline in infiltration rates at field sites. Suspended solids tended
to accumulate at the top ends of borders where they settled out of the effluent as the
velocity of effluent flow declined. Effluent was observed to saturate the soil surface,
during application, at every site visited, even those using sprinkler irrigation.
Surface saturation resulted in overland flow and accumulation of effluent in
topographic hollows, hence providing an increased suspended solids load to the
topographic hollows. Microbial material was visible on the ground surface in some
ponded areas (e.g. Figure 4.6), indicating that microbial interactions may have also
been contributing to permeability decline.

There is a lack of previously published field surveys of effluent irrigation impacts on
soils at meat processing plant effluent irrigation sites. Wells and Whitton (1970)
visited three New Zealand sites and undertook elemental analysis of the effluent, soil
and plants. They did not investigate soil physical properties or wider management
activities. Surveys of the effluent treatment methods employed at New Zealand meat
processing plants (Cooper et al. 1979, Cooper and Russell 1982, and Cooper and
Russell 1992) did not provide site specific information, nor did they include
information related to impacts on soils. However there is some information available
regarding the dairy industry. Problems including effluent application in excess of soil
infiltration rates, surface ponding, runoff, unpleasant odours, and the death of the
cover crop, have been reported at dairy factory effluent irrigation sites in New
Zealand (Parkin and Marshall, 1976) and in the United States (USEPA 1971). Parkin
and Marshall (1976) alluded to surface sealing and suggested that improved removal
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of oil and grease from the effluent might help prevent surface sealing from occurring.
The problems associated with a decline in infiltration rates at dairy factory effluent

disposal sites are apparently similar to those identified at meat processing plant
effluent irrigation sites.

0.13 C ol bility decli

The field survey (Chapter 4) indicated that both suspended solids and micro-
organisms probably contributed to the development of surface crusting and
permeability decline. A series of experiments were designed to further investigate
the mechanisms, and identify the factors, that influence the decline and recovery of
soil permeability when meat processing plant effluent is applied to land.

An association between development of soil surface coating and a decrease in soil
permeability was apparent at both existing effluent irrigation sites (Chapter 4) and in
the laboratory experiments (Chapters 5 and 7). It was apparent that all of the pore
blockage was occurring at the soil surface, with minimal impact beyond about 2 mm
below the soil surface. There was no evidence, in either the field survey, or in any
of the experimental work, that dispersion of clay minerals was a major factor
contributing to permeability decline.

The primary cause of declining infiltration rates identified in this study was the
suspended solids in the effluent (Chapters 5 and 6). However, it was evident that
microbial materials, developed in response to the effluent, also contributed to pore
blockage, particularly in areas where surface ponding developed (Chapter 8). Most
previous workers have concentrated on either biological pore blockage (e.g. Nevo
and Mitchell 1967, Kawanishi et al. 1990, Vandevivere and Baveye 1992), or on
physical pore blockage (e.g. Berend 1967, Vinten et al.1983, McDowell-Boyer et al.
1986). The contention that both physical and microbial factors may have an influence
on soil permeability at effluent irrigation sites has received little attention in the past,
but has been suggested to be important in effluent holding ponds (Chang et al. 1974),
rapid infiltration beds (Rice 1974) and in soils receiving whey application (McAuliffe
1978).
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Physical blockage of pores by suspended solids from the effluent was demonstrated
by the linear relationship between the cumulative suspended solids applied and the
effluent infiltration rate (Chapters 6). The cumulative suspended solids load is
controlled by the type and volume of effluent applied. The laboratory experiment in
Chapter 5 indicated that the type and volume of effluent applied, and the temperature
were the most important factors affecting the decline and recovery of soil
permeability (out of those that were tested). The main influence of temperature was
on the rate of the microbial response to effluent (Chapter 8). Temperature also
influenced the rate of soil drying.

The decline and recovery of soil permeability as a result of addition of meat
processing plant effluents to soils under New Zealand conditions, identified by the
field and laboratory investigations, can be summarised as follows.

1. Rapid decline in the soil infiltration rate during effluent application, as a
result of soil surface pore blockage by suspended solids material from the
effluent. The infiltration rate was shown to decrease in direct proportion to
the cumulative suspended solids applied.

2. The microbial response to effluent application, initially primarily bacterial,
leads to production of extracellular slimes which coat the soil surface. The
surface coating, along with the physical presence of the bacteria, may
contribute to a further decline in soil permeability.

3. If no further effluent is added, the initial microbial slime breaks up, the
microbial flora becomes more diversified and, along with the effluent

suspended solids material, gradually decomposes and declines until the soil
permeability recovers.

4, If further effluent application occurs prior to complete recovery of the soil
permeability, then soil pore blockage may become exacerbated.
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The two soils used in the factorial experiment (Chapter S) both had similar responses
to effluent application with respect to permeability decline and surface coat
formation. Similar surface coats were also observed on the range of soils studied in
the field. Therefore it is suggested that the results obtained in this thesis would be
transferable to other New Zealand soils (of moderate permeability) that are likely to
be considered for land treatment of meat processing plant effluent.

Previous attempts to predict permeability decline have been based upon relationships
between effluent solids contents and infiltration rates (Berend 1967, De Tar 1979,
Clanton and Slack 1987) or on the effects of accumulation of biological materials
(Okubo and Matsumoto 1979, Taylor and Jaffe 1990, Taylor et al. 1990). The
models that consider biological materials cannot be applied to the meat processing

plant effluents studied in this thesis as they ignore the large impact of effluent
suspended solids on infiltration rates. Of the models that relate to the effects of
effluent solids contents, only the model of Berend (1967) was found to be useful.
The model proposed by Berend (1967, Equation 6.1), is a linear relationship which
determines infiltration rate as a function of cumulative suspended solids and can
therefore, be used to predict initial infiltration rate decline.

The data obtained in Chapter six was used to determine a value for the coefficient in
Berend's model («) of 1 x 107 m®s™ g for both primary and untreated meat
processing plant effluents. The fact that « was the same for two different effluents
suggests that this value may be appropriate for wider application of the model for meat
processing plant effluents in New Zealand. Berend (1967) suggests that the value of
« depends on the kind and concentration of the suspended solids as well as on soil
properties. It is suggested that the particularly high suspended solids contents of meat
processing plant effluents may be the main factor influencing « and so the relationship

may hold on a range of soils.

The equation of Berend (1967) has potential application for high suspended solids

effluents for:

169




Chapter 9: Discussion, recommendations and conclusions

- predicting the decline in infiltration rates during effluent application;

- determining the duration or depth of effluent application that can be utilised
without causing a serious decline in infiltration rates; and

- determining the amount of pre-treatment that may be necessary to remove
suspended solids from an effluent prior to irrigation.

The following example demonstrates how Berend's model could be used. If, for
example, it is decided that effluent application should only proceed until the effluent
infiltration rate is halved (i.e. i/i, = 0.5), then equation 6.1 can be solved, as
follows:
i=1i,-avgs
- i/i, =0.5 = 1 - avgsfiy
- avgs/iy = 0.5
= vs/ip =0.5/0.95 x 1 x 107
- vs/ipg=5.26x10° gsm? 9.1)
where all symbols and units are defined in Chapter 6.

Equation 9.1 can then be solved for a range of initial infiltration rates and effluent
suspended solids contents to give the depth of effluent that can be irrigated before

the infiltration rate could be expected to halve (Table 9.1).

Table 9.1 Total cumulative solids, and depth of water required to halve effluent

infiltration rates for a range of initial infiltration rates (i,) and suspended solids
contents.

100 2.8 x10° 147 294 147 98 ‘74

50 1.4 x10° 74 148 74 49 37
25 6.9 x 10° 36 72 36 24 18
5 1.4 x10° 7.4 15 1.4 5 4

! vs = cummlative suspended solids content g m?, % v = suspended solids content g m™
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9.1.5 Re . bili

Having established that a decline in soil permeability occurs as a result of meat
processing plant effluent application, it is important to also determine the rate of
permeability recovery. It was evident that if further effluent application occurred
prior to recovery of soil permeability then further decline resulted.

Field and laboratory observations suggested that permeability recovery occurs when
either the soil surface coat dries and cracks or when sufficient time has elapsed for
soil micro-organisms to decompose the added suspended solids material and the
microbial slime associated with microbial activity. Recovery of soil permeability was
shown (Chapter 7) to be temperature dependant - being slower at 13 °C than at 25
°C. It was estimated, therefore, that recovery of permeability in effluent treated soils
may occur in less than three weeks in summer, but may take twice as long in winter.

There was some indication, in both field and laboratory experiments, that soil macro-
fauna (in particular, earthworms and springtails) also aided permeability recovery by
physically breaking up the soil surface coat. Water infiltration rates have previously
been reported to be up to ten times higher for soils in which earthworms are present,
compared to similar soils that lack earthworms (Lee and Foster 1991). The impact
of earthworms was evident at the Wakanui site in the field survey, where water
infiltration rates were considerably higher for areas with large numbers of
earthworms (under effluent irrigation) than in water irrigated areas with a moderate
earthworm population. While earthworm numbers had increased at two effluent
irrigation sites, it was possible that at many sites, prolonged surface ponding and high
(> 8) pH effluents were detrimental to earthworm populations. This suggests that
management of soil biological properties could be an integral factor in effluent

irrigation scheme design.

The decrease in soil permeability observed at most field sites was not regarded as a

long-term problem as it developed relatively quickly (for example, after eight months
at Kaiapoi). Irrigation scheme operators are forced to take action to ameliorate the

effects on the soil. Ploughing, ripping and prolonged rest periods were all successful
in restoring soil permeability (Chapter 4). Therefore a decline in soil permeability
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due to surface crust development is unlikely to cause permanent degradation of the

soil resource if appropriate ameliorative action is taken.
9.2 Recommendations for effluent irrigation scheme design and management

The following recommendations regarding effluent irrigation scheme design and
operation are made, based upon the research reported in this thesis and other
observations that have been made in the course of undertaking the research.

Land disposal of effluent is an option that should be considered when designing any
meat processing plant effluent disposal scheme, even if it is used only as an
alternative to river discharge during periods of low river flow (as, for example, at
Makarewa). It is during dry summer periods that effluent is of most benefit for
irrigation purposes. In drought-prone areas, application of effluent at rates which
meet plant moisture requirements should be encouraged as this provides water and
nutrient benefits to receiving areas and minimises the detrimental impacts of
disposing of excessive volumes of effluent on a small area.

It was observed that measured soil infiltration rates tend to be lower in wetter/cooler
months. It is therefore recommended that if infiltration measurements are to be
undertaken for design of an effluent irrigation project they should be made when soil
is at it's seasonally wettest (usually late winter). Infiltration measurements should be
made using the effluent that is to be used rather than "clean" water as there is likely
to be a marked difference between effluent and water infiltration rates (as
demonstrated in Chapter 6).

In border dyke irrigation schemes, physical pore blockage can be minimised by use
of short (100 - 200 m) borders with adequate grass cover (one site was successfully
using 70 m long borders). The grass helps to sieve out the suspended solids from the
effluent, thus preventing it from reaching the soil surface. When using shorter
borders it is necessary to change the border under irrigation more frequently, thus
minimising the duration of effluent application, and therefore minimising the
accumulation of suspended solids at the top end of borders.
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To prevent physical pore blockage by effluent, the cumulative suspended solids
loading must be controlled. The model of Berend (1967) may be a suitable tool for
predicting appropriate cumulative suspended solids loadings.

If soil surface coating problems occur, it is necessary to cease irrigation to allow
the coat to dry off, break up, and decompose, thereby allowing soil permeability to
recover. Irrigation should then recommence at a lower or less frequent rate. If the
surface coat is not allowed to dry and dissipate then soil permeability is likely to
continue to decrease, approaching zero.

In areas where permeability has declined, ripping of the soil surface will provide
recovery without a requirement to resow pasture. However, unless there is a change
in the irrigation regime, ripped areas will quickly reseal and surface ponding return.
Ploughing will also provide recovery of soil permeability, however this requires re-
establishment of pasture.

In summer, an irrigation return period of three weeks following large (> 100 mm)
applications of high (>500 g m?) suspended solids effluent should be adequate to
ensure full recovery of effluent infiltration rates. However, an irrigation return
period of at least six weeks would be more appropriate in winter.
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9.3 Conclusions

174

A decline in soil permeability is common at New Zealand meat processing
plant effluent irrigation sites. At most sites it is confined to small areas where
effluent accumulates in topographic hollows or at the top ends of borders (in
border dyke irrigation schemes).

The decrease in soil permeability can develop relatively quickly (potentially
in less than a month if repeated large effluent applications are made) and is
more likely to develop in winter than summer.

The decrease in soil permeability as a result of effluent irrigation was shown
to be a result of development of a coating of material on the soil surface. The
coat comprised suspended solids material from the effluent (which alone can
cause a large decline in effluent infiltration rates) and microbial material
which develops following effluent application.

An inverse linear relationship was shown to occur between the cumulative
suspended solids applied and the effluent infiltration rate.

The model of Berend (1967) describes the relationship between infiltration
rate and the cumulative suspended solids applied. Berend's model has
potential for application in effluent irrigation scheme design and planning.

The microbial response to effluent application was shown to comprise several
phases. Initially a bacterial slime develops on the soil surface, within which
the bacteria themselves became evident after a few days. Over time the slime
material breaks down and decomposes, the micro-organisms became more
diverse with fungi and actinomycetes appearing. Finally the microbial
materials decompose and disappear.

Recovery of soil permeability occurred either when the soil surface coat was

allowed to dry and crack, or when sufficient time had elapsed for the
microbial slime to decline.
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8. Recovery of soil permeability was considerably faster at warmer
temperatures, taking less than three weeks at 25 °C and about six weeks at 13
°C.

9.4 Recommendations for future research

The survey of existing sites that was reported in this study provides a useful insight
into the activities and state of meat processing plant effluent application. It would be
useful to repeat this survey at periodic intervals, perhaps about every 10 years, to
document the changes in effluent irrigation practice and to identify and monitor
changes in the soils at effluent irrigation sites.

The model of Berend (1967) has been shown to have potential application as a tool
for predicting infiltration rate decline as a result of effluent application. Berend's
model needs to be tested and verified for the wide range of soils and effluents that are
encountered in New Zealand.

The economic and the environmental cost/benefits of different levels of effluent
treatment prior to irrigation should be studied.

A high earthworm population is potentially beneficial at an effluent disposal site, as
was reported at the Wakanui site. Further research into the effects of inoculating
sites with suitable earthworm species and the tolerance of different species to meat
processing plant effluent should be undertaken.

The microbial response to effluent application needs to be further studied, under
controlled conditions, to determine the effects of different effluent application rates,

return periods, and effluent properties.

175




Chapter 9: Discussion, recommendations and conclusions

176




Appendix 1: Data for Chapter four

Appendix 1: Data for Chapter four

Fairton Meat Processing Plant - sampled 5-6 December 1989.

Climate: Data for Ashburton shows a mean annual rainfall of 750 mm, reasonably evenly distributed
throughout the year. Mean temperature is 16.5 °C in January and 5.2 °C in July. The area has a summer
water deficit and is prone to drought (data from New Zealand Meteorological Service 1983).

Parent material: Glacial outwash gravel of Otiran age (Suggate 1973) overlain by loess.

Watertable: 21 +/- 6 m (Keeley and Quin 1979). .

Soil series: Lismore stony sandy loam.

Soil classification: NZ - Typic Orthic Brown Soil; NZ Genetic - Shallow soil associated with Yellow Grey
Earths; Soil Taxonomy - Udic Ustochrept.

Fairton Site I, no effluent

This site has not been ploughed for many years (probably > 30). It is used for stock holding and the
pasture is very poor.

Location: Fairton control paddock approximately 300 m east of the works buildings.
Site is in middle of paddock, 40 m northeast of lysimeter row (NZMS260 L37
145032).

Vegetation: Sparse ryegrass, clover, many flat weeds.

Topography: Flat terrace surface. Microtopographic hummocks up to 30 cm.

Profile description:

Horizon Depth Description

(cm)
Ap 0-23 Brownish black (10YR 2/3) stony sandy loam; strongly developed

medium block and nut breaking to weakly developed very fine
crumb structure; slightly sticky; plastic; common very fine roots;
common unweathered subrounded greywacke gravels and stones;
thin ‘organic’ crust on surface; distinct irregular boundary,

BA 23-35 Brown (10YR 4/4) and brownish black (10YR 3/2) stony sandy
loam; weakly developed fine block and crumb structure; sticky;
plastic; common very fine roots; common unweathered subrounded
greywacke stones; indistinct smooth boundary,

Bw 35-65 Yellowish brown (10YR 5/6) gravelly, stony, sandy loam,;
moderately developed fine and medium granular structure; sticky;
few very fine roots in cracks around stones; profuse unweathered
subrounded greywacke gravels and stones; indistinct smooth

boundary,

C 65-90+ Gravelly stony sand; single grain; non sticky; non plastic; profuse
unweathered subrounded greywacke gravel, sand and stones.
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Fairton. site II. border dyke effluent irrigated

Site II is border dyke effluent irrigated. This border was also sampled for surface bulk density and soil
chemical analysis at 6, 155 and 280 m from the top end. Sites I and II are in pasture and both are used
as stock holding paddocks so are subjected to large numbers of stock. As aresult of this, the pasture at
both sites was in poor condition. Site IT had last received effluent one month prior to sampling.

Location: Fairton meat processing plant farm, paddock D1, 80m from the outlet end of the eighth
border across from the central race (NZMS260 L37 153013).

Vegetation: Sparse, but consisted of ryegrass, few small clovers, docks, other weed species.
Topography: Border dykes on originally generally flat alluvial terrace.

Profile description: Same as site I except, the surface 'organic’ crust is absent, and the structure of the Ap
horizon is moderately developed coarse block breaking to weakly developed fine and medium block and

granular, and the structure of the BA is moderately developed coarse block breaking to strongly developed
fine granular.

Fairton, site III, border dyke effluent irrigated

Samples were taken 6, 85 and 185 m from the top end of paddock D3 (site IIT). Site ITI was border
dyked in January 1983. Ithas 200 m long borders and is effluent irrigated less frequently and with lower
total volumes of effluent than site II. It had a much higher quality pasture, at the time of sampling, than
site I or II and was being used for cattle fattening rather than stock holding.

Table A1.1 Soil permeability estimates and K, measurements - Fairton

Site I, no irrigation

Ap 5 1.6 1 5
BA 4 ND - ;
Bw 4 ND - ]
¢ 7 ND - .
Site II, effluent irrigated

Ap 4 13 4 4
BA 4 ND - -
Bw 4 ND ) i
C 7 ND ) )
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Table Al1.2 Soil chemical data - Fairton

Site/ pH pH “Elec.-cond. LR C% i N% e CIN
sample (H,0) ~ (KCI) G pS T S e g p i
Site I - no irrigation
Ap 5.8 49 55 3.7 0.2 15.5
Bw 5.9 4.1 40 0.7 0.1 10.3
Site I - effluent irrigated
6 m 6.2 6.3 750 9.6 1.0 10.0
85m
Ap 5.8 4.6 200 2.9 0.2 13.1
Bw 5.4 4.0 125 1.6 0.1 13.0
155m 5.7 4.8 320 5.9 0.4 14.0
280 m 5.6 4.6 75 4.4 0.3 16.3
Site III - effluent irrigated
6m 6.5 5.4 140 3.1 0.2 12.9
85m 6.0 4.8 110 3.4 0.3 13.6
185 m 5.8 4.8 90 3.9 0.3 15.0

* Data are means of two replications
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Feilding meat processing plant - sampled 19 August 1990.

A brief auger survey was carried out to assess the soil at this site. The high water table and gleyed nature
of these soils indicates that they would not be suitable for effluent irrigation all year round.

Effluent treatment: Fellmongery waste goes to a balancing tank from which the solids go to a solids
settling pond, the liquid to a manganese catalysed treatment, to remove sulphide, and thence to the aerobic
pond. Yards waste goes to the solids scttling pond and then to primary sedimentation along with the killing
chain effluent. The effluent then goes through 3 anaerobic ponds then an aerobic pond (total residence
time is about 10 days). The effluent is then discharged to the river, except during summer low flow when
a portion of the effluent is irrigated.

Climate: Data for Palmerston North airport indicate a mean annual rainfall of 922 mm with a mean
monthly temperature of 17.2 °C in February and 7.5 °C in July (New Zealand Meteorological Service
1982).

Topography: Degradational terrace surface about 5 m lower than the terrace of site II.

Parent material: Alluvial silts and sands.

Water table: Observed at between 80 and 130 cm depth in August, it is presumably somewhat lower in
summer.

Soil type: Te Arakura silt loam (Cowie 1978).

Soil Classification: NZ - Mottled Orthic Brown Soil; NZ genetic - Gley soil from alluvium;
Soil Taxonomy - Typic Haplaquent

Feilding site I - no effluent

Location: Brian Guy's property, paddock 23, about 30 m east of terrace edge.
NZMS1 N149 085500

Vegetation: Clover-ryegrass pasture.

Soil profile description - auger sample only:

Horizon Depth Description
cm
Ap 0-20 Dark brown (10YR3/4) heavy silt loam,
Bg 20-80 Silt loam with common medium distinct bright
brown (7.5YR5/8) mottles,
Cg 80-100 Loamy sand with common medium distinct bright brown
(7.5YRS/8) mottles,
Cr 100-130+ Sand; water table at 130 cm.
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Feilding - site II. effluent irrigated

Location:

Vegetation:

Profile description: (auger sample only)

Horizon
Ap

Bg

Cg

Cr

NZMS1 N149 080498.

Clover-ryegrass pasture.

Depth
cm
0-20
20-40

40-80

80+

Appendix 1: Data for Chapter four

Description
Dark brown (10YR3/3) silt loam,

Fine sandy loam with common medium distinct bright
brown (7.5YRS5/8) (7.5YR5/8) mottles,

Loamy sand with common medium distinct bright brown
mottles,

Sand; water table at 80 cm.
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Kaiapoi meat processing plant - sampled 21 and 22 December 1989.

Due to the short time of operation of this scheme, the variable nature of the soils, and the difficulty in
identifying a control site because of the earthworks that had been carried out, no attempt was mz'ade to carry
out a site comparison. Three sites were briefly investigated, all within 100 m of each other. §|te I was on
an area where effluent had ponded in the past, it was largely free of vegetation and no remedial work l?ad
been undertaken. Site II had also been a site of effluent ponding to the point where no vegetation
remained; it had been recently disked in a bid to restore permeability to the soil. Site Il was a vegetated
site that had not been seriously affected. None of the sites had been irrigated with effluent since June
1989. All three sites were prepared in the spring of 1988 by paraploughing, possibly recontouring, and
the establishment of fescue pasture for hay and/or silage production.

Effluent application: Originally 6000 m*day™ was irrigated over 110 ha using a travelling irrigator. By
December 1989 a 40% reduction in water use had been made giving a maximum plant
output of 4000 m® day of which only a portion was being irrigated.

Climate: Data for Christchurch airport indicate a mean annual rainfall of 650 mm with a larger portion
falling in the autumn/winter. Mean temperatures are 17°C in January and 5.6°C in July.
The area is prone to summer drought (data from NZ Meteorological Service 1983).

Parent material: Holocene sand and silt alluvium, derived from greywacke, of the Springston Formation,
and sand dunes of the Christchurch Formation (Brown 1973).

Water table: 0.5 - 1.5 m below ground surface in December 1989.

Soil type: Soils were recorded as Waikuku, Waimakariri, Kaiapoi, and Taitapu series soils (T.H. Webb,
pers. comm. 1989). The area has been recontoured, with sand dunes removed and used
to infill depressions. The soils are variable but generally consist of over 1 m of silt loam

to sandy loam material.

Soil Classification: New Zealand - Earthy Fill Anthropic Soils and Mottled Sandy Brown Soils; NZ
Genetic - Recent soils and Yellow-brown sands; Soil Taxonomy - Typic Psammaquent.

Kaiapoi site I - ponded area, non-disked

Location: Approximately 150 m southeast of Courtenay stream and approximately 300
m northeast of effluent holding pond, 30 m from irrigation hydrant
(NZMS260 M35 830573).

Vegetation: Limited cover, few docks and flatweeds

Topography: In slight hollow on generally flat river flood plain, protected by stopbanks.

Soil profile description:

Horizon Depth Description

cm
Ap 0-20 Dull yellowish brown (10YR 4/3) and brownish grey

(10YR 4/1) fine sandy loam with common fine distinct
brown (10YR 4/6) mottles; weakly developed fine blocky
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Br 20-30
Bg 30-55
Cr 55-80+

aiapoi site Il - ponded area, disked
Location: 15 m east of site 1.
Vegetation:

Topography: As for site L.

Soil profile description:

Horizon Depth
cm

Ap 0-25

Cul 25-55

Cu2 55-85+

Kaiapoi - site III grassed area

None (recently disked).

Appendix 1: Data for Chapter four

structure; slightly sticky; slightly plastic; firm; few very
fine roots; sharp wavy boundary,

Grey (5Y 4/1) fine sandy loam; common fine distinct
brown (7.5YR 4/6) mottles; massive; slightly sticky;
slightly plastic; friable; few very fine roots; distinct
irregular boundary,

Dull yellowish brown (10YR 4/3) sand with grey (5Y
4/1)loamy sand in lenses; few distinct bright brown mottles
on root channels in loamy sand, lenses; single grain; non
sticky; non plastic; few very fine roots; distinct irregular
boundary,

Grey (5Y 4/1) sand; single grain; non sticky; non plastic;
Water table at 80 cm.

Description

Dull yellowish brown (10YR 4/3) fine sandy loam; weakly
developed coarse block breaking to weakly developed fine
block and granular structure; slightly sticky; slightly
plastic; friable; few very fine roots (none living); distinct
smooth boundary,

Yellowish brown (2.5Y 5/3) sand; single grain; non sticky;
non plastic; few very fine roots; distinct smooth boundary,

Grey (5Y 4/1) sand; single grain; non sticky; non plastic;
few very fine roots; water table at 1.0 m.

Location: 20 m west of site I in area of best vegetation growth around.

Vegetation: Fescue grass.

Topography: On slight risc on generally flat river flood plain (protected by stopbanks).
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Profile description:

Horizon Depth
cm

Ap 0-25

Bw 25-50

C 50-80+

Appendix 1: Data for Chapter four

Description

Dull yellowish brown (10YR 4/3) fine sandy loam; weakly
developed medium and coarse block breaking to weakly
developed fine and medium nut structure; slightly sticky;
slightly plastic; common very fine roots; indistinct smooth

boundary,

Yellowish grey (2.5Y 4/1) find sandy loam with common
coarse distinct bright brown (7.5YR 5/8) mottles; weakly
developed medium and coarse block breaking to single
grain structure; non sticky; non plastic; few very fine roots;
diffuse smooth boundary,

Grey (5Y 4/1) sand; single grain; non sticky; non plastic;
few very fine roots.

Table Al1.3 Soil permeability estimates and K ,, measurements - Kaiapoi

Site I - effluent ponded area

Ap

Bwl

Bw2

C

Site II - recently disked area

Ap

Cul

Cu2

Site IIT - less damaged area (still vegetated)

Ap
Bw
C

5§83

184




Appendix 1: Data for Chapter four
Lorneville meat processing plant - sampled 14 and 15 December 1989

Effluent treatment: Incoming effluent is first passed through a contra-shear from which the solid material
passes to a solids digestion tank and from there to anacrobic ponds. Liquids pass to a dissolved air
floatation tank. One quarter of the outflow goes to a methane digester, the remainder to an anacrobic pond
and thence to a series of acrobic ponds with a total area of 30 ha.

Effluent application: Effluent is normally discharged to the Makerewa River but is irrigated onto farmland
during periods of low river flow or as an emergency measure during periods of plant breakdown. The
volume spray irrigated is limited to 10 000 m® per week by the pump facilities available. The flood
irrigated volume is not measured. Flood irrigation is carried out by ponding effluent to about 0.5 m depth
on a "flood banked” paddock, repeated at approximately monthly intervals.

Water table: probably near river level, between 2 and 5 m below the ground surface.

Climate: Data from Invercargill show a mean annual rainfall of 1100 mm distributed throughout the year
but with a slightly lower rainfall expected in late winter. Mean air temperature in January is 14°C and in
July is 5°C (New Zealand Meteorological service 1983).

Vegetation: Clover-ryegrass pasture.

Topography:  Flat, river flood plain. Both sites are protected from river floods by stopbanks but,
nevertheless, both are subject to periodic river flooding.

Parent material: Silt alluvium over alluvial gravels and sand derived from schist and greywacke.

Soil classification: New Zealand - Mottled Orthic Recent Soil; NZ Genetic - Recent soil from alluvium;
Soil Taxonomy - Aquic Udorthent.

Lomeville site I, no effluent

Location: In paddock directly south of effluent treatment plant. About 100 m south of anaerobic
pond number six and 50 m southwest of access gate in comner of paddock (NZMS260
E46 479181).
Profile description:
Horizon Depth Description
cm
Ap 0-30 Brown (10YR 4/4) silt loam; very strongly developed

fine and medium nut breaking to weakly developed very
fine crumb structure; slightly sticky; plastic; many very
fine roots; diffuse smooth boundary,

Ag 30-50 Brown (10YR 4/4) silty clay loam; strongly developed
fine and medium nut breaking to weakly developed fine
granular structure; sticky; plastic; many very fine roots;
distinct smooth boundary,

50-60 Light yellow (2.5Y 7/3) sandy clay loam; many coarse

b prominent bright brown (7.5YR 5/8) mottles; weakly
developed coarse prismatic breaking to massive structure;

contains many large worm channels; sticky; plastic; few
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very fine roots; distinct irregular boundary,

Cg 60-80 Greyish yellow (2.5Y 6/2) loamy sand, few.medium
distinct bright brown (7.5YR 5/8) mottles; contains many
large worm channels; single grain; non sticky; non
plastic; large native earthworms present; diffuse smooth
boundary,

C 80-110+ Gravelly coarse sand; single grain; common weakly
weathered subrounded gravels.

o . it _

Site I has been intermittently flood irrigated. Site I is in a paddock which has a stopbank formed around
its edge to prevent flow of effluent into adjacent waterways. This paddock was last flooded three times
at monthly intervals between mid-February and April 1989.

Location: Lorneville meat processing plant farm on low terrace approximately 300 m southeast of effluent
treatment plant and 40 m northeast of access gate in southern corner of paddock (NZMS260 E46 482186).

Vegetation: Ryegrass and other grasses, no docks or clover.
Topography: Flat river floodplain.

Parent Material: Gravelly sand alluvium overlain by 0.5 -1 m of finer alluvium derived from schist and
greywacke.

Profile description:
Horizon Depth Description

Ap 0-33 Dark brown (10YR 3/4) silt loam; strongly developed
fine and medium nut breaking to crumb structure; slightly
sticky; plastic; friable; many very fine roots; diffuse
smooth boundary,

Bg 33-45 Dull yellowish brown (10YR 5/4) sandy clay loam; many
coarse prominent bright brown (7.5YR 5/8) mottles;
moderately developed medium block breaking to
granular structure; sticky; plastic; firm; few very fine
roots; distinct smooth boundary,

Cul 45-60 Dull yellowish brown (10YR 5/3) sandy loam; few
medium faint bright yellowish brown (I0YR 6/8)

mottles; massive; slightly sticky; slightly plastic; friable;
few fine roots; distinct smooth boundary,

Cu2 60-80+ Gravelly coarse sand, single grain; profuse weakly
weathered subrounded gravels;
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Table A1.4 Soil permeability estimates - Lorneville

Site/sample - Permeability class estimate
Site I - no effluent

Ap 7
Ag 7
Bg 7
Cg 4
C 6
Site II - effluent flooded

Ap 6-7
Bg 3
Cul 3
Cu2 4

Table A1.5 Soil chemical data - Lorneville

Site /Ap 52 42 80 120 045 26.7
Site II/Ap 5.6 4.6 80 126 046 274

* Data are means of two replicates
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Makerewa meat processing plant - sampled 12, 13 and 16 December 1989

Effluent treatment: Where possible, wastes are screened prior to moving to the tre.atment s?'stem.
Treatment consists of: a contra shear screen; fat saveall; four anacrobic ponds in series,' with an estlmated
residence time of approximately three days; an effluent clarification stage using two circular clapﬁers in
parallel; and two further ponds in series, both of which are mixed acrobic/anaerobic. The theoretical total
retention time based on an input of 12 000 m® per day is 15 days.

This system has been in place since the early 1960s. Prior to that time treatment was achieved using only
anaerobic ponds.

Effluent application: Effluent is spray irrigated using manually movable pipes with attached sprinklers.
Effluent is pumped from pond six up to a higher level terrace where it is distributed in open ditches to
pumping sites and then pumped through the pipe/sprinkler system. The system can operate 24 hours/day
seven days/week if required. One person per shift is required to supervise the system when in operation.
Additional labour is required to relocate mains and pipes. The irrigation system has a maximum capacity
of 4500 m*/24 hours (intake to the effluent treatment plant is 10 000 - 13 000 m® day™) applied over a total
area of approximately 350 ha with a return period of two to three weeks.

Crop/animal management: The area irrigated consists of two dairy farms owned and operated by
independent farmers and a works-owned farm that is used primarily for stock-holding purposes. Some
cropping, silage and hay making are carried out on the dairy farms. Farmers attempt to have paddocks
grazed prior to irrigation and generally keep cows off for 1-2 weeks afterwards. This is not always strictly
adhered to and stock do not seem to have a strong aversion to recently irrigated pasture. Lambs, however,
tend to scour if allowed to graze pasture within a week or so of irrigation (P. Soper, pers. comm. 1989).

Water table: Between 2 and 5 m below the ground surface, over nine boreholes between September 1984
and April 1985 (Carrier and Associates 1985).

Climate: As for Lormeville.

Parent Material: 1 - 5 m of loess, derived from greywacke and schist,. on weathered outwash gravels and
till of the penultimate and possibly older glaciations (Wood 1966).

Soil type: Waikiwi silt loam (sites I and IT) and Waikiwi mottled silt loam (site III).

Soil Classification: New Zealand - Typic Firm Brown Soil; NZ Genetic - Southern Yellow-brown Earth;
Soil Taxonomy - Typic Haplumbrept.

Makerewa site I - no effluent

Location:  Alister Shirley's property, road paddock near crest of rise about 50 m east of f;
m from road (NZMS260 E46 476220). ence and 150

Vegetation: High quality pasture including rye grass, cocksfoot, and white clover.
Topography: Gently rolling - site located on the crest of a small rise.

Landuse: Sheep grazing
Profile description:
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Horizon Depth Description
cm
Ap 0-25 Dark brown (10YR 3/3) silt loam; strongly developed

fine, medium and coarse nut and granular structure;
slightly sticky; plastic; friable; many very fine roots;
indistinct smooth boundary,

AB 25-37 Brown (10YR 4/4) and yellowish brown (10YR 5/6)
silt loam; strongly developed medium nut breaking to
moderately developed fine and very fine crumb and
granular structure; slightly sticky; slightly plastic;
friable; common very fine roots; diffuse smooth
boundary,

Bwl 37-60 Yellowish brown (10YR 5/8) heavy silt loam;
moderately developed fine block breaking to
moderately developed fine and very fine crumb and
granular structure; sticky; plastic; friable; few faint
yellowish brown (10YR 5/8) clay coatings; few very
fine roots; diffuse smooth boundary,

Bw2 60-85 Yellowish brown (10YR 5/8) silty clay loam; few
fine black Mn concretions; massive; sticky; plastic;
friable; diffuse smooth boundary,

C 85-110+ Yellowish brown (10YR 5/8) silt loam; massive;
sticky; plastic; friable.

Makerewa Site II - effluent jrrigated

Site IT was representative of the majority of the landscape and similar to site I. Sites IT and ITI were in the
same paddock which was last ploughed 6 years prior to sampling (Mr G. Gu.nﬂn.:r, pers. com.m.). N?nher
site had received effluent irrigation since the summer of 1986-87. No irrigation was carried out in the
1987-88 and 1988/89 seasons because river flows allowed normal discharges to be made.

ation: G. Gunther's property, in hay shed paddock adjacent to boundary with the Makarewa meat
Locstion promingl;)lant farm. 100 m west of hay-shed on high part of an undulation (NZMS260

EA6 487222).
Vegetation:  Clover, ryegrass, cocksfoot pasture.

Topography: As for site I.

Profile description: as for site I except structure of the Ap horizon was strongly developed coarse block
breaking to strongly developed coarse nut structure.
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Makerewa - Site III - effluent irrigated in depression

i iwi i i -lying area where water ponds during
Site ITI (a Waikiwi mottled silt loam) was on a topographically low-ly a whe .
periods of intense irrigation or prolonged rainfall. Site ITI had been mole drained in an attempt to relieve
the ponding. Silage is sometimes fed out in the vicinity of site ITI.

Location: G. Gunther’s property, 40 m west of hayshed, 60 m east of site II (NZMS260 E46 487222).

Vegetation: Rye grass; docks; very little clover "grass tends to grow rank and stock don't like it" G.
Gunther (pers. comm.)

Topography: Gently rolling - this site situated in low part of a hollow.
Profile description:

Horizon depth Description
cm

Ap 0-25 Dull yellowish brown (10YR 4/4) silt loam with a
few fine distinct bright brown (7.5YR 5/8) mottles
and concretions; strongly developed very coarse
block breaking to moderately developed fine block
and granular structure; slightly sticky; slightly plastic;
friable, many very fine roots, diffuse smooth
boundary,

AB 25-40 Greyish yellow brown (10YR 4/2) and dull yellow
orange (10YR 6/4) heavy silt loam with common
medium distinct bright brown (7.5YR 5/8) mottles;
strongly developed fine nut structure; slightly sticky;
plastic; friable; very strong ped strength; common
very fine roots; diffuse smooth boundary,

Bgl 40-60 Dull yellow orange (10YR 6/4) silty clay loam with
many fine, medium and coarse distinct bright brown
(7.5YR 5/8) mottles; moderately developed coarse
block breaking to strongly developed fine block
structure; sticky; plastic; friable; very strong ped
strength; common faint clay coatings; few very fine
roots; diffuse smooth boundary,

Bg2 60-80 Dull yellowish brown (10YR 6/3) clay loam with
many fine medium and coarse bright brown (7.5YR
5/8) mottles; moderately developed coarse block
breaking to moderately developed fine block; very
sticky; common faint clay and iron/manganese
coatings; diffuse smooth boundary,

C 80-200 (By auger.) Greyish yellow (2.5Y 7/2) sandy clay
loam with profuse fine, medjum and coarse bright

brown (7.5YR 5/8) mottles; gravels encountered at
2m.
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Table A1.6 Soil permeability estimates and K_,, measurements - Makarewa

Site/sample

Site I, no irrigation

Ap

AB

Bwl

Bw2

Site II - effluent irrigated
Ap

AB

Bwl

Bw2

C

Site II - effluent irrigated, hollow
Ap

AB

Bgl

Bg2

27 18 5

W WA WA QA9
' 1

wWHAHs QN
'

Site I - no irrigation

Ap 5.8 4.8 50 5.1 0.3 17.0
Bw 6.0 4.5 15 1.2 0.1 12.0
Site II - effluent irrigated

Ap - 6.2 4.9 40 4.6 0.3 15.3
Bw 5.9 4.3 70 1.6 0.1 16.0
Site III - effluent irrigated, hollow

Ap & 5.5 4.6 160 4.5 0.3 15.0
Bg 6.1 4.6 80 1.3 0.1 13.0
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Oringi meat processing plant

Effluent properties: Effluent sampled at the top end of borders on two consecutive days in August 1390
had a pH of 6.4 and 6.7, an EC of 350 and 740 pS and a total solids content of 1000 and 1 900 g m™.

A spring flows from the terrace side adjacent to the effluent disposal site - it is thought that much of the
added water escapes to the Manawatu River via springs such as this one.

There was no reaction to the NaF test for allophane in the A horizon of these soils but a moderate positive
reaction was obtained in the B and C horizons.

Measurements were made in a border dyke irrigated block of coppicing gum trees (site IIT) and in a spray
irrigated stand of coppicing gums (site IV). Effluent was sampled, and bulk density measurements made,
along the length of a border in paddock 15 (site V).

Climate: Mean annual rainfall: 1093 mm with more in winter/spring than summer/autumn; mean air
temperature is 17.3 °C in February and 7.3 °C in July (NZ Meteorological Service 1983).

Parent material: Alluvial gravels and sands from predominantly greywacke with some loess.
Soil type: Kopua sandy loam.

Soil Classification: New Zealand - Typic Orthic Brown Soil; NZ Genetic - moderately to very strongly
leached intergrade between Yellow-brown loams and Yellow-brown earths (Pohlen, 1971); Soil
Taxonomy - Udic Ustochrept.

Oringi site I - no effluent sampled 31 January 1989

Location:  Oringi freezing works farm, 50 m north of pine/gum tree hedge, 30 m northeast of metal pit.
NZMS260 T24 682001.

Vegetation: Clover-ryegrass pasture.

Topography: Flat terrace surface. This site has never been irrigated and so has not been border dyked.

Profile description:

Horizon Depth Description
cm

Ap 0-28 Brownish black (10YR3/2) gravelly sandy
loam; moderately developed very coarse
block breaking to moderately developed very
fine to medium block and granular structure;
slightly sticky; slightly plastic; friable;many
very fine roots; many weakly weathered

st.lbrounded greywacke gravels and stones;
diffuse smooth boundary,

Bw 28-50 Dark brown (10YR3/4) gravelly sandy loam;
moderately developed fine and very fine
block plus fine granular structure; non-
sticky; non-plastic; very friable; many very
fine roots; many weakly weathered
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subrounded greywacke gravels and stones;
diffuse smooth boundary,

C 50-80+ Gravelly sand; single grain; non-sticky; non-
plastic; loose; few very fine roots; profuse
unweathered to weakly weathered
subrounded greywacke gravels, stones and a
few boulders.

Oringi - site I, effluent irrigated sampled 21 August 1990

Site II (in paddock 13) is border dyke effluent irrigated. Records showed that it had been irrigated over
7-13 June 1990, and prior to that in July 1989, with effluent travelling 100-150 m down the border and
not always being evenly distributed (Tai Hoera pers. comm. 1990).

Location:  Oringi freezing works farm, paddock 13, third border east of gate to race. NZMS260 T24
683996.

Vegetation: Ryegrass pasture.
Topography: Flat terrace surface, border dyked
Profile description: as for site 1 except structure of Ap horizon is recorded as moderately developed fine

and very fine nut structure breaking to moderately developed crumb structure. This difference could be
the result of the generally moister state of this soil at the time of sampling.
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Takapau meat procesing plant

Site I has never been irrigated and has not been border dyked. Site II is border dyke effluent irrigated.
Both sites are on the same terrace which is generally gently sloping northwest. The Takapau soil is
reasonably uniform and consists of a brownish black (10YR2/2) silt loam topsoil overlying very friable
fine sandy loam with gravelly sandy loam at about 50 cm. This overlies greywacke gravel and sand
alluvium.

Effluent application: 2000 m*/day is applied, using border dyke irrigation, over a total area of 180 ha, 5
days/week, from October to May. Less effluent is applied during June-July and the plant closes down for
6-8 weeks in August/September. The effluent is pumped from the plant to a holding dam at the highest
point in the irrigation area. It is then gravity fed through a series of races to the borders. The borders are
generally no more than 70 m long and the holding dam gives a water supply of 8 cusecs which ensures
that the water flows out readily across the borders, one of which is irrigated at a time. It takes
approximately 10 minutes in summer and 17 seconds in winter for the water to flow along the length of
the border (R. De Stackpole pers. comm. 1990). This system is effective in relatively evenly distributing
the effluent across the land but requires full time attention from the irrigation scheme operator.

Crop/animal management: In 1990 young bulls were being grazed but the area was previously used for
sheep and lambs. No special stock management is employed although it has been observed that stock
scour if left grazing paddocks during or immediately after effluent application (R. De Stockpool pers.
comm. 1990). Lucerne has been grown for hay. There has been a gradual increase in the amount of
barley grass and goose grass invading the effluent irrigated pastures. Plant growth increases under effluent
irrigation, particularly under the summer drought conditions which prevail in this area (R. de Stackpoole,
pers. comm. 1990).

Soil/site: The soil is Takapau silt loam, a Typic Allophanic Brown Soil (after Hewitt 1992) formed
primarily from greywacke-derived gravel and sand alluvium with some loess and tephra addition. The
water table is at about 5 m. Neighbours depend on this for bore water and some problems of nitrate
contamination of groundwater in these bores was occurring and being monitored. Deeper bores were not
being affected in 1989.
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Taumaruni meat processing plant - sampled 7 and 8 November 1989

Effluent application: 18 000 - 20 000 m® of effluent/day, five days/week for cight months of the year

(mid-November through to mid-August). Irrigation is generally conducted over an area for half to one day
at a time with a six to ten week break between irrigations.

Crop/animal management: On one occasion when fat came through the system, due to a plant failure,
stock would not eat the affected pasture for up to eight weeks afterwards (R. Bougen pers. comm. 1989).

Climate: Mean annual rainfall of 1440 mm with a mean temperature in January of 18°C and in July of
7.3°C (New Zealand Meteorological Service 1983).

Parent material: Pumice dominated alluvium. formed on a river terrace of cobble through to mud sized
pumice alluvium though sand and gravel predominate (Kermode 1977). This alluvium is mainly derived
from the Taupo Tephra eruption of 1850 yrs BP (Hay 1967).

Water table: is controlled ultimately by the level of the Wanganui River (about 40m below and to the west
of the effluent disposal site). The terrace alluvium is free draining with no impediments likely to cause
perching. The eastern side of the site is marked by the Waiwherowhero Stream towards the north and a
swampy, semi abandoned, stream channel towards the south. Both these streams lie approximately 10 m
below the terrace surface. It is therefore reasonable to assume that the watertable lies between 10 and 40
metres below the terrace surface and is unlikely to rise significantly or cause any limitations to effluent
irrigation.

Soil type: Manunui fine sandy loam

Soil classification: New Zealand - Allophanic Orthic Pumice Soil; NZ Genetic - Yellow-brown pumice
soil (Wilde 1977); Soil Taxonomy - Typic Udivitrand.

i - Sit o

Location: Stock holding paddock south of managers house and west of holding pond. In middle of
paddock 30m east of Totara tree, 50 m west of bolding pond and 50 m south of manager's house (NZMS1

N101 854106).

Topography: Broad flat area of terrace - terrace does however have a generally hummocky
meso-topography.

Vegetation: Clover/ryegrass pasture with plantain, occasional docks and common pasture weeds
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Profile description:

Horizon depth Description

cm

Ap 0-18 Brownish black (10YR 2/3) fine sandy loam; weakly
developed coarse block breaking to moderately developed fine
nut and crumb structure; non sticky; slightly plastic, many
very fine roots; distinct irregular boundary.

Bw 18-30 Yellowish brown (10YR 5/6) gravelly coarse sandy loam,
weakly developed medium block breaking to weakly
developed medium crumb structure; non sticky; non plastic;
common very fine roots; common weakly weathered sub-
rounded pumice gravels; diffuse smooth boundary.

C 30-95+ Dull yellow (2.5Y 6/3) loamy sand; few fine distinct bright

brown (7.5YR 5/8) mottles; strongly developed medium
crumb structure; non sticky, non plastic.

Taumarunui - site II - effluent irrigated.

Last irrigated about 4 months prior to sampling. Samples were also taken, for chemical analysis, from
one of the low-lying hollows, where water ponds following effluent irrigation.

Location:  Southern paddock on higher part of terrace 50m west of pine trees and creek, 30 m northeast
of new sprinkler head, 150 m south of gate (NZMS1 N101 858101).

Vegetation: Clover-ryegrass pasture.

Topography: Smooth, flat part of terrace.
Profile description:
Horizon  depth Description
cm
Ap 0-15 Brownish black (10YR 2/3) gravelly fine sandy loam; weakly

developed coarse block breaking to moderately developed
medium crumb structure; non sticky; slightly plastic; many
very fine roots; common weakly to moderately weathered sub-
rounded pumice gravels; distinct irregular boundary,

Bw 15-25 Yellowish brown (10YR 5/6) gravelly loamy sand; weakly
developed coarse block breaking to moderately developed
medium crumb-structure; non sticky; non plastic; common
very fine roots; common weakly weathered sub-rounded
pumice gravels; diffuse smooth boundary,

C 25-95+ Orange (7.5YR 7/6) gravelly loamy sand; strongly developed

medium and coarse crumb structure; non sticky; non plastic;

common unweathered sub-rounded pumice gravels and few
pumice stones.
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Table A1.8 Soil permeability estimates - Taumarunui

Site/sample " Permeability class estimate

Site I (no effluent)

Ap 4
Bw 4
C 5
Site I (effluent irrigated)

Ap 4
Bw 4
C 5

Soil chemical data (Table A1.9) show that all A horizons have a medium carbon content and medium to
high percent nitrogen. The pH in water is strongly acid at sites I and II but moderately acid at the ponded
sites (low lying areas of effluent accumulation during irrigation). The A horizon at site I (no effluent) has
a higher C content and electrical conductivity than the ponded site. This is unexpected and it may be a
reflection of the use of this site for stock holding not long prior to sampling. The data indicate that
effluent irrigation is having little effect on the measured properties at this site.

Table A1.9 Soil chemical data - Taumarumui

Site I - no effluent

Ap 4.9 4.4 360 10.4 0.6 17.3
Bw 5.4 4.4 10 2.7 0.2 13.5
Site II - effluent irrigated

Ap 5.1 4.1 110 9.1 0.6 15.2
Bw 5.1 43 60 3.4 0.2 17.0
Pond edge 5.6 4.4 160 8.2 0.5 16.4
pond centre 5.9 4.7 200 8.4 0.7 12.0
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Wakanui meat processing plant - sampled 18 December 1989

i irri roximately 5 ha
BT e, ek was spay gl oves spprowimatly 150 s f.y?inﬁ
travelling irrigator. The total available farm area 1s.about 300 ha of which only about half was irrigat
with effluent in 1989. The other half was water irrigated.
Climate: as for Fairton.
Parent material: as for Fairton.
Topography: Generally flat, some small undulations.
Soil type: Lismore sandy loam.
Soil classification: as for Fairton.

W. i site I - w irri

About 60 mm of rain had fallen on the two days prior to sampling. site I was ploughed aPout 18 m01.1ths
prior to sampling (P. Guildford pers. comm. 1989). It was irrigated with water 11 days prior to sampling.

Location: 100 m west of site II in neighbouring paddock, approximately 60 m west of deer
fence and "county water race” (NZMS260 L37 190976).
Vegetation: Common pasture grasses, clover, "wild" wheat.
Profile description:
Horizon Depth Description
cm
Ap 0-20 Brownish black (10YR 2/3) gravelly sandy loam;

moderately developed coarse blocky breaking to
moderately developed medium nut structure;
slightly sticky; slightly plastic; friable; common
very fine roots; few unweathered, subrounded

greywacke gravels and stones; distinct irregular
boundary,

Bw 20-55 Brown (10YR 4/6) gravelly stony sandy loam;
moderately developed fine granular structure;
non-sticky, non-plastic, common very fine roots;
abundant unweathered subrounded greywacke
gravels and stones; diffuse smooth boundary,

C 55-100+ Unweathered subrounded greywacke gravels,

stones and boulders with a sand matrix and
occasional sand lenses.

198




Appendix 1: Data for Chapter four
Wakanui - site II, effluent irrigated

Site I had not been ploughed for at least three years prior to sampling, It was irrigated with effluent 11
days prior to sampling.

Location: Second paddock south of the main race, 140 m south of east/west trending pine
hedge, 40 m east of "county water race" and deer fence, in paddock irrigated with
effluent (NZMS260 L37 192976).

Vegetation: Common pasture grasses, thistles in low-lying areas, no clover present, grass
approx 30 cm long.

Topography and Parent material as for site 1.

Profile description as for site I except A horizon was noticeably less dense, more porous, and less
consolidated than that for site I.

Table A1.10 Soil permeability estimates and K ,, measurements - Wakanui

Site I - water irrigated

surface 9 2 2

Ap 7
Bw 6
C 7

Site II - effluent irrigated

surface 85 03 2
Ap

Bw

C

NN

Table A1.11 Soil chemical data - Wakanui _

Sw/  pH_ pH

sample - (H,0) XQa) .

iite o Water ﬂggmed 53 55 3.1 0.2 15.5
Ba' 56 44 20 0.9 0.1 9.0
iite - eﬁ]llem;;lgaled 57 130 33 02 16.5
Bgv 54 44 110 0.8 0.1 8.0
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Appendix 2: Data for Chapter 5

Table A2.1 Factorial trial design.

Core (10°C) eff.* soil rain time - vol. - Core (25°C). “time 7 vol.
1001 w K Hi 9 Lo 2001 W K Lo 3 Hi
1002 w K Lo 3 Lo 2002 W K Hi 9 Hi
1003 w K Hi 3 Hi 2003 w K Lo 9 Lo
1004 w K Lo 9 Hi 2004 W K Hi 3 Lo
1101 w B Lo 3 Hi 2101 W B Hi 9 Lo
1102 w B Hi 9 Hi 2102 w B Lo 3 Lo
1103 w B Lo 9 Lo 2103 w B Hi 3 Hi
1104 w B Hi 3 Lo 2104 w B Lo 9 Hi
1005 P K Lo 3 Hi 2005 P K Hi 9 Lo
1006 P K Hi 9 Hi 2006 P K Lo 3 Lo
1007 P K Lo 9 Lo 2007 P K Hi 3 Hi
1008 P K Hi 3 Lo 2008 P K Lo 9 Hi
1105 P B Hi 9 Lo 2105 P B Lo 3 Hi
1106 P B Lo 3 Lo 2106 P B Hi 9 Hi
1107 P B Hi 3 Hi 2107 P B Lo 9 Lo
1108 P B Lo 9 Hi 2108 P B Hi 3 Lo
1009 F K Hi 3 Hi 2009 F K Lo 9 Lo
1010 F K Lo 9 Hi 2010 F K Hi 3 Lo
1011 F K Hi 9 Lo 2011 F K Lo 3 Hi
1012 F K Lo 3 Lo 2012 F K Hi 9 Hi
1109 F B Lo 9 Lo 2109 F B Hi 3 Hi
1110 F B Hi 3 Lo 2110 F B Lo 9 Hi
1111 F B Lo 3 Hi 2111 F B Hi 9 Lo
1112 F B Hi 9 Hi 2112 F B Lo 3 Lo
1013 A K Lo 9 Lo 2013 A K Hi 3 Hi
1014 A K Hi 3 Lo 2014 A K Lo 9 Hi
1015 A K Lo 3 Hi 2015 A K Hi 9 Lo
1016 A K Hi 9 Hi 2016 A K Lo 3 Lo
1113 A B Hi 3 Hi 2113 A B Lo 9 Lo
1114 A B Lo 9 Hi 2114 A B Hi 3 Lo
1115 A B Hi 9 Lo | 2115 A B Lo 3 H1
1116 A B Lo 3 Lo | 2116 A B Hi 9 Hi

— o = pri = bic. Seils; K = Kopua sandy
* Efftuents (eff.); W = water, P = primary treated, F = primary + felltm.mgf:ry, A : am}ero ; ia 52

lo::m, B= l(;nm)twood sandy loam. Rain; Lo = low volume (11 mm/application), Hi = high volume (70 x_nm/a?phcauon).
Time, 3 = 3 days between effluent applications, 9 = 9 days between effluent applications. Volume (vol.); Hi = .lngp volume
(45 mm/application every three days or 135 mm/application every 9 days) and Lo = low volume (15 mm/application every

3 days or 45 mm/application every 9 days).
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Table A2 2 Core permeablllty data _ — K Ve

o MBET ~SD Ka2 | (mm hr') % %

S ambe) . (umbr)  (mmbr) ’ 229 31 26
To01 266 66 83 174 27 97
1002 179 57 48 268 S0 %0
1003 297 57 148 143 5 77
1004 185 61 83 157 28 48
1005 331 35 94 as £ 48
1006 91 11 39 101 23 71
1007 141 28 33 272 57 124
1008 219 62 212 m i 176
1009 119 48 41 25 19 50
1010 170 17 33 6 s 29
1011 220 47 12 261 20 18
1012 221 41 44 143 s 110
1013 131 32 100 L 78 o
1014 226 91 169 2 ; »
1015 216 12 2 Pt 3 27
1016 220 44 29 920 76 105
1101 879 93 668 > % 136
1102 1261 469 1209 1717 % 3
1103 786 272 620 593 » »
1104 464 96 461 615 % 3
1105 1782 225 787 1431
1106 1132 236 987 1094 87 97
1107 623 103 0.5 4 0.08 0.6
1108 1131 106 114 446 10 39
1109 1151 208 801 1043 70 91
1110 745 103 1169 1383 157 186
1111 939 256 52 233 6 03
1112 498 98 232 397 47 80
1113 412 125 608 787 148 190
1114 696 82 620 906 89 130
1115 829 247 692 465 83 56
1116 660 169 859 859 130 130
2001 92 17 72 191 78 208
2002 145 41 100 176 69 121
2003 81 18 80 30 99 37
2004 116 29 102 120 88 104
2005 165 34 155 200 94 122
2006 92 22 307 181 335 198
2007 296 97 0.01 158 0.003 54
2008 440 66 212 716 48 163
2009 282 31 170 328 60 117
2010 246 70 233 334 94 136
2011 141 46 0.01 58 0.006 41
2012 561 58 116 161 21 29
2013 355 50 2 358 0.4 101
2014 430 69 313 405 73 94
2015 202 60 136 224 67 111
2016 600 96 787 1288 131 215
2101 2447 631 2576 3148 105 129
2102 1507 164 1574 1431 104 95
2103 2057 337 1682 2290 82 11
2104 1305 334 1091 2647 84 203
2105 1783 270 954 2433 54 73
2106 1008 308 859 1240 85 123
2107 1258 202 1207 1383 9% 110
2108 2153 190 2218 3148 103 146
2109 1411 379 0.1 537 0.009 38
2110 1820 254 0.7 2969 0.04 163
2111 1083 358 1055 1002 po 93
2112 1336 146 2147 2004 161 150
2113 1706 300 1610 2433 94 143
2114 2579 a16 2017 3721 78 144
2115 1526 308 1431 1932 94 127
2116 802 183 1002 2290 125 286

* MBE is the mean of seven permeability measurements made prior to effluent application. K,at 2 is the Kw two days after the

last effluent application. K, 13 is K, 13 days after the last effluent application. AKWZ was calculated as K_2/MBE x 100 -
ie the percentage of the measured value compared to the initial value. This eliminates the effects of initial between-core differences
and is the value used for the statistical analysis. Similarly, AK,, 13 is K,,13/MBE x 100.
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Table A2 i i
.3 Core soil properties at conclusion of experiment

Core bulk
no. density pH pH elflctrical A
& om’ HO conductivi aggregate coat ratin
1001 1.06 ( = 1) (C:q‘) uS ki C% stability surfage coat ratings
1002 0.96 5:2 4.(1) 30 =7 Rt 8/;_ ~day2 ,day 13 day 35
1003 1.08 53 ) %0 6.5 6 o o
1004 i o 30 0 0
0.88 54 40 72 * 0 0
1005 0.94 48 ' >0 73 o 0 l
1006 ] 39 180 24 3
1.10 46 73 2 .
1007 ] 40 140 o 3
1.08 49 6 2 s
1008 ) 41 150 7 >
1.15 5.2 74 2 s
loog . 41 100 87 2
1.10 51 6.7 0 l
1010 ) 43 260 58 1
1.16 52 71 8 0 l
1011 ) o 160 0 :
1.24 51 170 8 ) 1
1012 : 4 150 s 2
1.04 51 39 85 l :
1013 . 4.0 150 2
0.99 4.5 64 85 ; 1
1014 39 250 3
1.34 47 66 8 3 :
1015 30 110 ;
1.07 4.2 69 8 2 ;
lois 338 450 2 2
098 42 36 4 8 3 3
1101 0.73 5.4 42 3 65 : 3 3 ;
1102 0.71 49 40 s o4 iy 0 o o
1103 071 5.1 41 % se & 0 o 0
1104 0.73 5.0 40 7 7 36 0 0 0
1105 0.70 438 3.9 1 5‘3 73 3 0 0 o
1106 0.70 48 40 7 82 i i
1106 . 250 7 : !
073 45 39 250 2 52 ! ! l
1108 0.67 43 38 300 7 8 3 :
1109 0.68 5.0 7e 8 2 :
1109 42 240 74 3 2
0.71 5.0 4.1 280 y 87 2 1 ;
1111 0.69 53 43 300 S 5 0 0 0
1112 0.70 52 45 320 o o ! ! i
1113 0.72 43 38 300 5 7 3 2 :
1114 0.71 44 39 280 L > 3 3 ;
1115 0.67 42 38 240 i o 3 3 ;
1116 0.68 45 40 200 T o 2 2 3
2001 1.16 5.5 47 50 3 . 2 2 i
2002 133 5.6 48 50 . o 0 0 :
2003 133 5.6 48 50 53 b 0 0 0
2004 1.16 5.5 47 70 e ; 0 0 0
2005 1.28 5.5 47 100 P o 9 0 0
2006 1.16 5.4 47 100 o - 2 ! '
2007 1.12 52 48 250 p . 9 9 l
2008 1.03 52 45 180 2'8 S ; 2 ;
2009 1.01 5.4 48 200 6-8 o 3 2 2
2010 1.16 5.5 48 150 5 . : !
2011 1.04 5.6 5.0 400 5 o ; ? }
2012 1.30 5.5 49 300 ;g - ; 3 3
2013 112 5.0 46 . po 2
) . ! 300 :
2014 134 49 45 250 o o ; > ;
2015 1.12 5.1 46 180 o o ; > 3
2016 1.36 5.4 48 100 2'6 b > 3 3
2101 0.63 5.4 47 100 6.7 o ; ; :
2102 0.64 5.4 48 100 7'8 o 0 o 0
2103 0.63 5.6 48 100 7% % o p 0
2104 0.66 5.5 48 100 6.6 o o 0 0
2105 0.69 5.4 47 200 7.4 o 5 . :
2106 0.68 5.0 45 200 73 o : : 2
2107 0.70 53 48 200 72 o . . 2
2108 0.68 53 47 200 72 o 0 0 .
2109 0.67 5.4 47 300 73 o 3 S o
2110 0.68 56 5.0 300 6.9 56 ; ; S
2111 0.66 5.5 48 260 8.0 % : . 2
2112 0.69 5.5 49 250 7.5 o4 0 o o
2113 0.66 5.2 48 300 8.4 - 3 ’ .
2114 0.66 5.1 47 200 72 5 ; ; ;
2115 0.70 5.0 46 250 76 o 3 . S
2116 0.65 5.0 47 350 7.1 g; ; ; ;
# = lots of activity/mixing due to grass grub. : - *
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Table A2.4 Effluent leachate dat

Coreno.-. - Effluent = pH " Electrical conductivity Total Sglids Colour
G : e ) o uS cm™ gm
1001 w 6.3 180 200 clear
1002 w 6.3 200 200 clear
1003 w 6.2 200 200 clear
1004 w 6.3 160 <100 clear
1005 P 6.2 980 800 5Y8/2
1006 P 6.4 660 600 5Y8/1
1007 P 6.5 600 400 5Y8/1
1008 P 6.7 620 800 2.5Y6/6
1009 F 7.0 1350 1200 5Y82
1010 F 72 880 900 sY/6
1011 F 7.0 1500 - clear
1012 F 6.8 700 500 5Y8/3
1013 A 6.6 780 600 5Y8/2
1014 A 6.6 600 400 5Y8/1
1015 A 6.4 1200 1000 clear
1016 A 6.7 1200 1000 5Y8/1
1101 w 6.2 200 200 clear
1102 w 6.5 160 100 5Y8/1
1103 w 6.1 200 100 clear
1104 w 6.1 200 100 clear
1105 P 6.4 600 500 Y76
1106 p 6.4 600 400 5Y81
1107 p 6.0 950 600 *
1108 P 6.4 700 500 5Y8/1
1109 F 6.8 750 600 *
1110 F 7.4 800 700 5Y/6
1111 F 6.8 1200 900 5Y873
1112 F 6.5 1050 900 5Y8/4
i }3 A 5.5 1100 800 5Y8/1
4 A 6.4 1000 700 5Y8/1
1116 A 6.9 1000 600 5Y8/1
A 6.8 850 500 5Y8/2
2001 w 6.8 250 200 clear
2002 w 6.9 190 100 clear
2003 w 6.7 300 200
clear
2004 w 6.8 250 200
clear
2005 P 6.7 800 500 5Y8/2
2006 p 6.7 1500 1000 5Y8/1
2007 P 7.0 1300 1000 5Y7/4
2008 P 7.1 1100
800 5Y8/1
2009 F 7.1 2000 1500 5
2010 F 6.9 900 Y7/5
600 5Y8/4
2011 F 73 2400
2100 5Y7/6
2012 F 7.0 2400
1900 SY8/4
2013 A 6.6 1600 1200
2014 A 6.9 1600 SY82
1000 5Y8/2
2015 A 7.0 1000 600
2016 A 6.9 1100 5Y873
700 5Y8/0
2101 w 7.1 400 400
2102 w 6.9 500 clear
2103 w 6.9 320 0 Clear
2104 w 7.1 250 250 clear
2105 P 72 950 300 clear
2106 P 71 1200 900 5Y7/6
2107 P 70 1000 900 5Y8/1
2108 P 72 850 800 5Y873
2109 F 8.0 1900 1000 5Y7/6
2110 F 77 2500 1800 5Y7/6
2111 F 73 1400 2000 5Y8/4
2112 F 70 2400 1300 5Y7/s
2113 A 72 1500 1700 5Y8/4
2114 A 7.5 1600 oo0 3ves
2115 A 73 1500 900 5Y8/3
2116 A 73 1250 900 5Y8/3
900 5Y8/2
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Table A2.5 Statistical analysis of soil permeability measurements

cevee

A2.5a: SOIL K.,
SOURCE OF VARIATION

*UNITS* STRATUM
TEMP
EFF
REG1
DEVIATIONRS
SOIL
RAIN
TIME
VoL
TEMP.EFF
DEV.REG1
DEVIATIONS
TEMP.SOIL
EFP.SOIL
REG1.DEV
DEVIATIONS
TEMP.RAIR
EFPF.RAIN
REG1.DEV
DEVIATIORS
SOIL.RAIN
TEMP.TIME
EFF.TIME
REG1.DEV
DEVIATIORS
SOIL.TIME
RAIN.TIME
TEMP . VOL
EFP.VOL
REG1.DEV
DEVIATIONS
80IL.VOL
RAIN.VOL
TIME.VOL
RESIDUAL
TOTAL

GRAND TOTAL

GRAND MEAN

ANALYSIS OF VARIANCE +e+vs

TOTAL NUMBER OF OBSERVATIONS

NUMBER OF MISSING VALUES

MAXIMUM NUMBER OF ITERATIONS

UNIT
NUMBER
38

DF ss

0.63582
0.57587
0.51220
0.06366
0.61928
0.04470
0.07981
2.04677
0.12074
0.00502
0.11572
0.04775
0.23716
0.02927
0.20790
0.16233
0.05128
0.00402
0.04725
0.00237
0.04266
0.07928
0.04444
0.03484
0.00263
0.00770
0.36453
0.77462
0.71356
0.06107
0.23827
0.00723
0.54707
19(1) 1.48643
46 8.17430

HEFEFPRPEONPE RS RERNE e NEHFEENHEAERENE R N o=

46 8.17430

0.612

48

1

5
ESTIMATED
VALUE
1.213

2 DAYS AFTER END OF EFFLUENT APPLICATION

Ss%

8.15
7.38
6.57
0.82
7.94
0.57
1.02
26.25
1.55
0.06
1.48
0.61
3.04
0.38
2.67
2.08
0.66
0.05
0.61
0.03
0.55
1.02
0.57
0.45
0.03
0.10
4.67
9.93
9.15
0.78
3.06
0.09
7.02
19.06
104.83

104.83

0.63582
0.28793
0.51220
0.06366
0.61928
0.04470
0.07981
2.04677
0.06037
0.00502
0.11572
0.0477s
0.11858
0.02927
0.20790
0.16233
0.02564
0.00402
0.04725
0.00237
0.04266
0.03964
0.04444
0.03484
0.00263
0.00770
0.36453
0.38731
0.71356
0.06107
0.23827
0.00723
0.54707
0.07823
0.17770
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8.127
3.680
6.547
0.814
7.916
0.571
1.020
26.162
0.772
0.064
1.479
0.610
1.516
0.374
2.657
2.075
0.328
0.051
0.604
0.030
0.545
0.507
0.568

0.098

0.092
6.993

F PR

0.010
0.045
0.019
0.378
0.011
0.459
0.325
<0.001
0.476
0.803

0.016

¢¢¢¢* STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL PERMEABILITY 2 DAYS AFTER EFFLUENT #www+

RAIN

TIME

TEMP

0.1399

SOIL

12

TABLE TEMP
801L

REP 24
8ED 0.0807
TABLE EFF

SOIL
REP 8
SED 0.1399
TABLE TEMP

VOL
REP 12
SED 0.1142

EFF 80OIL

16 24
0.0989 0.0807
TEMP EFF
RAIN RAIN
12 8
0.1142 0.1399
EFF SOIL
VoL VOL

8 12
0.1399 0.1142

(NOT ADJUSTED POR MISSING VALUES)

0.

12

1142 0.

¢+¢e+ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION ##¢ww

STRATUM

*UNITS*

DF

19

SE

0.2797

Cvy

45.7

0.1399

12
0.1142

12
0.1142
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A2.5b: SOIL PERMEABILITY 13 DAYS AFTER THE END OF EFFLUENT APPLICATION

SOURCE OF VARIATION DF ss ss% MS VR F PR
- .
U;":::i STRATOM 1 1.2140 10.10 1.2140 7.243 0.014
EFF 2 0.3048 2.54 0.1524 0.909 0.419
REG1 1 0.2998 2.49 0.2998 1.789 0.196
DEVIATIONS 1 0.0050 0.04 0.0050 0.030 0.865
SOIL 1 0.0845 0.70 0.0845 0.504 0.486
RAIN 1 0.0416 0.35 0.0416 2.48 0.624
TIME 1 0.2492 2.07 0.2492 1.487 0.237
VoL 1 0.2636 2.19 0.2636 1.573  0.224
TEMP . EFF 2 0.9021 7.51 0.4511 2.691 0.092
DEV.REG1 1 0.0208 0.17 0.0208 0.124 0.728
DEVIATIONS 1 0.8813 7.33 0.8813 5.258 0.033
TEMP.SOIL 1 0.0393 0.33 0.0393 0.234 0.634
EFF.SOIL 2 0.2472 2.06 0.1236 0.738  0.491
REG1.DEV 1 0.0914 0.76 0.0914 0.546 0.469
DEVIATIONS 1 0.1558 1.30 0.1588 0.929 0.347
TEMP . RAIN 1 1.0002 8.32 1.0002 5.968 0.024
EFF.RAIN 2 0.1298 1.08 0.0649 0.387 0.684
REG1.DEV 1 0.0325 0.27 0.0325 0.194 0.664
DEVIATIONS 1 0.0973 0.81 0.0973 0.580 0.455
SOIL.RAIN 1 0.0112 0.09 0.0112 0.067 0.799
TEMP . TIME 1 0.2215 1.84 0.2215 1.321  0.264
EFF.TIME 2 0.1062 0.88 0.0531 0.317 0.732
REG1.DEV 1 0.0124 0.10 0.0124 0.074 0.788
DEVIATIONS 1 0.0938 0.78 0.0938 0.559 0.463
SOIL.TIME 1 0.6202 5.16 0.6202 3.700 0.069
RAIN.TIME 1 0.0217 0.18 0.0217 0.130 0.723
TEMP . VOL 1 0.1499 1.25 0.1499 0.894 0.356
EFF.VOL 2 1.6231 13.50 0.8116 4.842 0.019
REG1.DEV 1 1.6217 13.49 1.6217 9.676 0.006
DEVIATIONS 1 0.0014 0.01 0.0014 0.008  0.928
SOIL.VOL 1 0.0171 0.14 0.0171 0.102 0.752
RAIN.VOL 1 0.2732 2.27 0.2732 1.630 0.216
TIME.VOL 1 1.1475 9.55 1.1475 6.846 0.017
RESIDUAL 20 3.3521 27.89 0.1676
TOTAL 47 12.0199 100.00 0.2557
GRAND TOTAL 47 12.0199 100.00
GRAND MEAN 1.018
TOTAL NUMBER OF OBSERVATIONS 48

w+#v#+* STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL PERMEABILITY 13 DAYS AFTER END OF EFFLUENT*****

TABLE TEMP EFF SOIL RAIN TIME voL TEMP TEMP
_________________________________________ EFF SOIL
REP 24 16 24 24 i ";; ------------------------------------
24 [} 12
SED 0.1182 0.1447 0.1182 0.1182 0.1182 0.1182 0.2047 0.1671
TABLE EFF TEMP EFF SOIL TEMP EFF 8OIL RAIN
______________________ ?C_DET:_ RAIN RAIN RAIN TIME TIME TIME TIME
REP 8 12 8 o -;; -------------------------------------------------
12 8 12 1
SED 0.2047 0.1671 0.2047 0.1671 0.1671 0.2047 0.1671 [} 1672;
TABLE TEMP EFF soIL RAIN TIME
VoL voL VoL voL VOL
REP 12 8 12 12 12
SED 0.1671 0.2047 0.1671 0.1671 0.1671

*##** STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION +v+wees
STRATUM DF 8E Cvy

*UNITS* 20 0.4094 40.2
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Appendix 2: Data for Chapter 5

Table A2.6 Statistical analysis of soil properties measured at the conclusion of the

experiment.

eeves ANALYSIS OF VARIANCE ¢*w++

A2.6a: SOIL BULK DERSITY

SOURCE OF VARIATION

*UNITS* STRATUM
TEMP
EFF
REG1
DEVIATIONS
SOIL
RAIN
TIME

GRAND TOTAL

GRAND MEAN

TOTAL NUMBER OF OBSERVATIONS

eseee GTANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL

TABLE TEMP
8O1IL

REP 32
SED 0.0219
TABLE EFF

SOIL
REP 8
SED 0.0437
TABLE TEMP

VoL
REP 16
8ED 0.0309

eewee STRATUM STANDARD ERRORS AND COEFFICIENTS OF

STRATUM

*UNITS*

DF

WHRNRWUROEWRERNRWBREREENDPWR

w
WO KHKFMEMNKFEWEKFKMENK-

o

o0
w

ss

0.026002
0.005555
0.000827
0.004728
3.181764
0.016577
0.000127
0.005077
0.020867
0.014702
0.006166
0.090752
0.010005
0.004064
0.005941
0.016577
0.024267
0.015939
0.008328
0.020664
0.008789
0.027567
0.007877
0.019691
0.003164
0.000000
0.002139
0.013692
0.000189
0.013503
0.010252
0.000127
0.007439
0.229236
3.720636

3.720636

0.908

EFF

64

SOIL

0.0219

EFF
RAIN

0.0309

SE

0.0874

VARIATION w*we+

Ccve

9.6

Ss% MS VR
0.70 0.026002 3.403
0.15 0.001852 0.242
0.02 0.000827 0.108
0.13 0.002364 0.309

85.52 3.181764 416.396
0.45 0.016577 2.169
0.00 0.000127 0.017
0.14 0.005077 0.664
0.56 0.006956 0.910
0.40 0.014702 1.924
0.17 0.003083 0.403
2.44 0.090752 11.877
0.27 0.003335 0.436
0.11 0.004064 0.532
0.16 0.002970 0.389
0.45 0.016577 2.169
0.65 0.008089 1.059
0.43 0.015939 2.086
0.22 0.004164 0.545
0.56 0.020664 2.704
0.24 0.008789 1.150
0.74 0.009189 1.203
0.21 0.007877 1.031
0.53 0.009845 1.288
0.09 0.003164 0.414
0.00 0.000000 0.000
0.06 0.002139 0.280
0.37 0.004564 0.597
0.01 0.000189 0.025
0.36 0.006752 0.884
0.28 0.010252 1.342
0.00 0.000127 0.017
0.20 0.007439 0.974
6.16 0.007641

100.00 0.059058
100.00
BULK DENSITY #e**+
RAIN TIME
32 32
0.0219 0.0219
SOIL TEMP
RAIN TIME
16 16
0.0309 0.0309
RAIN TIME
VOL VoL
16 16
0.0309 0.0309

0.601
0.622
0.876
0.424
0.256
0.898
0.332

TEMP

0.0437

8SOIL
TIME

207




A2.6b: SOIL pH(H;0)

Appendix 2: Data for Chapter 5

SOURCE OF VARIATION DF ss ss% MS VR F PR
*UNITS* STRATUM
TEMP 1 3.90063 40.13 3.90063 256.479 <.001
EFF 3 3.97125 40.86 1.32375 87.041  <.001
REG1 1 0.25000 2.57 0.25000 16.438 <.001
DEVIATIONS 2 3.72125 38.28 1.86063 122.342 <.001
SOIL 1 0.10562 1.09 0.10562 6.945 0.013
RAIN 1 0.04000 0.41 0.04000 2.630 0.115
TIME 1 0.06250 0.64 0.06250 4.110 0.052
VoL 1 0.07562 0.78 0.07562 4.973 0.033
TEMP .EFF 3 0.35813 3.68 0.11938 7.849  <.001
DEV.REG1 1 0.01563 0.16 0.01563 1.027 0.319
DEVIATIONS 2 0.34250 3.52 0.17125 11.260 <.001
TEMP .SOIL 1 0.02250 0.23 0.02250 1.479 0.233
EFF.SOIL 3 0.07312 0.75 0.02437 1.603  0.209
REG1.DEV 1 0.00062 0.01 0.00062 0.041  0.841
DEVIATIONS 2 0.07250 0.75 0.03625 2.384 0.109
TEMP .RAIN 1 0.00063 0.01 0.00063 0.041  0.841
EFF.RAIN 3 0.01625 0.17 0.00542 0.356 0.785
REG1.DEV 1 0.01000 0.10 0.01000 0.658  0.424
DEVIATIONS 2 0.00625 0.06 0.00312 0.205 0.815
SOIL.RAIN 1 0.03062 0.32 0.03062 2.014 0.166
TEMP . TIME 1 0.01563 0.16 0.01563 1.027 0.319
EFF.TIME 3 0.03625 0.37 0.01208 0.795 0.507
REG1.DEV 1 0.00000 0.00 0.00000 0.000
DEVIATIONS 2 0.03625 0.37 0.01812 1.192  0.318
SOIL.TIME 1 0.00063 0.01 0.00063 0.041  0.841
RAIN.TIME 1 0.00000 0.00 0.00000 0.000
TEMP . VOL 1 0.00000 0.00 0.00000 0.000
EFF.VOL 3 0.49813 5.12 0.16604 10.918  <.001
REG1.DEV 1 0.00563 0.06 0.00563 0.370 0.548
DEVIATIONS 2 0.49250 5.07 0.24625 16.192  <.001
SOIL.VOL 1 0.04000 0.41 0.04000 2.630 0.115
RAIN.VOL 1 0.01563 0.16 0.01563 1.027 0.319
TIME.VOL 1 0.00063 0.01 0.00063 0.041  0.841
RESIDUAL 30 0.45625 4.69 0.01521
TOTAL 63 9.72000 100.00 0.15429
GRAND TOTAL 63 9.72000 100.00
GRAND MEAN 5.100
TOTAL NUMBER OF OBSERVATIONS 64
www++ STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL pH**#++
TABLE TEMP EFF SOIL RAIN TIME VoL TEMP TEMP
_______________________________________________________________ EFF SOIL
REP 32 16 32 32 32 32 s ;
SED 0.0308 0.0436 0.0308 0.0308 0.0308 0.0308 0.0617 o.ou:
TABLE EFF TEMP EFF SOIL TEMP EFF so1L RAIN
______ SOIL RAIN RAIN RAIN TIME TIME TIME TIME
RER 8 16 8 16 16 s ;; -----------
SED 0.0617 0.0436 0.0617 0.0436 0.0436 0.0617 0.0436 0.04;:
TABLE TEMP EFF SOIL RAIN TIME
VOL VoL VoL VOL voL
REP 16 8 16 16 16
SED 0.0436 0.0617 0.0436 0.0436 0.0436

#««++ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION +*w%#++
STRATUM DF SE cve

*UNITS* 30 0.1233 2.4
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A2.6c: SOIL PHey
SOURCE OF VARIATION

*UNITS* STRATUM

TEMP

EFF
REG1
DEVIATIONS

8SOIL

RAIN

TIME

voL

TEMP .EFF

SOIL.RAIN
TEMP.TIME
EFF.TIME
REG1.DEV
DEVIATIONS
SOIL.TIME
RAIN.TIME
TEMP . VOL
EFF.VOL
REG1.DEV
DEVIATIORS
SOIL.VOL
RAIN.VOL
TIME.VOL
RESIDUAL
‘TOTAL

GRAND TOTAL

GRAND MEAN

TOTAL NUMBER OF OBSERVATIONS

DF

PR ENHFWORPPRPREVDRERWOEEFDEORODFEPOFRERNDEWORER BN W

oW
w o

[}
w

8s

8.122500
0.783125
0.160000
0.623125
0.002500
0.015625
0.002500
0.002500
0.071250
0.030625
0.040625
0.000625
0.033750
0.015625
0.018125
0.002500
0.013125
0.002500
0.010625
0.040000
0.000625
0.051250
0.005625
0.045625
0.005625
0.002500
0.005625
0.248750
0.030625
0.218125
0.000625
0.010000
0.000625
0.268750
9.684371

9.684371

4.384

64

Ss¥%

83.87
8.09
1.65
6.43
0.03
0.16
0.03
0.03
0.74
0.32
0.42
0.01
0.35
0.16
0.19
0.03
0.14
0.03
0.11
0.41
0.01
0.53
0.06
0.47
0.06
0.03
0.06
2.57
0.32
2.25
0.01
0.10
0.01
2.78

100.00

100.00

8.122500 9
0.261042
0.160000
0.311563
0.002500
0.015625
0.002500
0.002500
0.023750
0.030625
0.020312
0.000625
0.011250
0.015625
0.009062
0.002500
0.004375
0.002500
0.005313
0.040000
0.000625
0.017083
0.005625
0.022812
0.005625
0.002500
0.005625
0.082917
0.030625
0.109063
0.000625
0.010000
0.000625
0.008958
0.153720

eeves STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL PHewcrz *****

TEMP

EFF

SOIL

RAIN

Appendix 2: Data for Chapter 5

0€.697
29.140
17.860
34.779
0.279
1.744
0.279
0.279
2.651

<.001
<.001
<.001

0.793

32
0.0237

EFF

0.0335

0.0473

0.0335

0.0335

weees GTRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION **

STRATUM

+*UNITS*

0.

SE

0946

CV%

2.2

0.0335

wrw

0.0473

0.0335

0.0335
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Appendix 2: Data for Chapter 5

A2.6d: SOIL ELECTRICAL CONDUCTIVITY
SOURCE OF VARIATION DF 8s SS% MS VR F PR

*UNITS* STRATUM
400 0.07 400 0.156 0.695

TEMP 1
EFF 3 363188 59.08 121063 47.305 <.001
REG1 1 51756 8.42 51756 20.224 <.001
DEVIATIONS 2 311431 50.66 155716 60.846 <.001
SOIL 1 33306 5.42 33306 13.014 0.001
RAIN 1 900 0.15 900 0.352 0.558
TIME 1 25 0.00 25 0.010 0.922
VoL 1 60025 9.76 60025 23.455 <.001
TEMP .EFF 3 9638 1.57 3213 1.255 0.307
DEV.REG1 1 1056 0.17 1056 0.413 0.525
DEVIATIONS 2 8581 1.40 4291 1.677 0.204
TEMP.SOIL 1 156 0.03 156 0.061 0.807
EFF.SOIL 3 5931 0.96 1977 0.773 0.518
REG1.DEV 1 5625 0.91 5625 2.198 0.149
DEVIATIONS 2 306 0.05 153 0.060 0.942
TEMP . RAIN 1 2500 0.41 2500 0.977 0.331
EFF.RAIN 3 1563 0.25 521 0.204 0.893
REG1.DEV 1 56 0.01 56 0.022 0.883
DEVIATIONS 2 1506 0.25 753 0.294 0.747
SOIL.RAIN 1 506 0.08 506 0.198 0.660
TEMP.TIME 1 900 0.15 900 0.352 0.558
EFF.TIME 3 5938 0.97 1979 0.773 0.518
REG1.DEV 1 3906 0.64 3906 1.526 0.226
DEVIATIONS 2 2031 0.33 1016 0.397 0.676
SOIL.TIME 1 2256 0.37 2256 0.882 0.355
RAIN.TIME 1 25 0.00 25 0.010 0.922
TEMP . VOL 1 100 0.02 100 0.039 0.845
EFF.VOL 3 30638 4.98 10213 3.991 0.017
REG1.DEV 1 1056 0.17 1056 0.413 0.525
DEVIATIONS 2 29581 4.81 14791 5.779 0.008
SOIL.VOL 1 11556 1.88 11556 4.516 0.042
RAIN.VOL 1 1225 0.20 1225 0.479 0.494
TIME.VOL 1 7225 1.18 7225 2.823 0.103
RESIDUAL 30 76715 12.49 2559
TOTAL 63 614775 100.00 9758
GRAND TOTAL 63 614775 100.00
GRAND MEAN 189.4
TOTAL NUMBER OF OBSERVATIONS 64

#wew* STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL ELECTRICAL CONDUCTIVITY

TABLE TEMP EFF SOIL RAIN TIME VOL ‘TEMP TEMP
---------------------------- EFF 8SOIL
REP 32 16 32 2z ;; -------------------------------------
32 8 16
SED 12.65 17.89 12.65 12.65 12.65 12.65 25.29 17.89
TABLE EFF TEMP EFF SOIL TEMP EFF SOIL RAIN
____________________ 80IL RAIN RAIN RAIN TIME TIME TIME TIME
REP 8 16 8 -;; -------------------------------------------------
16 8 16
SED 25.29 17.89 25.29 17.89 17.89 25.29 17.89 17 ;:
TABLE TEMP EFF SOIL RAIN TIME
‘VOL ‘VOL VOL VoL VOL
REP 16 8 16 16 16
SED 17.89 25.29 17.89 17.89 17.89

www++ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION w#w++

STRATUM DF SE vy

+*UNITS* 30 50.59 26.7
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Appendix 2: Data for Chapter 5
A2.6e¢: Soil Carbon &

SOURCE OF VARIATION DF ss Ss% MS

VR F PR
*UNITS* STRATUM
TEMP 1 0.7877 3.14 0.7877 4.433  0.044
EFF 3 1.3167 5.25 0.4389 2.470 0.081
REG1 1 0.0452 0.18 0.0452 0.254 0.618
DEVIATIONS 2 1.2716 5.07 0.6358 3.578  0.040
SOIL 1 6.5664 26.19 6.5664 36.953  <.001
RAIN 1 0.1914 0.76 0.1914 1.077 o0.308
TIME 1 0.1914 0.76 0.1914 1.077 0.308
VoL 1 0.4389 1.75 0.4389 2.470  0.127
TEMP . EFF 3 2.6242 10.47 0.8747 4.923  0.007
DEV.REG1 1 0.0689 0.27 0.0689 0.388 0.538
DEVIATIONS 2 2.5553 10.19 1.2777 7.190  ©0.003
TEMP .SOIL 1 1.2377 4.94 1.2377 6.965 0.013
EFF.SOIL 3 0.1380 0.55 0.0460 0.259 0.854
REG1.DEV 1 0.0564 0.22 0.0564 0.317 0.577
DEVIATIONRS 2 0.0816 0.33 0.0408 0.229 0.796
TEMP . RAIN 1 0.2139 0.85 0.2139 1.204 0.281
EFF.RAIN 3 0.2330 0.93 0.0777 0.437 0.728
REG1.DEV 1 0.0827 0.33 0.0827 0.465 0.500
DEVIATIONS 2 0.1503 0.60 0.0752 0.423  0.659
SOIL.RAIR 1 0.0564 0.22 0.0564 0.317 0.577
TEMP . TIME 1 0.0189 0.08 0.0189 0.106 0.747
EFF.TIME 3 0.2755 1.10 0.0918 0.517 0.674
REG1.DEV 1 0.1702 0.68 0.1702 0.958  0.336
DEVIATIONS 2 0.1053 0.42 0.0527 0.296 0.746
SOIL.TIME 1 0.0127 0.05 0.0127 0.071  ©0.791
RAIN.TIME 1 0.1914 0.76 0.1914 1.077 0.308
TEMP . VOL 1 0.0452 0.18 0.0452 0.254 0.618
EFF.VOL 3 1.1680 4.66 0.3893 2.191  0.110
REG1.DEV 1 1.1289 4.50 1.1289 6.353  0.017
DEVIATIONS 2 0.0391 0.16 0.0195 0.110 0.896
SOIL.VOL 1 3.0189 12.04 3.0189 16.989 <.001
RAIN.VOL 1 0.3164 1.26 0.3164 1.7861  0.192
TIME.VOL 1 0.7014 2.80 0.7014 3.947 0.056
RESIDUAL 30 5.3309 21.26 0.1777
TOTAL 63 25.0748 100.00 0.3980
GRAND TOTAL 63 25.0748 100.00
GRAND MEAN 6.977
TOTAL NUMBER OF OBSERVATIONS 64
«eves STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL C & #¥#w«
TABLE TEMP EFF SOIL RAIN TIME VoL TEMP TEMP
EFF SOIL
REP 32 16 32 32 32 32 8 16
SED 0.1054 0.1490 0.1054 0.1054 0.1054 0.1054 0.2108 0.1490
TABLE EFF TEMP EFF sOIL TEMP EFF SoIL RAIN
80IL RAIN RAIN RAIN TIME TIME TIME TIME
REP 8 16 8 16 16 8 16 16
SED 0.2108 0.1490 0.2108 0.1490 0.1490 0.2108 0.1490 0.1490
TABLE TEMP EFF SOIL RAIN TIME
VoL VOL VOL VOL VOL
REP 16 8 16 16 16
SED 0.1490 0.2108 0.1490 0.1490 0.1490

wwh

e++es STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION

STRATUM DF SE V¥

«UNITS* 30 0.4215 6.0
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Appendix 2: Data for Chapter 5

B2.6f: AGGREGATE STABILITY

Ms VR F PR
SOURCE OF VARIATION DF (MV) ss ss¥%
.U}qnls:i' s 1 28.30 3.28 28.30 2.440 0.130
3 87.14 10.09 29.05 2.505 0.081
o 0.48 0.06 0.48 0.041  0.841
EEZ\GI;ATIONS ; 86.67 10.04 43.33 3.737  0.037
1 132.60 15.36 132.60 11.434  0.002
smon. 3.04 0.35 3.04 0.262 0.613
5 1 . . 1.79 0.154 0.698
TIME 1 1.79 0.21 . . .
voL 1 2.82 0.33 2.82 0.243  0.626
. 0.02
TEMP . EFF 3 133.68 15.49 44.56 3.842 ° oo;
1 125.00 14.48 125.00 10.778 .
DEvinTIo 4 0.375  0.691
DEVIATIONS 2 8.69 1.01 4.36 0-375  0.691
TEMP.SOIL 1 2.16 0.25 2.1 . .
EFF.SOIL 3 7.86 0.91 2.62 0.226 0.878
REG1.DEV 1 1.03 0.12 1.03 g.g:: z.:::
DEVIATIONS 2 6.83 0.79 3.41 20 0-747
TEMP .RAIN 1 3.12 0.36 3.12 0.269 .
EFF.RAIN 3 49.49 5.73 16.50 1.423  0.259
REG1.DEV 1 5.09 0.59 5.09 0.439  0.514
DEVIATIONS 2 44.41 5.14 22.20 1.915 0.168
SOIL.RAIN 1 29.49 3.42 29.49 2.543  0.123
TEMP . TIME 1 11.20 1.30 11.20 0.965 0.335
EFF.TIME 3 53.81 6.23 17.94 1.547 0.226
REG1.DEV 1 0.70 0.08 0.70 0.060 0.808
DEVIATIONS 2 53.11 6.15 26.56 2.290 0.121
SOIL.TIME 1 17.32 2.01 17.32 1.494 0.233
RAIN.TIME 1 20.96 2.43 20.96 1.808 0.190
TEMP . VOL 1 10.96 1.27 10.96 0.945 0.340
EFF.VOL 3 28.60 3.31 9.53 0.822 0.494
REG1.DEV 1 21.90 2.54 21.90 1.889 0.181
DEVIATIONS 2 6.70 0.78 3.35 0.289 0.752
SOIL.VOL 1 16.04 1.86 16.04 1.383  0.250
RAIN.VOL 1 10.66 1.23 10.66 0.919 0.346
TIME.VOL 1 34.18 3.96 34.18 2.947 0.098
RESIDUAL 26( 4) 301.52 34.93 11.60
TOTAL 59 986.75 114.31 16.72
GRAND TOTAL 59 986.75 114.31
ESTIMATED GRAND MEAN 85.46
TOTAL NUMBER OF OBSERVATIONS 64
NUMBER OF MISSING VALUES 4
MAXIMUM NUMBER OF ITERATIONS 7
UNIT ESTIMATED
NUMBER VALUE
3 95.41
16 87.37
17 88.70
35 83.04
++ees STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL AGGREGATE STABILITY##e++
TABLE TEMP EFF so1L RAIN TIME VoL TEMP TEMP
EFF so1L
32 32 32 32 8 16
0.851 0.851 0.851 0.851 1.703 1.204
TABLE EFF TEMP EFF SOIL TEMP EFF soIL RAIN
sotL RAIN RAIN RAIN TIME TIME TIME TIME
REP 8 16 8 16 16 o 16 Te
SED 1.703 1.204 1.703 1.204 1.204 1.703 1.204 1.204
TABLE TEMP EFF soIL RAIN TIME
VoL VoL voL voL voL
REP 16 8 16 16 16
SED 1.204 1.703 1.204 1.204 1.204

(NOT ADJUSTED FOR MISSING VALUES)

«++«++ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION ##www
STRATUM DF 8E CV¥

*UNITS* 26 3.405 4.0

212




A2.6g: Core surface crust two days after effluent application stopped

SOURCE OF VARIATION DF (MV) ss ss¥ ms
*UNITS* STRATUM
TEMP 1 0.0540 0.05 0.0540
EFF 3 56.2576 53.36 18.7525
REG1 1 2.9006 2.75 2.9006
DEVIATIONS 2 53.3570 50.61 26.6785
SOIL 1 0.0540 0.05 0.0540
RAIN 1 0.0000 0.00 0.0000
TIME 1 6.0178 5.71 6.0178
voL 1 17.6663 16.76 17.6663
TEMP .EFF 3 1.4519 1.38 0.4840
DEV.REG1 1 0.2678 0.25 0.2678
DEVIATIONS 2 1.1841 1.12 0.5920
TEMP.SOIL 1 0.2991 0.28 0.2991
EFF.SOIL 3 0.3875 0.37 0.1292
REG1.DEV 1 0.0000 0.00 0.0000
DEVIATIONS 2 0.3875 0.37 0.1938
TEMP.RAIN 1 0.0616 0.06 0.0616
EFP.RAIN 3 0.1619 0.15 0.0540
REG1.DEV 1 0.0716 0.07 0.0716
DEVIATIORS 2 0.0903 0.09 0.0452
SOIL.RAIR 1 0.0881 0.08 0.0881
TEMP.TIME 1 0.0540 0.05 0.0540
EFF.TIME 3 2.0487 1.94 0.6829
REG1.DEV 1 0.4944 0.47 0.4944
DEVIATIONS 2 1.5543 1.47 0.7772
SOIL.TIME 1 0.0716 0.07 0.0716
RAIN.TIME 1 0.0186 0.02 0.0186
TEMP.VOL 1 1.0354 0.98 1.0354
EFF.VOL 3 8.3748 7.94 2.7916
REG1.DEV 1 6.0178 5.71 6.0178
DEVIATIORS 2 2.3570 2.24 1.1785
SOIL.VOL 1 0.2678 0.25 0.2678
RAIN.VOL 1 0.0716 0.07 0.0716
TIME.VOL 1 3.2288 3.06 3.2288
RESIDUAL 28( 2) 9.8354 9.33 0.3513
TOTAL 61 107.5066 101.96 1.7624
GRAND TOTAL 61 107.5066 101.96
ESTIMATED GRAND MEAN 1.494
TOTAL NUMBER OF OBSERVATIONS 64
NUMBER OF MISSING VALUES 2
MAXIMUM NUMBER OF ITERATIONS 4
UNIT ESTIMATED
NUMBER VALUE
10 1.742
s4 2.883
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0.154
53.386

F PR

0.698
<.001
0.008
<.001
0.698

<.001
<.001
0.270
0.390
0.204
0.364
0.777

0.582

¢¢ves STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL CRUST 2 DAYS AFTER END OF EFFLUENT APPLICATION#*#+#++

32
0.1482

EFF
TIME

8
0.2963

0.

0.

TEMP

EFF

2963

SOIL
TIME

16
2095

TEMP

16

16
0.2095

TABLE TEMP EFF SOIL RAIN TIME
;;;--_ 32 16 32 32 32
SED 0.1482 0.2095 0.1482 0.1482 0.1482
TABLE EFF TEMP EFF SOIL TEMP
80IL RAIN RAIN RAIN TIME
;;; ------------- 8 16 8 16 16
SED 0.2963 0.2095 0.2963 0.2095 0.2095
TABLE TEMP EFF SOIL RAIN TIME
‘VOL VOL VOL VoL VoL
-------------------------------- 16 16 16
REP 16 8
SED 0.2095 0.2963 0.2095 0.2095 0.2095

(NOT ADJUSTED FOR MISSING VALUES)

¢e+++v STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION *w++w

STRATUM DF 8E o427

*UNITS* 28 0.5927 39.7
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A2.6h: Soil surface crust 13 days after effluent application was stopped

SOURCE OF VARIATION DF ss sss MS VR F PR
~UNITS* STRATUM
TEMP 1 0.2500 0.28 0.2500 0.638 0.431
EFF 3 50.7500 57.83 16.9167 43.191  <.001
REG1 1 0.2500 0.28 0.2500 0.638  0.431
DEVIATIONS 2 50.5000 57.55 25.2500 64.468 <.001
8OIL 1 0.2500 0.28 0.2500 0.638 0.431
RAIN 1 1.0000 1.14 1.0000 2.553  0.121
TIME 1 4.0000 4.56 4.0000 10.213  0.003
VoL 1 9.0000 10.26 9.0000 22.979 <.001
TEMP .EFF 3 1.2500 1.42 0.4167 1.064 0.379
DEV.REG1 1 0.0000 0.00 0.0000 0.000
DEVIATIONS 2 1.2500 1.42 0.6250 1.596 0.219
TEMP.SOIL 1 0.2500 0.28 0.2500 0.638 0.431
EFF.SOIL 3 0.2500 0.28 0.0833 0.213 0.887
REG1.DEV 1 0.0000 0.00 0.0000 0.000
DEVIATIONS 2 0.2500 0.28 0.1250 0.319 0.729
TEMP .RAIN 1 0.2500 0.28 0.2500 0.638 0.431
EFF.RAIN 3 0.5000 0.57 0.1667 0.426 0.736
REG1.DEV 1 0.2500 0.28 0.2500 0.638  0.431
DEVIATIONS 2 0.2500 0.28 0.1250 0.319 0.729
SOIL.RAIN 1 0.2500 0.28 0.2500 0.638 0.431
TEMP . TIME 1 0.0000 0.00 0.0000 0.000
EFF.TIME 3 1.5000 1.71 0.5000 1.277 0.300
REG1.DEV 1 0.2500 0.28 0.2500 0.638 0.431
DEVIATIONS 2 1.2500 1.42 0.6250 1.596 0.219
SOIL.TIME 1 0.0000 0.00 0.0000 0.000
RAIN.TIME 1 0.0000 0.00 0.0000 0.000
TEMP . VOL 1 1.0000 1.14 1.0000 2.553  0.121
EFF.VOL 3 3.0000 3.42 1.0000 2.553 0.074
REG1.DEV 1 1.0000 1.14 1.0000 2.553  0.121
DEVIATIONS 2 2.0000 2.28 1.0000 2.553 0.095
SOIL.VOL 1 0.2500 0.28 0.2500 0.638  0.431
RAIN.VOL 1 0.0000 0.00 0.0000 0.000
TIME.VOL 1 2.2500 2.56 2.2500 5.745 0.023
RESIDUAL 30 11.7500 13.39 0.3917
TOTAL 63 87.7500 100.00 1.3929
GRAND TOTAL 63 87.7500 100.00
GRAND MEAN 1.188
TOTAL NUMBER OF OBSERVATIONS 64

#++++ STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL CRUSTS 13 DAYS AFTER EFFLUERT APPLICATIOR ¢ve¢e¢e

TABLE TEMP EFF SOIL RAIN TIME VoL TEMP TEMP
------------------------------------------- EFF SOIL
REP 32 16 32 32 32 2 ; ---------- ;;‘
SED 0.1565 0.2213 0.1565 0.1565 0.1565 0.1565 0.3129 0.2213
TABLE EFF TEMP EFF 8SOIL TEMP EFF SOIL RAIN
---------------------- ??1-3:__---_ RAIN RAIN RAIN TIME TIME TIME TIME
- s 16 s Tieae ST
16 8 16

SED 0.3129 0.2213 0.3129 0.2213 0.2213 0.3129 0.2213 o 221:
‘TABLE TEMP EFF 80IL RAIN TIME

VOL VoL VOL VOL ‘VOL
REP 16 8 16 16 16
SED 0.2213 0.3129 0.2213 0.2213 0.2213

wwe++ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION w#ww«+
STRATUM DF SE CV¥

*UNITS* 30 0.6258 52.7
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A2.61: Soil surface crust 35 days after efflent application was stopped

SOURCE OF VARIATION

*UNITS* STRATUM

TEMP
EFF
REG1
DEVIATIONS
SOIL
RAIN
TIME
VoL
TEMP .EFF
DEV.REG1
DEVIATIONS
TEMP.SOIL
EFF.SOIL
REG1.DEV
DEVIATIONS
TEMP.RAIN
EFF.RAIN
REG1.DEV
DEVIATIONS
SOIL.RAIN
TEMP.TIME
EFF.TIME
REG1.DEV
DEVIATIONS
SOIL.TIME
RAIN.TIME
TEMP . VOL
EFF.VOL
REG1.DEV
DEVIATIONS
SOIL.VOL
RAIN.VOL
TIME.VOL
RESIDUAL
TOTAL

GRAND TOTAL

ESTIMATED GRAND MEAN

HPEPPEPNFPWOERPENRPORRERNREWORND W HNRWH MNP W

DF (MV)

29( 1)

62

62

TOTAL NUMBER OF OBSERVATIONS
RUMBER OF MISSING VALUES

MAXIMUM NUMBER

OF ITERATIONS

UNIT ESTIMATED
NUMBER VALUE
14 1.866

8s

0.0000
41.3793
0.0544
41.3249
0.9669
0.2670
1.6045
9.1005
0.5076
0.2336
0.2741
0.0711
2.0008
0.0000
2.0008
1.5210
0.2341
0.2336
0.0006
0.5377
0.2336
1.2468
0.0711
1.1757
0.9669
0.0032
0.0544
2.0677
0.0000
2.0677
0.5377
0.0544
1.0337
10.3667
74.7558

74.7558

Ssy

0.00
55.68
0.07
55.61
1.30
0.36
2.16
12.25
0.68
0.31
0.37
0.10
2.69
0.00
2.69
2.05
0.32
0.31
0.00
0.72
0.31
1.68
0.10
1.58
1.30
0.00
0.07
2.78
0.00
2.78
0.72
0.07
1.39
13.95
100.59

100.59

0.0000
13.7931
0.0544
20.6624
0.9669
0.2670
1.6045
9.1005
0.1692
0.2336
0.1370
0.0711
0.6669
0.0000
1.0004
1.5210
0.0780
0.2336
0.0003
0.5377
0.2336
0.4156
0.0711
0.5878
0.9669
0.0032
0.0544
0.6892
0.0000
1.0338
0.5377
0.0544
1.0337
0.3575
1.2057
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0.000
38.585

F PR

<.001
0.699
<.001

0.157

0.211

0.147

0.072
0.230
0.699
0.100

v*¢¢* STANDARD ERRORS OF DIFFERENCES OF MEANS FOR SOIL CRUST 35 DAYS AFTER END OF EFFLUENT APPLICATION #¢#ew

TABLE

SOIL

RAIN

TIME

16

w#wwv+ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION #+ee¢+

S8TRATUM

*UNITS*

TEMP EFF
32 16
0.1495 0.2114
EFF TEMP
8SOIL RAIN

8 16
0.2989 0.2114
TEMP EFF
VOL VOL

16 8
0.2114 0.2989

FOR MISSING VALUES)

DF

29 0.5979

16
0.2114

Ccvy

49.1

16
0.2114

16
0.2114

16
0.2114
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Appendix 2: Data for Chapter 5

Table A2.7 Statistical analysis of core leachate

#wxv« ANALYSIS OF VARIANCE ww#+«+

2.7a: Core leachate pH

SOURCE OF VARIATION DF ss sss MS VR F PR
“UNITS* STRATUM
TEMP 1 4.95062 41.00 4.95062 85.478 <.001
EFF 3 2.57188 21.30 0.85729 14.802 <.001
REG1 1 0.76562 6.34 0.76562 13.219 0.001
DEVIATIONS 2 1.80625 14.96 0.90313 15.594  <.001
SOIL 1 0.18063 1.50 0.18063 3.119 0.088
RAIN 1 0.00250 0.02 0.00250 0.043 0.837
TIME 1 0.05062 0.42 0.05062 0.874 0.357
VoL 1 0.01000 0.08 0.01000 0.173 0.681
TEMP .EFF 3 0.23188 1.92 0.07729 1.335 0.282
DEV.REG1 1 0.07563 0.63 0.07563 1.306 0.262
DEVIATIONS 2 0.15625 1.29 0.07812 1.349 0.275
TEMP.SOIL 1 0.85562 7.09 0.85562 14.773  <.001
EFF.80IL 3 0.03188 0.26 0.01063 0.183  0.907
REG1.DEV 1 0.00062 0.01 0.00062 0.011 0.918
DEVIATIONS 2 0.03125 0.26 0.01563 0.270 0.765
TEMP .RAIN 1 0.00250 0.02 0.00250 0.043  0.837
EFF.RAIN 3 0.02750 0.23 0.00917 0.158 0.924
REG1.DEV 1 0.00250 0.02 0.00250 0.043  0.837
DEVIATIONS 2 0.02500 0.21 0.01250 0.216 0.807
SOIL.RAIN 1 0.00250 0.02 0.00250 0.043  0.837
TEMP . TIME 1 0.03063 0.25 0.03063 0.529 0.473
EFF.TIME 3 0.13688 1.13 0.04563 0.7868 0.510
REG1.DEV 1 0.10562 0.87 0.10562 1.824 0.187
DEVIATIONS 2 0.03125 0.26 0.01563 0.270 0.765
SOIL.TIME 1 0.00562 0.05 0.00562 0.097 0.757
RAIN.TIME 1 0.00250 0.02 0.00250 0.043 0.837
TEMP . VOL 1 0.42250 3.50 0.42250 7.295 0.011
EFF.VOL 3 0.46500 3.85 0.15500 2.676 0.065
REG1.DEV 1 0.12250 1.01 0.12250 2.115 0.156
DEVIATIONS 2 0.34250 2.04 0.17125 2.957 0.067
SOIL.VOL 1 0.04000 0.33 0.04000 0.691 0.413
RAIN.VOL 1 0.22563 1.87 0.22563 3.896 0.058
TIME.VOL 1 0.09000 0.75 0.09000 1.554  0.222
RESIDUAL 30 1.73750 14.39 0.05792
TOTAL 63 12.07438 100.00 0.19166
GRAND TOTAL 63 12.07438 100.00
GRAND MEAN 6.791
TOTAL NUMBER OF OBSERVATIONS 64

w+w++ STANDARD ERRORS OF DIFFERENCES OF MEANS FOR EFFLUENT OUTFLOW pH*+*+++

TABLE TEMP EFF SOIL RAIN TIME VoL TEMP TEMP
____________________________________________________________ EFF soIL
REP 32 16 32 32 2 e TS
32 8
SED 0.0602 0.0851 0.0602 0.0602 0.0602 0.0602 0.1203 0 oa;:
TABLE EFF TEMP EFF SOIL TEMP EFF soIL RAIN
______________________ ??31_.-"“""111\1“_1_1_ RAIN RAIN TIME TIME TIME TIME
REP 8 16 8 w6 e TR
16 8 1
SED 0.1203 0.0851 0.1203 0.0851 0.0851 0.1203 0 oasf 0 oe;:
TABLE TEMP EFF SOIL RAIN TIME
VoL voL VoL VOL VOL
REP 16 8 16 16 16
SED 0.0851 0.1203 0.0851 0.0851 0.0851

##w%% STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION ##+&+
STRATUM DF SE cvy

“UNITS* 30 0.2407 3.5
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Appendix 2: Data for Chapter 5

2.7b: Core Leachate Electrical Conductivity

SOURCE OF VARIATION DF ss ssy ms VR F PR
*UNITS* STRATUM
TEMP 1 3534400 15.32 3534400 47.603  <.001
EFF 3 13760306 59.63 4586769 €1.777 <.001
REG1 1 3851406 16.69 3851406 51.872  <.001
DEVIATIONS 2 9908900 42.94 4954450 66.729  <.001
SOIL 1 2256 0.01 2256 0.030 0.863
RAIN 1 84100 0.36 84100 1.133  0.296
TIME 1 9025 0.04 9025 0.122  0.730
voL 1 566256 2.45 566256 7.627 0.010
TEMP .EFF 3 1489788 6.46 496596 6.688  0.001
DEV.REG1 1 616225 2.67 616225 8.300 0.007
DEVIATIORS 2 873563 3.79 436781 5.883  0.007
TEMP.SOIL 1 25600 0.11 25600 0.345 0.561
EFF.SOIL 3 78331 0.34 26110 0.352  0.788
REG1.DEV 1 66306 0.29 66306 0.893  0.352
DEVIATIORS 2 12025 0.05 6013 0.081  0.922
TEMP .RAIN 1 339306 1.47 339306 4.570  0.041
EFF.RAIN 3 78488 0.34 26163 0.352  0.788
REG1.DEV 1 42025 0.18 42025 0.566 0.458
DEVIATIORS 2 36463 0.16 18231 0.246 0.784
SOIL.RAIN 1 1600 0.01 1600 0.022 0.884
TEMP.TIME 1 0 0.00 [} 0.000
EFF.TIME 3 116213 0.50 38738 0.522  0.671
REG1.DEV 1 900 0.00 900 0.012 0.913
DEVIATIONS 2 115313 0.50 57656 0.777 0.469
SOIL.TIME 1 21025 0.09 21025 0.283  0.599
RAIN.TIME 1 43056 0.19 43056 0.580 0.452
TEMP.VOL 1 2500 0.01 2500 0.034 0.856
EFF.VOL 3 457256 1.98 152419 2.053  0.128
REG1.DEV 1 138756 0.60 138756 1.869 0.182
DEVIATIONS 2 318500 1.38 159250 2.145  0.135
SOIL.VOL 1 127806 0.55 127806 1.721  0.199
RAIN.VOL 1 78400 0.34 78400 1.056 0.312
TIME.VOL 1 32400 0.14 32400 0.436 0.514
RESIDUAL 30 2227431 9.65 74248
TOTAL 63 23075546 100.00 366279
GRAND TOTAL 63 23075546 100.00
GRAND MEAN 959
TOTAL NUMBER OF OBSERVATIONS 64
*¢¢*+ STANDARD ERRORS OF DIFFERENCES OF MEANS #++++
TABLE TEMP EFF soIL RAIN TIME voL r:;g srggf.
rep T 32 16 32 32 32 32 8 16
SED 68.1 96.3 68.1 68.1 68.1 68.1 136.2 96.3
TEM] EFF sor. RATL
TABLE EFF e EE,FIF so“In. r 'rzF TIM]E.:‘ TI e
80IL RAIN N N TIME ME ME
REp TTTTTTTTTTYT s 16 s 16 16 8 16 16
SED 136.2 96.3 136.2 96.3 96.3 136.2 96.3 96.3
RAIN TIME
TABLE TEMP EFF SOIL
VOL voL voL voL voL
----------------------------------- 16 16 16
REP 16 8
SED 96.3 136.2 96.3 96.3 96.3

¢¢e++ STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION ##ww«

STRATUM DF SE cv¥

“UNITS* 30 272.5 28.4
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A2.7c: Core leachate Total Solids content

SOURCE OF VARIATION DF ss ss% MS VR F PR
+UNITS* STRATUM
TEMP 1 2102500 14.81 2102500 79.340 <.001
EFF 3 7690000 54.16 2563333 96.730 <.001
REG1 1 3240000 22.82 3240000 122.264  <.001
DEVIATIONS 2 4450000 31.34 2225000 83.962 <.001
SOIL 1 10000 0.07 10000 0.377 0.544
RAIN 1 10000 0.07 10000 0.377 0.544
TIME 1 62500 0.44 62500 2.358  0.135
VoL 1 810000 5.71 810000 30.566 <.001
TEMP .EFF 3 1250000 8.80 416667 15.723  <.001
DEV.REG1 1 640000 4.51 640000 24.151  <.001
DEVIATIONS 2 610000 4.30 305000 11.509 <.001
TEMP.SOIL 1 160000 1.13 160000 6.038 0.020
EFF.SOIL 3 62500 0.44 20833 0.786 0.511
REG1.DEV 1 o 0.00 0 0.000
DEVIATIONS 2 62500 0.44 31250 1.179 0.321
TEMP .RAIN 1 90000 0.63 90000 3.396 0.075
EFF.RAIN 3 102500 0.72 34167 1.289 0.296
REG1.DEV 1 22500 0.16 22500 0.849 0.364
DEVIATIONS 2 80000 0.56 40000 1.509 0.237
SOIL.RAIN 1 22500 0.16 22500 0.849 0.364
TEMP . TIME 1. 0 0.00 0 0.000
EFF.TIME 3 95000 0.67 31667 1.195 0.328
REG1.DEV 1 10000 0.07 10000 0.377 0.544
DEVIATIONS 2 85000 0.60 42500 1.604 0.218
SOIL.TIME 1 2500 0.02 2500 0.094 0.761
RAIN.TIME 1 [ 0.00 0 0.000
TEMP . VOL 1 2500 0.02 2500 0.094 0.761
EFF.VOL 3 707500 4.98 235833 8.899 <.001
REG1.DEV 1 122500 0.86 122500 4.623  0.040
DEVIATIONS 2 585000 4.12 292500 11.038  <.001
SOIL.VOL 1 160000 1.13 160000 6.038  0.020
RAIN.VOL 1 40000 0.28 40000 1.509 0.229
TIME.VOL 1 22500 0.16 22500 0.849  0.364
RESIDUAL 30 795000 5.60 26500
TOTAL 63 14197500 100.00 225357
GRAND TOTAL 63 14197500 100.00
GRAND MEAN 731
TOTAL NUMBER OF OBSERVATIONS 64

«w#%«* STANDARD ERRORS OF DIFFERENCES OF MEANS FOR EFFLUENT OUTFLOW TOTAL SOLIDS www«¢¢

TABLE ‘TEMP EFF SOIL RAIN TIME VoL TEMP TEMP
----------------------------------------------------- EFF SOIL
REP 32 16 32 32 ;; -------------------------------------
32 8
SED 40.7 57.6 40.7 40.7 40.7 40.7 81.4 571:
TABLE EFF TEMP EFF SOIL TEMP EFF SOIL RAIN
______________________ ?‘_)fl:_““"_m-“!;‘"_ RAIN RAIN TIME TIME TIME TIME
REP 8 16 8 ;; -------------------------------------------------
16 8 1
SED 8l1.4 57.6 81.4 57.6 57.6 81.4 57 : 5712
TABLE TEMP EFF SOIL RAIN TIME
VOL VoL VOL VoL VOL
REP 16 8 w ;.; -------------
16
SED 57.6 81.4 57.6 57.6 57.6

ww#«% STRATUM STANDARD ERRORS AND COEFFICIENTS OF VARIATION #wwew
STRATUM DF SE cvy

*UNITS* 30 162.8 22.3
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Appendix 3. Data for chapter 6.

Soeil description - Bruntwood sandy loam

Location: Farm paddock approximately 300 m south of Horotiu Road, 70 m north

of silage pit, 10 m west of fence (Grid. Ref. NZMS260 S14 140779).
Elevation: 40 m.

Slope/aspect: 0 - 5° slope towards north east, flat to low-rolling terrace with some
stream dissection.

Vegetation/landuse: Pasture grasses and thistles, grazing, mainly lamb and beef
fattening.

Climate: Mean annual rainfall 1201 mm; mean annual temperature range 8.3 -
18.1 °C (New Zealand Meteorological Service, 1983).

Parent material: Alluvium dominated by rhyolitic materials.

Soil Classification:  Typic impeded Allophanic Soil (Hewitt 1992); Yellow-brown
loam (Taylor and Pohlen, 1979); Aquic Udivitrand (Soil Survey
Staff, 1990).

Horizon Depth Description
(cm)

Ap 0-20 Very dark brown (10YR2/2) sandy loam; moderately
developed coarse block structure breaking to moderately
developed fine to medium nut structure; slightly sticky;
slightly plastic; very friable when moist; friable when
dry; many very fine roots; allophanic reaction; distinct
irregular boundary,

Bwl 20-40 yellowish brown (10YR5/6) sandy clay loam with few
faint iron concretions; massive in situ breaking to
moderately developed coarse block structure breaking to
weakly developed very fine to fine granular to crumb
structure; sticky; plastic; very friable when moist; friable
when dry; no allophane reaction; diffuse smooth
boundary,

Bw2 40-65 yellowish brown (10YR5/8) sandy clay loam with
greyish yellow brown (10YR6/2) distinct medium sized
mottles, massive in situ breaking to moderately
developed coarse block structure breaking to weakly

219




Bg

65 +

Appendix 3: Data for chapter 6

developed fine crumb structure; sticky; plastic; very
friable when moist; friable when dry; very firm in situ;
few fine roots; no allophane reaction; indistinct smooth

boundary,

greyish yellow brown (10YR6/2) sandy clay loam with
many medium distinct bright brown (7.5YR5/6) mottles
and few medium distinct reddish brown (5YR4/8)
mottles; massive in situ breaking to weakly developed
fine block structure; sticky to very sticky; plastic; friable
when moist; few fine roots; no allophane reaction.

Table A3.1 Moisture retention data for soil cores

vol. water  Equivalent pore

diameter

-0.04 0.95 0.67 375
-0.09 0.89 0.62 166
-0.2 0.78 0.54 75

-0.3 0.74 0.52 50

-1.0 0.62 0.44 15

-3.3 0.55 0.39 4.5
-10 0.46 0.32 1.5
-30 0.44 0.31 0.5
-150 0.26 0.18 0.1
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Appendix 3: Data for chapter 6

Table A3.2 Infiltration data for effluent infiltration trial (Chapter 6)

Series Time K K SE SE
sec mm hr! ms’! mm hr! » ms!

Water 1 0 70 1.94e-05
SS=10gm? 3600 58 1.61e-05 12 3.33e-06
7200 44 1.22¢-05 6 1.67e-06
9900 44 1.22¢-05 5 1.39¢-06
13500 40 1.11e-05 9 2.50e-06
17100 36 1.00e-05 6 1.67¢-06

Water 2 0 70 1.94¢-05
SS=10gm? 7200 63 1.75e-05 4 1.11e-06
10800 69 1.92¢-05 7 1.94e-06
14400 75 2.08e-05 15 4.17¢-06
18000 61 1.69¢-05 5 1.39¢-06
20700 56 1.56e-05 4 1.11e-06

Water 3 0 70 1.94e-05
SS=15gm? 3600 42 1.17e-05 8 2.22¢-06
7200 44 1.22e-05 10 2.78e-06
10800 46 1.28e-05 9 2.50e-06
14400 39 1.08e-05 11 3.06e-06
16200 37 1.03e-05 9 2.50e-06
19800 32 8.89¢-06 13 3.61e-06

Untreated 0 70 1.94¢-05
SS=1400 gm™ 3600 26 7.22¢-06 4 1.11e-06
9900 11 3.06¢-06 3 8.33e-07
13500 11 3.06e-06 1 2.78e-07
17100 9 2.50e-06 1 2.78e-07
18000 5 1.39¢-06 1 2.78e-07

Primary 0 70 1.94e-05
SS =550 g m* 7200 50 1.39¢-05 6 1.67e-06
10800 31 8.61e-06 3 8.33e-07
14400 25 6.94¢-06 3 8.33e-07
18000 20 5.56e-06 3 8.33e-07
21600 14 3.89¢-06 3 8.33e-07
24300 16 4.44¢-06 3 8.33e-07

Anaerobic 0 70 1.94¢-05
SS=15gm? 3600 75 2.08e-05 13 3.61e-06
7200 64 1.78e-05 12 3.33e-06
9000 62 1.72e-05 10 2.78e-06
12600 46 1.28e-05 13 3.61e-06
16200 53 1.47¢-05 7 1.94¢-06
18000 41 1.14e-05 8 2.22¢-06
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Appendix 4 : Data for Chapter 7

Table A4.1 Data for core recovery trial, 25 degree C

Core Mean
number pre

effluent day 1.5 day4

-meabili

Effluent treated cores

6 47.6 25.3 16.4 17.8 249 39.1 33.5 434
11 79.9 48 35.2 40 61.4 48.1 67.9 63.6
13 39.8 3.5 2 2.7 9.1 8.9 14.3 28
21 39.9 11.8 11.9 21.3 29.7 36.3 4.1
22 33.6 19.8 17.66 224 279 24.9 29.4 31.5
26 38.1 7.2 3 1.4 1.9 2.7 4.2 20.6
28 52 20.8 14.5 11.1 259 16.4 21.2 29
29 50.7 30.1 19.2 29.7 35.6 36 47.7 60.1
32 30.7 11.4 11.6 12.2 20.4 28.6 12.2 259
34 48.8 213 22 29.4 50.1 50.7 51.1 55.9
Mean 46.11 20.82 15.34 17.86 27.85 28.51 31.78 40.21
Std. Dev. 13.20 12.56 9.04 11.82 16.78 15.02 18.77 14.68
Std. Err. 4.40 4.44 3.01 3.94 5.59 5.01 6.26 4.89
Water treated cores

2 57.3 53.5 38.6 52.1 52.5 41.2 449 30
3 64.8 68.4 54.2 64.6 53 53.7 60.4 43.8
4 40.5 46.8 43.5 45.5 50.3 45.6 48.5 40.5
7 20.1 20.9 38.7 31.8 24.9 25.9 30.8 27.5
9 65.6 81.8 77.1 72.9 86.2 87 81.4 78.8
10 443 54.7 47.1 54.7 55.4 46.4 52.7 47.9
12 46.5 47.6 45.1 48.6 4.1 45.9 4.3 36
15 33.5 37.3 34.9 42.4 48.1 32.9 52.1 45.6
16 53.7 58.5 50.7 729 81.3 67.5 81.6 66.7
17 85.6 86.1 84.5 80.4 79.6 80.8 86.8 74.1
Mean 51.19 55.56 51.44 56.59 57.34 52.69 58.15 49.09
Std. Dev. 17.56 18.64 15.76 14.80 18.35 18.88 18.03 17.13
Std. Err. 5.85 6.21 5.25 4.93 6.12 6.29 6.01 5.71

ility - arison between water and effluent treated cores

: ;l;::t probabmtyo.ggmp 0.00 0.00 0.00 0.00 0.01 0.01 0.25
Signif. % 50.32 99.97 100.0 100.00 99.78 99.24 99.30 74.70

0
Paired t test probability - comparison between mean pre effluent and each measurement for effluent treated

cores

i 0.00 0.01 0.12
Paired t test 0.00 0.00 0.00 0.00
i 99.62 99.43 87.52
Significance % 100.00 100.0  100.00 99.93
0

Paired t test probability - comparison between mean pre effluent and each measurement day for water

treated cores
Paired t test 0.04 0.94 0.05 0.16 0.68 0.10 0.66

Significance % 96.33 5.90 94.54 83.62 32.26 89.63 33.81
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Appendix 4: Data for Chapter 7

Table A4.2 Normalised data for core recovery trial, 25 degree C

Percent change in permeability

day 5-_:;;.5; day 4 day 7 day10 day 13 day17 day?23'

Effluent treated cores

6 53 34 37 52 82 70 91
11 60 44 50 77 60 84 79
13 9 5 7 23 22 35 70
21 30 29 63 74 90 110
22 59 53 66 83 74 88 94
26 19 8 4 5 7 11 54
28 40 28 21 50 32 41 56
29 59 38 59 70 71 94 119
32 37 38 40 66 93 40 84
34 43.6 45 60 103 103 105 115
Mean 42 32 37 58 62 66 87
Std. Dev. 17 15 21 27 30 30 22
Std. Err. 6.1 4.9 7.0 9.0 10.0 10.0 7.3
Water treated cores .

2 93 67 91 92 72 78 52
3 106 84 100 82 83 93 68
4 116 107 112 124 113 120 100
7 104 193 158 124 129 153 137
9 125 118 111 131 133 124 120
10 124 106 123 125 105 119 108
12 102 97 105 91 99 91 77
15 111 104 127 144 98 156 136
16 109 94 136 151 126 152 124
17 101 99 94 93 94 101 87
Mean 109 107 116 116 105 119 101
Std. Dev. 9.49 31 20 23.25 18.98 26.5 27.8
Std. Err. 3.2 10 6.6 7.7 6.3 8.8 9.3
T Test probability - comparison between water and effluent treated cores

T test 0 0 0 0 0.00189 0.0009 0.2612

Signif.% 100 100100 99.99 99.8106 99.906  73.877
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Table A4.3 Data for core recovery trial 13 ° C, Permeability, mm hr
= 1 23 i LIesgpre. . day2 doyq Uy dsy 11 4y ]6 Say2l —dxy ey Gavel o daydp day§a _ day 70 davg  devlO0
Group 1, effluent
2 88 64 90 68 7.5 3% 4 50 66 70 80 86 81 9 7} 113.5 118 104 110
2 74 74 64 64 69 29 0 47 42 49 s 48 50 sl 47 39 517 42 34
38 43 27 41 '} 36.25 21 17 18 20 19 20 po] 2 2 18 23 23 2 21
52 116 139 87 8 106.25 31 3 3 3 2 31 18 N 29 26 29 29 38 k7]
63 91 67 <] 61 m 33 39 35 33 34 4 4 4 41 53 54 55 63 n
mean 83.6 74 7 6 7.2 30 36.2 36.2 38.4 39.8 45.8 432 46.4 474 412 517 54.74 53.8 53.6
Group 1 water
3 79 81 94 i) 83.25 80 87 o) 86 90 s 91 7} 80 90 70 8 80 n
26 9 10 11 16 11.5 14 13 13 13 13 15 15 14 12 1 11 12 15 1
39 36 43 59 a1 46.25 38 2 4 43 3 31 42 42 52 k1j 40 39 34 41
$3 102 7 108 104 96.78 70 8 101 2 100 84 & 9 93 91 88 80 7] 90
64 33 29 27 26 28.75 16 17 16 18 19 20 15 2 2 %4 19 2 21 21
mean 51.8 47 59.8 54.4 5.3 43.6 41.6 0.8 484 51.8 41 492 52.8 518 50.6 45.6 46.6 48.4 48
Group 2, effluent
5 91 48 69 s1 64.75 kx} 0 56 43 49 4 41 42 39 37 37 s
27 31 23 25 2 25.25 9 6 6 7 7 14 7 7 7 6 s 10 3
41 106 113 106 %0 103.75 63 74 80 94 91 /] 98 87 80 m 66 68 59
54 104 80 98 108 9.5 44 0 45 50 48 40 47 17 53 50 53 58 66
65 46 67 8l 2 69 2 31 52 49 48 46 46 42 39 40 45 45
mean 5.6 66 75.8 706 72.08 382 422 478 49 48.6 45 49.5 38 4.8 422 40.2 43.6 41.6
Group 2, water
% 12 9 12 9 10.5 12 12 11 11 13 9 1 6 6 6 7 6 s
4 2 21 25 23 .75 23 26 28 3 34 3 1} 3 k" k' 40 44 36
55 68 57 66 63 63.5 66 29 70 64 5 6l Lij 62 56 57 s n 68
68 167 158 162.5 118 120 88 62 69 (i 114 80 m 8 124 142 124
74 121 % %4 105 102.5 98 94 86 80 57 60 n (] n 73 Lij n
mean 55.8 44 287 HTHE .35 634 56.2 56.6 5 458 492 512 318" 48.8 50.6 56.6 66 60.8
Group 3, effluent
8 120 1 123 100 113.5 68 52 n 86 91 75 114 106 86 97 89
2 59 34 3 39 46.25 15 13 11 16 18 18 19 2% V1] 2 23 20
44 12 11 14 16 13.25 4 2 2 2 2 2 2 2 1 1 4 3
56 134 89 161 148 133 97 108 103 198 114 112 145 138 149 100 159 167
69 95 78 135 106 103.5 54 s1 49 44 40 47 4 43 50 52 59 60
meen 84 65 91.2 8L8: 81.9 47:6 4.6 48.4 69.2:7: 53 U808 648! 5175 66.6 52.2 68.4 67.8
Group 3, water .
9y 17 15 16 i1 14.75 18 20 21 20 18 17 13 14 16 15
33 28 31 25 30.75 3 39 35 36 30 M 27 2 30 24
45 68 62 59 s1 6 64 64 64 55 5 60 49 0 44 43
s 47 35 36 2 3.5 24 2 25 30 2 2 25 31 29 29
70 86 53 8 62 72.25 6 48 40 38 37 38 k") 3 37 27
mean 514 39 4636271 43,08 898 38,6 AT ©33.8 324 5} 29.6 26.8 312 27.6
Group 4, effluent
3 7N 48 ) 5 62.5 k' 36 46 43 47 2 a 45 k1j 59 2
34 g 68 8 68 75.25 31 28 64 56 50 15 59 66 67 65 61
6 53 65 7} 69 69.75 76 75 74 9 7] 93 94 ] ) 89 96
59 44 2 39 39 8.5 10 1 1 13 12 15 16 18 15 2 20
7107 122 139 ) 109.5 118 136 142 154 135 161 172 162 174 181 169
mean  72.4 67 84 S 1538 92 7K R ;| 652 o 758 74.6 832 9.6
Group 4, water
20 136 147 156 138 144,28 202 176 59 75 60 45
7 n 68 ? s 66.5 7 66 79 n
47 2 14 21 16 18 10 9 9 7
62 53 40 47 46 46.5 48 s3 47 40
8 129 108 140 12 124 <) 108 85 100
mean 822 750812 . i85 348 616 56 2.8
Overall Efftuent Mean' 74.36 30.00 59.08 55.44 62.28 60.65
Std. dev. effluent 31.20 5.06 43,45 40.21 44,75 45.67
Su. Er. 1.16 2.53 9.97 9.22 10.27 10.48
Overall Water Mean 62.14 43.60 45.15 41,90 49.58 41,30
Std. dev. water “an 27.17 26.41 3168 34,00 32.38
std. Err. 10.03 13.59 6.06 .27 8.01 7.43
T Test - comparison between water and effluent treated cores
Ttest 013 016 028 0.4 0.32 0.35 0,20 0.58 0.29 0.55 0.78 0.76 0.74 0.66 0.78 0.24 0.53 0.34 0.3
Sig% 8740 8420 7500  $5.64 68,03 64,61 20.02 4527 71,33 4,65 2246 23,96 2637 k7] 21,63 76,00 47.% 65.98 69,49




Table A4.4 Normalised data for core recovery trial, 13 °C, permeability %.
: 3 Bdlmeanpt T meanpte Thte. . - D16/pre. ~D217p

104 12 119 146 148 I T

3 4 65 85 90
) 4 68 61 7 L) 57 s 61 49
58 a % 58 2 61 63 6 61 58
29 50 29 29 25 35 27 7 36 2
a2 st 4s 4 4“4 ss 70 7 2 92
A g ; ag g8 73 n 5 4
3G Toup L watet 9 108 98 108 66 109 1 9% 108 u 9 9 2
26 122 113 113 113 130 9 9% 104 130 9
39 2 69 ) 6 80 86 8 % 89
P ” ) 103 & 94 91 ) 98 9
& 6 9 0 ) 6 7 7 7
“. — g gk % k44 & o i
5Gmup 2, effluent s & 57 57 "
po 35 28 23 20 4 12
4 61 % 7 64 66 57
P 4 48 51 54 59 68
65 61 67 5 8 65 65
s o .1 S5 53 51 57 51
Group 2 water ;
2 114 114 105 108 124 86 67 57 57 5 67 57 48
@ 101 114 123 145 149 163 163 158 149 149 176 193 158
ss 104 101 88 9 ) 98 88 % 8 113 107
68 7 38 Q 4 7 a 51 6 &7 76
% 9% 78 36 % ) 69 n 56 69
mean ‘ e 93 0 e © Ll 7} 112 ”
Group 3 effluent
8 60 46 68 76 % 66 100 93 76 85 78
2 E7) 28 % 35 39 39 4 2 8 48 ) 43
“ » 13 15 15 15 15 15 15 8 8 30 2
6 7 ) n 149 86 % 109 104 12 5 119 126
69 2 49 a1 ) 4 aQ 2 48 % 57 58
mean a A6 R R T R 3 “ st 68 66
Group 3 water
9 122 136 142 136 12 s 108 88 95 108 102
3 107 127 114 17 ) 111 9% 98 88 8s 98 78
45 107 107 107 %2 8 100 % ) ) ) 7 n
57 o ) 67 % 7! 1) ) 8s 67 ) n m
) ) 66 ss 3 st ) st 46 4 46 st 3
ai Clep 95 97 95 8S 8 8 7 74 n o) 7
Group 4 effluent
13 5 s8 7 ) 75 ) 7 n ) %4 8
34 4 1] 8s 74 66 2 b 88 89 86 8!
46 109 108 106 130 118 133 138 126 1 128 138
59 2 2 29 " 3l 39 Q 4 39 51 2
7 108 124 130 141 123 147 157 148 139 165 154
mean 68 n 85 9 3 8 9 96 92 106 102
Group 4 water
2 140 12 137 6 141 ® ) 4 2 Q 3
37 146 12 107 12 153 129 128 111 9 19 108
47 89 L] 100 8 n 67 61 6 0 0 3
62 9 9 116 90 n ” 103 114 101 86
) ) 2 9 86 6 6 % 6 8s %) 8l
mesn 13 104 11 % 101 8 Y 76 % 76 69
Overall effluent mean ” ) 2 57 » 8 66 6s ) ) n 68 n 74
Standard dev. 9 7 17 n 2 as n 2 » 3 »n 7 18 39
Standard error s 2 ‘ 6 1 8 7 7 9 9 9 8 8 9
Overall water mean 86 9 ) 100 9 9 % 95 88 8s ) %) % 81
Standard deviation 2 1 2 26 7 ) 28 3 7 2 23 29 N 28
Standard error 1 6 6 6 6 7 7 7 6 ) 6 7 8 6
Tiest m i X 0.000 0.000 0.000 0.014 0.023 0.004 0.038 0.1 0.436 0.1% 0252 0.502
Signifieance % %2 1000 99,999 9.5 99985 M3 068 9,571 94,190 8 5 8 1 Py
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